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Abstract 

Frailty is an age-related syndrome characterised by an enhanced vulnerability to 

adverse health outcomes compared to the non-frail state. However, the physiological 

phenotype of frailty is poorly understood. This thesis aimed to provide novel insight 

into the frailty phenotype, thus identifying physiological targets for further research into 

mechanisms driving frailty progression. A deep physiological phenotyping study was 

performed in older (aged 65-91 years) non-frail, pre-frail and frail females with no overt 

disease. Frailty status was defined using the Physical Frailty Phenotype criteria: 

weakness, slowness, exhaustion, weight loss and low physical activity. Participants 

were deemed non-frail if no criteria were present, pre-frail if one or two criteria were 

present, or frail if three or more components were present. Assessments of physical 

function, neuromuscular characteristics and multi-organ MRI were performed.  

In Chapter Three, resting cardiac MRI revealed no differences in structural or 

functional cardiac parameters between older non-frail, pre-frail and frail females, 

indicating physiological differences within the cardiovascular system in resting supine 

volunteers do not differentiate the frail versus non-frail phenotypes.  

Chapter Four highlighted lower skeletal muscle volume of the leg and lower isometric 

strength, functional quality (isometric strength normalised to thigh muscle volume), 

work output and neuromuscular control of the knee extensors in pre-frail and frail 

versus non-frail females. For example, dominant leg skeletal muscle volume was lower 

in pre-frail (1979 ± 177 cm3/m2) and frail (1893 ± 169 cm3/m2) individuals compared to 

non-frail females (2162 ± 175 cm3/m2; non-frail vs pre-frail: P = 0.026; non-frail vs frail: 

P = 0.011). Knee extensor isometric strength was also lower in pre-frail (80 ± 18 Nm) 

and frail (64 ± 14 Nm) females versus non-frail females (105 ± 23 Nm; non-frail vs pre-
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frail: P = 0.011; non-frail vs frail: P = 0.002). No differences in muscle fat fraction or 

visceral adipose tissue volume were observed. 

Chapter Five highlighted lower regional grey and white matter volumes and differences 

in cortical folding in frail versus non-frail volunteers. For example, lower grey and white 

matter volumes were evident in the postcentral gyrus (P < 0.001) and frontal pole (P 

< 0.001) in frail versus non-frail females, which may be related to lower proprioceptive 

and cognitive performance in frail individuals. In regression analyses, grey and white 

matter volumes in motor function- and cognition-related brain regions were strongly 

associated with physical function measures. For example, grey matter volume in the 

lateral occipital cortex (T = 4.74; P < 0.001) and precentral gyrus (T = 4.49; P < 0.001) 

exhibited the strongest associations with knee extensor work output. Functional and 

haemodynamic measures of the brain were no different between groups.  

Chapter Six integrated physiological and physical function data from experimental 

Chapters Three to Five with correlation analyses. Significant correlations were 

observed between several cardiac, body composition and brain morphometry 

measures, such as positive correlations between grey matter volume and leg muscle 

volume (r = >0.35; P < 0.01), suggesting the phenotype of frailty may be underpinned 

by interactions between multiple organs. Reinforcing the findings from Chapters Four 

and Five, the strongest associations with physical function were observed in body 

composition and brain morphometry characteristics. For example, dominant leg fat 

fraction and white matter hyperintensity volume showed significant negative 

correlations with knee extensor work output (r < -0.35; P < 0.05 for both comparisons). 

The robust multi-organ measurement techniques adopted in this thesis provided novel 

insight into the physiological phenotype of human frailty. Novel assessments of several 
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organ parameters were performed, (e.g., cardiac T1 mapping and oxygen utilisation 

of the brain), thus improving understanding of the multi-organ phenotypic traits of 

frailty. Integration of physiological and physical function data revealed that the 

physiological phenotype of frailty is primarily characterised by alterations and 

interactions within the skeletal muscle and brain. This thesis has identified a research 

pathway to inform on the design of longitudinal studies to determine the physiological 

changes underlying frailty progression. 
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Chapter One: General Introduction  

1.1 Introduction 

Advances in medicine and public health policy over the last 150 years have contributed 

to a doubling in life expectancy, which continues to increase globally. In the United 

Kingdom, predictions indicate that one in four adults will be aged over 65 years by the 

year 2050, and 20% of boys and 26% of girls born in 2019 are expected to reach their 

100th birthday [1]. Despite this increased longevity, the average amount of years spent 

in poor health is increasing, as healthy life expectancy (the length of time we can 

expect to live in a healthy, disease-free state) has not kept pace with the extension of 

life span. In the period from 2009–2011 to 2016–2018, life expectancy in the United 

Kingdom increased by for males and females by 0.8 years and 0.6 years, respectively. 

In contrast, healthy life expectancy for males increased by 0.4 years, and for females 

it actually decreased by 0.2 years in this same period [2]. Due to this discordance 

between healthy life expectancy and life span extension over decades, older males 

and females now spend an average of 16.5 years and 19.8 years in ill health, 

respectively, with multimorbidity and frailty major contributors to poor health in old age. 

Frailty is an age-related clinical syndrome characterised by an enhanced vulnerability 

to adverse health outcomes and death when compared to the non-frail state [3]. In a 

systematic review of data derived from 62 countries and >1.7 million individuals, 

O’Caoimh et al., reported a global frailty prevalence of between 12% and 24%, 

depending on the method of frailty assessment used [4]. The transition from health to 

frailty is a crucial factor in the loss of independence in old age. As such, the impact on 

health and social care services of an ageing population has led the United Kingdom 

government to set a target of adults spending 5 more years in independent living by 

2035. Hence, understanding the factors underpinning the progression to frailty and 
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developing interventions and approaches to mitigate this progression will be 

fundamental in achieving this target. 

The aim of this Chapter was to outline the current definitions and presentations of 

frailty, followed by the physiological characteristics of frailty from an organ/systems-

based perspective to determine if the syndrome harbours a distinct physiological 

phenotype. Evidence surrounding increased systemic inflammation, greater physical 

inactivity, and sedentary behaviour, with consequent increased adiposity, was 

assessed as potential mechanisms of frailty development. A perspective on the major 

knowledge gaps in the understanding of the physiological characteristics of frailty, and 

how this thesis will aim to address the gaps, will form the conclusion of the Chapter. 

All abbreviations used in this Chapter are outlined on pages 13-17.  

1.2 Current definitions of frailty 

A consensus group has defined frailty as “a medical syndrome with multiple causes 

and contributors that is characterised by diminished strength, endurance, and reduced 

physiologic function that increases an individual’s vulnerability for developing 

increased dependency and/or death” [3]. Importantly, frailty is conceptually different 

from, but distinctly related to, ageing, comorbidity, and disability [5, 6]. For example, in 

a cross-sectional study of 740 older community-dwelling individuals, 29.1% of those 

with frailty had ADL disabilities, and 81.8% had at least one comorbidity [6]. These 

findings underpin the difficulties in producing an exact frailty definition by portraying 

that frailty can present alongside, and potentially be a consequence of, disability and 

comorbidity, but may also occur in the absence of these conditions. The absence of 

detailed physiological insight relating to the syndrome likely contributes to the current 

lack of understanding of frailty aetiology and development. 



20 
 

Despite this poor understanding, numerous studies have demonstrated that frailty is 

strongly associated with an increased risk of negative events, such as falls, 

hospitalisation, and mortality [7, 8]. Furthermore, some signs and symptoms appear 

essential for describing the frailty state, the most important of which may be the 

deterioration of physical function. For example, diminished performance in measures 

such as skeletal muscle strength, mobility, and ADL, is highly predictive of frailty 

presence [9]. Conceptually, frailty development involves decreases in functional 

capacity following a stressor event (e.g., a minor acute illness or fall), with this capacity 

then remaining impaired relative to baseline following recovery from the stressor [10] 

(Figure 1.1). Progressively decreasing functional capacity instigates a cascade of 

functional decline resulting in frailty, whereby an individual loses independence and 

becomes at significantly increased risk of disability, morbidity, and mortality [11, 12]. 
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Figure 1.1: Key stages of frailty development. The cascade of functional decline in 
older adults from a resilient (non-frail) state through to frailty and disability (in the 
absence of intervention). Figure adapted from Ref. [10], with permission under the 
Creative Commons license: https://creativecommons.org/licenses/by/4.0/. 

 

The heterogeneous nature of frailty (i.e., a syndrome with multiple causes and 

contributors) has led to the syndrome being likened with other frameworks aiming to 

capture the heterogeneity of the ageing process, such as the concepts of intrinsic 

capacity and resilience. The World Health Organization introduced intrinsic capacity, 

defined as the composite of all the physical and mental capacities that individuals can 

draw on at any point in their life, as a framework to monitor ageing and functional ability 

over time [13]. Intrinsic capacity is assessed using a combination of questionnaires, 

functional tests and clinical presentations, which are grouped into five domains: 

locomotion, cognition, vitality, psychological capacity and sensory capacity [14], 

Similarly to frailty, intrinsic capacity is a dynamic construct, as lifestyle factors and 
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stressor events can negatively impact the trajectory of intrinsic capacity [15] (akin to 

the progression of frailty following stressors) and the framework can be used to 

effectively predict negative outcomes (e.g., functional decline and falls) in older adults 

[16]. Furthermore, intrinsic capacity assessments share similar components to frailty 

measurement tools, such as handgrip strength and gait speed - criteria outlined in 

Fried’s Physical Frailty Phenotype [17]. Emerging research indicates frailty and 

intrinsic capacity are interrelated constructs. For example, in a 2-year longitudinal 

study of older adults, intrinsic capacity impairments were observed in 93.3% of frail 

adults at baseline, and impairments in the domains of locomotion (odds ratio: 3.6) and 

vitality (odds ratio: 3.0) were associated with a higher possibility of progression from 

non-frailty to frailty at follow-up [18]. However, it is important to state that intrinsic 

capacity and frailty are distinct constructs. Intrinsic capacity aims to measure 

capacities of the individual longitudinally in a community-based setting as a monitoring 

tool, whereas frailty determines the accumulation of deficits and responses to 

stressors (Figure 1.1) in a person, and is usually assessed cross-sectionally in a 

clinical setting. Resilience is another concept similar to frailty, defined by an individual’s 

ability to cope with recover from stressors, which may present better comparisons to 

frailty than intrinsic capacity, given both frailty and resilience definitions are centred 

around a disruption of homeostasis. The relationship between resilience and frailty, 

and how these two constructs can be studied, is discussed later in this Chapter 

(Section 1.6).  

1.3 Frailty assessment 

Although typically present, functional decline is not the only clear presentation of a frail 

individual. Instead, frailty is often defined by multiple measures of functional decline. 

This has been operationalised by Fried et al., [17] as the concurrent presence of three 
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or more of the following criteria: low handgrip strength, slow walking speed, 

exhaustion, low physical activity levels, and unintentional weight loss - termed the 

Physical Frailty Phenotype [17]. These authors also defined a state of pre-frailty, when 

one or two criteria are present, which identifies individuals at increased risk of 

becoming frail [17]. The Physical Frailty Phenotype is the current recommended 

international standard for frailty identification and assessment, as concluded by a 

working group of subject-matter experts in the field of frailty [10]. An alternative 

framework for the identification of frailty has been proposed by Mitnitski et al., [19] 

which concerns deficit accumulation to determine the presence of frailty by employing 

a Frailty Index, which is calculated by considering several (usually 40 or more) 

potential deficits (e.g., age-related symptoms, signs, and diseases). Despite 

numerous methods of frailty assessment (evidence indicating over 50 [20]), the 

Physical Frailty Phenotype and Frailty Index are the two most cited frailty assessment 

tools within the literature [21], with both validated as predictive of clinically important 

outcomes (e.g., hospitalisation, mortality) [22]. 

Due to an incomplete understanding of the associated pathophysiology of frailty, the 

syndrome is currently operationalised by measured outcomes rather than underlying 

physiological or biological drivers of these outcomes. This lack of pathophysiological 

insight limits the development of interventions to mitigate and reverse the syndrome’s 

progression, which is particularly important given frailty is dynamic state with potential 

for reversal [23-25]. Therefore, a clear goal for emerging frailty research has been to 

elucidate the syndrome’s physiological characteristics and improve subsequent 

treatment options to combat frailty development. 
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1.4 The physiological phenotype of frailty 

The term “phenotype” has been defined as “the observable traits of the organism,” 

which encompasses various characteristics such as morphology, physiology, and 

behaviour [26]. The physiological phenotype of a human can be influenced and altered 

by disease and degenerative syndromes, resulting in measurable differences between 

healthy and disordered states. The condition of sarcopenia, defined as the loss of 

skeletal muscle mass, quality, and function with age [27], is one example of a 

syndrome that can negatively influence the physiological phenotype of a person 

through various mechanisms of skeletal muscle deterioration, which in turn leads to 

observable presentations such as functional decline. Elucidating precisely how states 

of health and disorder differ will aid in identifying biological targets for interventions to 

combat medical conditions and provide greater understanding of the aetiology and 

pathophysiology of complex conditions such as frailty. As such, given that people with 

frailty are at increased risk of adverse events, focus should be applied to the 

identification of a distinct physiological phenotype differentiating frail from non-frail 

states. Comprehensively characterising the frailty phenotype would undoubtedly aid 

in developing strategically targeted interventions against the condition by highlighting 

typical locations and features of dysregulation. 

1.5 The physiological phenotype of frailty – the resting state condition 

Characterising the physiological phenotype of frailty in humans is a challenging 

prospect. Phenotyping in this way requires intuitive methods to encapsulate complex 

physiological variables in conjunction with investigations into how different organs and 

physiological processes interact and affect each other. Further, greater mechanistic 

insight would require well designed longitudinal studies investigating temporal 

relationships between frailty development and underlying physiological changes. In 
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the ideal scenario, the most robust characterisation would require integrative 

modelling of individual component parts to predict the overall collective response, i.e., 

the physiological phenotype. However, despite an in increase in the research focus on 

frailty in recent years, this level of insight is far from being achieved. The majority of 

studies have incorporated assessments of physiological characteristics in individual 

organs under resting-state conditions, which seems inappropriate considering frailty 

seems to be best characterised by a decline in functional capacity and adverse 

response to stressors. Nonetheless, the following sections review six physiological 

systems that potentially contribute to the physiological phenotype of frailty, namely, 

skeletal muscle, the neuromuscular junction and motor unit, the brain, cardiovascular 

systems, adiposity and subsequently, multisystem dysregulation. A summary of the 

physiological characteristics of the frailty phenotype, based on current findings, is 

presented in Figure 1.2. 
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Figure 1.2: Summary of the physiological characteristics of a frail person (compared 
to a non-frail person), from an organ/systems-based perspective. BMI, body mass 
index; CSA, cross-sectional area; IL-10, interleukin 10; IMAT, intramuscular adipose 
tissue; LAVI, left atrial volume index; LV, left ventricular; MU, motor unit; SkM, skeletal 
muscle; WMH, white matter hyperintensity. Image created with BioRender.com, with 
permission.  

 

1.5.1 Skeletal muscle 

Frailty is an age-related syndrome and ageing is accompanied by a loss of skeletal 

muscle mass [28], which oftens results in sarcopenia [27, 29]. Sarcopenia reduces 

insulin sensitivity [30] and promotes deconditioning and the associated loss of 

mitochondrial mass [31]. These observations point to age-related changes in lifestyle 

factors (e.g., physical inactivity) inducing these muscle-level changes, particularly as 

prescribed, supervised exercise intervention can at least partly restore muscle mass 

and function [32] and mitochondrial mass [33], even in frail very old people [34]. 
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Sarcopenia also influences functional deficits associated with frailty, such as a loss of 

mobility, diminished strength, and a greater risk of bone fractures [35, 36]. Therefore, 

loss of skeletal muscle mass and quality likely contributes to frailty development. 

Appropriately, frailty and sarcopenia are linked, but distinct, correlates of 

musculoskeletal ageing. This is evidenced by overlap, but incomplete concurrence, in 

frailty and sarcopenia prevalence in older persons. For example, one study of 100 

older females reported that sarcopenia and frailty were concurrently present in 19% of 

participants [37]. Nonetheless, the interrelated nature of frailty and sarcopenia makes 

it essential to consider skeletal muscle characteristics as contributing factors toward 

the frailty phenotype (Figure 1.2). 

1.5.1.1 Whole body lean mass 

DEXA is an X-ray scanning modality permitting the quantification of lean tissue mass 

(a composite of non-fat and non-bone tissue) and fat mass at a regional or whole-body 

level. Similarly, BIA assesses lean and fat masses based on the notion that lipid-rich 

adipose tissue is more resistant to the passage of an electrical current compared with 

tissues rich in water (e.g., muscle tissue). Although DEXA and BIA do not provide direct 

measures of muscle mass, they are routinely employed in studies of ageing, with lean 

tissue mass observed to decrease with advancing age [38]. For example, in a 

longitudinal study of ageing, Koster et al., [39] reported that the loss of leg lean muscle 

mass occurred at a rate of 0.7–0.8% per years during a 7-year follow-up of individuals 

in their 70s. Moreover, lean mass reductions with age have been associated with traits 

of frailty, including lower physical function and quality of life [27, 40] and can be used 

as a predictor of mortality [41]. Together, these findings justify the use of lean mass as 

a valid physiological variable and indicate lean tissue estimates derived from BIA and 
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DEXA modalities may have utility in investigating skeletal muscle characteristics 

during frailty.  

Concerning studies defining frailty with the Physical Frailty Phenotype [17], lower 

whole body lean mass has been observed in pre-frail and frail individuals compared 

with non-frail counterparts following DEXA assessments [42]. In a study of 1,839 older 

Taiwanese adults, frail participants exhibited significantly lower total body and 

appendicular lean mass compared with pre-frail and non-frail adults [43]. Similarly, BIA 

assessments in 220 older adults revealed whole body lean mass was significantly 

lower in frail and pre-frail compared with non-frail older males and females [44]. 

However, these findings have been contradicted by others reporting no differences in 

appendicular lean mass across non-frail, pre-frail, and frail groups in a study of 250 

older women [45]. Therefore, although several studies point to lower lean mass in frail 

versus non-frail individuals, this finding is not always reported. 

1.5.1.2 Skeletal muscle cross-sectional area  

As outlined above, DEXA and BIA do not directly quantify muscle mass, which may 

contribute to the variance in study outcomes focused on muscle mass. More robust 

measures of skeletal muscle quantity include muscle volume and CSA, which can be 

directly quantified with imaging methods such as MRI and CT. The methods are 

considered the gold standard for muscle volume and CSA measurement, due to their 

excellent accuracy compared with cadaver analysis (r = 0.99) [46] and have been 

utilised to demonstrate lower muscle volume and CSA in older compared to younger 

adults [47, 48]. 

There are few studies utilising MRI and CT to quantify muscle volume in frail 

individuals, with CSA measures being adopted most often in studies of muscle quantity 
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in frailty. One study reported 6.4% lower thigh muscle CSA (expressed as the 

percentage of muscle vs IMAT in the thigh) in frail compared with non-frail males and 

females when quantified by MRI [49]. Similarly, lower MRI-derived quadriceps muscle 

CSA has been observed frail haemodialysis patients compared to non-frail 

counterparts [50]. However, the adoption of different frailty classification criteria 

hinders comparisons across these studies. Nonetheless, studies using CT to assess 

muscle CSA have also reported lower skeletal muscle quantity in frailty. In a study of 

923 participants, frail individuals exhibited significantly lower muscle calf areas 

compared to those without frailty [51]. A smaller thigh muscle CSA in frail compared 

with non-frail nonagenarians has also been reported following CT assessments [52]. 

It should be noted, however, that lower skeletal muscle CSA has not always been 

reported in frail versus non-frail individuals. For example, one study assessing calf 

muscle CSA with MRI observed similar values when comparing non-frail (n = 12) and 

frail (n = 11) individuals [53]. These discrepancies demonstrate the need for further 

application of imaging methodologies to definitively identify the skeletal muscle 

characteristics of frail individuals. In particular, it appears that previous studies 

adopting CT and MRI have quantified skeletal muscle CSA, which only provides an 

estimate of muscle area within a specific region and therefore may not be indicative of 

whole muscle volume. Assessments of whole muscle volume are required in future 

studies employing imaging techniques to provide insight into the associations between 

frailty and loss of skeletal muscle volume. This greater validity is fundamental in 

identifying muscle groups that could then be targeted with future interventions (e.g., 

exercise training). For example, if regional differences in muscle volume are apparent 

during frailty, areas more prone to the loss of mass and quality would be key targets 

for interventions. 
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1.5.1.3 Skeletal muscle quality 

The quantity of skeletal muscle (i.e., CSA or volume) may not be the only important 

muscle-related physiological parameter within the context of frailty. The quality of 

skeletal muscle, which can be assessed with metrics such as IMAT, aerobic capacity 

and functional quality of the muscle, diminishes with ageing and is associated with 

impaired muscle function and mobility [35]. Therefore, lower muscle quality may be 

associated with frailty and contribute to the lower functional capacity observed in frail 

versus non-frail individuals [54]. Findings from a recent multicomponent exercise 

intervention in older adults highlighted improvements in functional capacity, however 

these improvements were not mediated by alterations in muscle CSA of the lower 

extremities [55]. The augmentation of functional capacity evidenced in this study may 

therefore be attributable to enhanced muscle quality, such as improved aerobic 

capacity underpinned by increased mitochondrial mass, which would be consistent 

with the physiological adaptations induced by endurance exercise training intervention 

in older people [33, 56]. This finding reinforces the notion that muscle quality maybe 

related to frailty and functional capacity.  

In addition to the muscle volume assessments permitted by MRI, this technique also 

provides a non-invasive and accurate method for measurement of skeletal muscle 

quality, through the quantification of IMAT. Melville et al., [57] used MR spectroscopy 

to highlight greater IMAT content in the vastus lateralis and medialis of pre-frail and 

frail individuals compared with non-frail counterparts. However, the combination of pre-

frail and frail participants into a single group for analysis potentially blunted contrast 

between groups in this study [57]. Greater IMAT in frail adults has also been reported 

by others using MRI methods. Addison et al., [49] observed significantly greater IMAT 

in the thigh muscles of frail compared with non-frail males and females. Similar 
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findings were also observed in a study utilising MRI, in which frail individuals exhibited 

30% (expressed as a percentage of total muscle area) greater IMAT CSA of the calf 

muscles compared with non-frail counterparts [53]. Altogether, the limited number of 

studies assessing IMAT point to greater lipid infiltration within the skeletal muscle 

during frailty. The validity of these findings, however, may be impacted by the lack of 

stratification between sexes prior to analyses [49, 53], which is an important 

consideration given the reported differences in IMAT between older males and females 

[58]. It should also be acknowledged that these previous studies quantified IMAT from 

either a partial cross section within the calves or thighs [49, 53], or from a 2 cm3 ROI 

in the mid portion of each quadriceps muscle [57]. Therefore, these assessments may 

not reflect IMAT content within the whole muscle. Future work should therefore perform 

assessments of whole muscle IMAT to improve the validity of findings from these 

previous studies.  

The functional quality of the muscle is another measure of skeletal muscle quality, 

which measures the force producing capacity of the muscle per unit of muscle volume 

or mass. Functional quality reflects the metabolic quality of the skeletal muscle, as 

force production is normalised to the amount of muscle, as opposed to strength 

measurements whereby force output from the whole muscle is quantified, thus is a 

function of muscle mass. Lower functional quality of the knee extensors has been 

observed in frail compared to non-frail individuals in a previous study [59], thus 

pointing to lower metabolic quality of skeletal muscle in frail versus non-frail 

individuals. However, this study adopted DEXA-derived estimates of lean mass [59], 

which is not a direct measure of muscle mass, thus further work utilising direct MRI-

derived whole muscle volume measurements are required to provide a more robust 

characterisation of muscle functional quality during frailty.  
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1.5.1.4 Potential mechanisms of skeletal muscle deterioration in frailty  

Several age-related mechanisms potentially contribute to the reported lower skeletal 

muscle mass, quality, and function in frailty. Sarcopenia is considered to be a core 

component of frailty [60], with this notion supported by reports of overlap in the 

presence of sarcopenia and frailty [37]. As such, the deterioration of skeletal muscle 

mediated by sarcopenia may underpin lower muscle mass and quality in frailty. 

However, definitive longitudinal data in humans are missing. 

1.5.1.4.1 Anabolic resistance 

Anabolic resistance is one mechanism proposed to influence the loss of muscle mass 

with ageing, which relates to the inability of feeding and/or exercise to stimulate muscle 

protein synthesis or inhibit muscle protein breakdown to the same extent as that seen 

in young individuals. Seminal research in this area utilised stable isotope tracer 

infusion methods to investigate protein turnover in healthy young and older men 

following essential amino acid infusion, thereby avoiding any age-related impact on 

gut amino acid absorption [61]. The authors reported a blunting of muscle protein 

synthesis in response to infusion of essential amino acids in older versus young 

participants. Furthermore, enhanced phosphorylation of anabolic signalling proteins 

thought to regulate muscle protein translation initiation, such as mTOR, was also lower 

in the older volunteers in response to essential amino acid infusion, indicating that 

impaired muscle nutrient sensing, rather than nutrient availability, was driving the lower 

muscle protein synthetic response [61]. Similarly, other authors have reported a 

diminished muscle protein synthetic response, synonymous with a blunting of the 

exercise-induced increase in phosphorylation of anabolic signalling molecules, 

following acute resistance exercise in older compared with young men [62]. Notably, 
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in a study that quantified muscle protein synthesis over the course of a 6-week 

resistance exercise intervention, chronic muscle protein synthesis was reportedly 

diminished in healthy older compared with young volunteers [63]. Furthermore, this 

was accompanied by a blunted muscle hypertrophic response to the training 

intervention in the older volunteers, which appeared to reflect lower ribosomal 

biogenesis and translational efficiency and lower blood anabolic hormone 

concentrations [63]. It is currently unknown whether the extent of anabolic resistance 

is greater in older frail adults compared with non-frail older adults or whether anabolic 

resistance is a feature of ageing per se and/or occurs secondary to factors that 

accompany ageing such as decreased physical activity levels. Nevertheless, the 

consensus is that reduced muscle protein synthesis, as opposed to increased muscle 

protein breakdown, is the primary driver of anabolic resistance in older people [64]. 

1.5.1.4.2 Inflammation 

Greater IL-6 mRNA and protein content in the vastus lateralis muscle has been 

observed in nonobese frail individuals compared with non-frail individuals, purportedly 

due to the release of proinflammatory cytokines from greater amounts of IMAT in the 

frail individuals [49]. These authors concluded that this intramuscular adipose tissue-

inflammatory axis provided a potential link between intramuscular adiposity and 

decreased muscle mass and mobility function in frailty. However, parallel associations 

involving muscle TNF-a were not observed. Nevertheless, potential processes 

underlying inflammation-mediated muscle loss include exacerbation of anabolic 

resistance by downregulated muscle anabolic signalling. For example, atrophy of 

rodent skeletal muscle is induced following intramuscular IL-6 infusion at 

concentrations consistent with chronic inflammation [65]. Further, atrophy was 

accompanied by a 60% reduction in the phosphorylation of ribosomal S6 kinase, 33% 
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reduction of pSTAT5, and a two-fold increase in pSTAT3. This effect is likely mediated 

through reduced IGF-1, as transgenic overexpression of IL-6 in mice results in reduced 

serum IGF-1 levels, possibly due to increased proteolysis of IGF-1 binding protein 3 

or increased IGF-1 clearance [66]. Accordingly, lower serum IGF-1 concentrations 

have been observed in frail individuals with low RASM compared with frail persons 

with normal RASM [67], reinforcing the notion that muscle loss may be mediated by 

inflammation during frailty. 

Another potential mechanism underlying age-related muscle loss relates to the 

increasing levels of circulating TNF-a with advancing age. This pro-inflammatory 

cytokine induces upregulation of 11-bHSD1 in skeletal muscle, in turn increasing local 

generation of the catabolic steroid cortisol. Importantly, 11-bHSD1 expression in 

muscle increases with age in women and is negatively correlated with hand grip 

strength [68]. Taken together, these findings highlight possible mechanisms by which 

inflammation may induce muscle mass loss during frailty, by impairing muscle 

regeneration and anabolic processes. However, it remains unclear whether these 

muscle-level characteristics are drivers of muscle deterioration in frailty or a 

consequence of it. 

1.5.1.4.3 Physical inactivity 

Another likely important driver of muscle atrophy and impaired muscle quality in frailty 

is physical inactivity. This is evidenced by lower step counts and greater sedentary 

behaviour in frail adults [69-71], which potentially contributes to increased muscle 

anabolic resistance [72]. Physical activity levels typically decline with advancing age 

[73], however cross-sectional studies investigating muscle mass and functional 

decline with age have rarely controlled for differences in physical activity levels across 
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age groups. In this context, therefore, data from studies of episodic periods of 

increased bed rest are informative, and this will likely induce a greater physiological 

burden than reduced step count [74]. Ten days of bed rest in older individuals has 

been shown to induce a loss of ~1-kg of lean mass from the lower extremities and a 

16% decline in knee extensor strength, with these effects attributed to a 30% reduction 

in muscle protein synthesis [75]. A metanalysis of human transcriptomic data from 

studies of disuse or bed rest (~7 days) revealed significant increases in transcripts 

involved in protein ubiquitination, immune signalling, and apoptosis, in conjunction with 

downregulation of genes involved in mitochondrial organisation and metabolic function 

[76], which is consistent with transcriptomics data from studies of frail persons [77]. 

Other studies further highlight bed rest-induced reductions in skeletal muscle protein 

synthesis that may underpin muscle atrophy and functional losses [78, 79]. 

Accordingly, these findings indicate the increased burden of bed rest and illness may 

explain why hospitalisation can transition an older person from the non-frail to the frail 

state [8, 80]. Whether bed rest induces increased muscle mass loss and functional 

decline in an already frail person is currently unknown but warrants consideration. 

1.5.2 The neuromuscular junction and motor unit  

The size and function of the MU (the motor neuron and all fibres it innervates) have 

become a recent focus of ageing research, and it has been proposed that muscle fibre 

atrophy and loss promote age-related sarcopenia [81]. The iEMG technique enables 

the quantification of human MU characteristics. In brief, the technique involves the 

insertion of a needle electrode into the muscle of interest (e.g., the vastus lateralis or 

tibialis anterior) during isometric contractions. The needle electrode samples electrical 

signals produced from action potentials within the muscle fibres during contraction to 

quantify the MUP, which reflects the sum of signal produced from action potentials. 
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The size of an MUP is proportional to the number of fibres contributing to it [82] and 

therefore, as outlined in Figure 1.3, MUP size is indicative of MU size.  

 

Figure 1.3: Neuromuscular function in frailty. Schematic overview of the measurement 
of motor unit potential (MUP) by intramuscular electromyography. Frailty (right panel) 
is associated with a smaller MUP compared to the non-frail state (left panel), thought 
to arise from smaller motor units. NMJ, neuromuscular junction. 

 

Distinct reorganisation of MU fibres is observed with advancing age (for a 

comprehensive review of ageing effects on the MU and neuromuscular junction (NMJ) 

see Ref. [83]), which precedes the grouping of muscle fibre types and localised 

atrophy [84-86]. Reorganisation has been demonstrated by an increase in MU size 

with age [87, 88], which proposedly results from branching of nearby motor neurons 

to reinnervate denervated fibres [89, 90]. Morphological changes also occur within the 

NMJ, with findings from electron and light microscopy techniques highlighting an 
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expansion of the junction perimeter along fibres and more complex branching of the 

nerve terminal with the synaptic site [91, 92]. These morphological changes may occur 

as compensatory mechanisms following a gradual loss of motoneurons during ageing 

due to denervation. In this way, an age-associated reduction in myelinated neurons 

has been illustrated in human peripheral nerves [93, 94], suggesting that denervation 

is promoted by ageing (Figure 1.3). In parallel with morphological alterations, age-

related neuromuscular deterioration has also been inferred from the lower MU firing 

rate observed by iEMG in the vastus lateralis of older versus younger men [88], 

suggesting the function of MUs declines with age. Furthermore, by combining iEMG 

measures with muscle CSA measurements, this study demonstrated that older males 

had 50–60% fewer MUs [88].  

In contrast to the age-related increase in MUP size [88] smaller MUPs have been 

reported in sarcopenic versus non-sarcopenic individuals during voluntary muscle 

contractions [81], suggesting that reinnervation of denervated fibres occurs to expand 

MU size in the muscle during healthy ageing but not during sarcopenia [81]. Building 

on these findings, a recent study demonstrated smaller MUP size in the vastus lateralis 

of frail versus non-frail males during isometric contractions, independent of age and 

BMI [95]. These results suggest that frailty exacerbates the loss of MU size compared 

to normal ageing, which may reflect a failure of reinnervation of denervated fibres. This 

is the only study to assess MU size in frail individuals and the sample adopted was 

comprised of males only [95]. Considering MU characteristics, such as MU firing rate 

and firing rate variability, have been shown to be different between males and females 

[96], further investigation into MU characteristics in frail females is required. Further 

investigations are also required as smaller MU size has been linked to lower functional 

performance (e.g., skeletal muscle strength and power) during ageing [97]. Therefore, 
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the lower MU size in frail versus non-frail males may be related to impaired functional 

performance during frailty [54]. This notion is reinforced by the findings of greater 

muscle fibre reinnervation capacity in master athletes compared to pre-frail and frail 

individuals, with the master athletes also performing better on measures of physical 

function, such as gait speed and timed up and go test assessments [98].  

1.5.2.1 Potential mechanisms for neuromuscular junction and motor unit 

deterioration during frailty 

The mechanisms underlying NMJ and MU deterioration with age are complex and 

remain poorly understood. DNA damage and modification during ageing are proposed 

mechanisms of NMJ functional deterioration and motoneuron loss, producing the aged 

neuromuscular phenotype [99]. Apoptotic cell death of spinal motoneurons occurs 

following treatment with neurotoxic intermediates of glycation, suggesting that 

byproducts of glycation may also contribute to motoneuron degeneration [100]. 

Furthermore, the absence of several molecules involved in NMJ formation and 

maintenance appears to produce pre- and post-synaptic alterations in aged muscle. 

Genetic deletion of the molecule agrin (a molecule involved in the formation of 

synapses between neurons) [101, 102], or its muscle receptor Lrp4 [103, 104], results 

in degeneration of motor axon terminals and subsequent partial or complete endplate 

denervation, indicating that effects on these molecules may contribute to NMJ 

deterioration (Figure 1.3). 

Within the context of frailty, the relationship between MU characteristics and plasma 

concentrations of anabolic hormones has been investigated, with one study 

highlighting that greater free testosterone was associated with greater MU size 

(regression coefficient: 0.30; P = 0.009) in frail individuals, when adjusted for age, BMI 
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and diabetes [105]. When taken with the earlier reports of lower MU size in frail versus 

non-frail males [95], this finding suggests that lower androgen availability may 

contribute to MU degeneration in frailty. Accordingly, a rodent model of spinal cord 

injury provides mechanistic insight by illustrating that atrophy of motor unit dendrites 

and muscle fibres was prevented by four weeks of subcutaneous testosterone 

administration at normal physiological concentrations [106]. Similarly, testosterone 

administration has been shown to mitigate motor neuron atrophy following castration 

in male adult rats [107, 108]. Thus, hypogonadism during frailty may contribute to the 

associated decline in MU size and number. 

1.5.3 The brain 

Various changes in brain structure and function are associated with ageing. Age-

related structural changes include atrophy of global and regional brain volumes, 

cortical thinning, and an increase in the presence and volume of white matter lesions 

(also termed WMHs), which have been linked with cognitive decline [109], whereas 

functional alterations include reductions in cerebral blood flow [110] and oxygenation 

[111]. Incidence of brain-related diseases such as Alzheimer’s and other dementias 

also increases with age [112]. Frailty is similarly associated with an increased risk of 

cognitive decline and dementia [113-116], suggesting that alterations in structural and 

haemodynamic parameters of brain may contribute to the physiological phenotype of 

frailty. A summary of structural brain changes associated with frailty is presented in 

Figure 1.2. Figure 1.4 outlines established MRI techniques currently being employed 

to study brain structure and function and how these measures have been applied to 

the study of frailty. 
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Figure 1.4: Schematic overview of magnetic resonance imaging (MRI) techniques 
currently being used to quantify brain architecture in frailty. DTI, diffusion tensor 
imaging; WMH, white matter hyperintensity.  

 

1.5.3.1 Global brain volumes 

Early studies related to frailty highlighted global cortical atrophy and lower grey matter 

volume in frail versus non-frail adults [116, 117]. However, a small sample size of frail 

individuals in one of these studies resulted in the combination of pre-frail and frail 

participants into a single group, possibly reducing the contrast between this group and 

non-frail individuals during analysis [116]. Further, the use of different frailty 

assessments across these studies makes comparisons difficult. More recent studies 

adopting the Physical Frailty Phenotype assessment [17] have provided better insight. 

Kant et al., [118] reported lower total brain volume and grey matter volume in frail 

compared with pre-frail and non-frail older adults. However, no differences were 
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observed between pre-frail and non-frail states [118]. Adopting a similar MRI scan 

sequence, another study also observed significantly lower total brain volume in frail 

versus non-frail subjects [119]. These findings indicate the presence of global grey 

matter atrophy during frailty (Figure 1.4), although given evidence is currently limited 

to cross-sectional associations, it is unknown whether associations are causative or a 

consequence of frailty. 

Global white matter volume has also been assessed in previous studies, although in 

contrast to the findings of lower grey matter volume, studies have reported no 

differences in global white matter volumes between non-frail, pre-frail and frail states 

[116, 118]. The tissue composition of grey and white matter differs, in that grey matter 

in mainly comprised of neuronal cell bodies and dendrites involved in processing 

electrical and chemical signals in the brain, whereas white matter is primarily 

composed of myelinated axons which are fundamental for the transmission of 

electrical signals across different brain regions [120]. Therefore, the lower grey matter 

volumes in frail versus non-frail individuals points to the shrinkage (as opposed to loss) 

of neuronal cells, given shrinking of neurons drives the loss of grey matter volume in 

ageing [109, 121], whereas the lack of differences in white matter volume indicates 

that myelinated axons are not affected during frailty. One consideration of these 

previous studies the adoption of mixed sex participant samples [116, 118]. As sex-

related differences in global brain volumes have been observed previously [122], 

further study of global brain volumes in samples of frail individuals stratified by sex are 

required.  
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1.5.3.2 Regional brain volumes 

In addition to assessments of global brain volumes, a small number of studies have 

investigated relationships between regional grey matter volumes and frailty. In a study 

of over 40,000 individuals, frailty severity was negatively associated with grey matter 

volumes in 75 brain regions (Cohen’s d = 0.027 – 0.082, P < 0.01), including the 

thalamus, hippocampus and cerebellum [123]. The large sample size in this study 

provides strong evidence that frailty is associated with lower regional grey matter 

volumes. Similarly, lower grey matter volume in several brain regions such as the 

cerebellum and supplementary motor area has been observed in a collapsed group of 

pre-frail and frail individuals versus non-frail counterparts in another previous study 

[116].  

Whilst studies have evidenced lower regional grey matter volumes in frail versus non-

frail individuals, regional assessments of white matter volumes have not been 

performed. As outlined in the previous Section (Section 1.5.3.1), investigations of white 

matter are important to provide information of myelinated axons which enable 

electrical and chemical signalling within the brain. Furthermore, lower white matter 

volume in numerous brain regions, such as the hippocampus (t = 3.72, P < 0.001) and 

precentral gyrus (t = 3.36, P < 0.001), has been associated with older age [124]. 

Therefore, further studies should determine if regional white matter atrophy is 

observed during frailty when compared to normal ageing.  

1.5.3.3 Associations between regional brain volume and physical function 

Some studies investigating regional brain volumes in frailty studies have also 

determined associations between grey matter volume and functional traits of frailty, 

such as low handgrip strength and slow walking speed [116, 125]. For example, grey 
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matter volume in several brain regions, such as the hippocampus, have been 

negatively associated with handgrip strength (t = 4.0, P < 0.001) and walking speed (t 

= 5.0, P < 0.001) in a study of non-frail, pre-frail and frail individuals [125]. Furthermore, 

grey matter volume of the cerebellum has also been negatively associated with 

walking speed (t = 4.31, P < 0.05) in a sample of non-frail, pre-frail and frail individuals 

[116]. These findings indicate that alterations in brain structure may be related to 

functional decline during frailty, particularly as these associations between brain 

atrophy and functional impairments have been observed in regions of the brain 

responsible for motor functions, such as the cerebellum. However, regional volume 

relationships are currently limited to grey matter volumes, leaving associations 

between other structural indices of the brain, such as white matter volume, and 

functional capacity in frail individuals to be explored. In a previous 2.5 year longitudinal 

study of older adults, atrophy of white matter has been associated with greater decline 

in gait speed (regression coefficient: = 0.25, P < 0.001) [126]. This suggests white 

matter atrophy may be related to functional deterioration in frail individuals, which 

should be explored in future research. 

1.5.3.4 Cortical thickness 

The distance between the outer cortical surface and the grey-white matter boundary 

is termed cortical thickness [127] and is another structural marker of grey matter 

volume quantified by MRI (Figure 1.4). Cortical thinning in several brain regions has 

been noted during ageing [127-129] and within individuals with Alzheimer’s disease 

[130]. Thus, cortical thickness has been proposed as a valid biomarker of 

neurodegeneration [131].  
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Few studies have assessed the relationship between cortical thickness and frailty. A 

recent cross-sectional analysis study reported lower cortical thickness in pre-frail 

versus non-frail individuals but no differences between the frail and non-frail groups 

[132]. Whilst this finding indicates that pre-frailty, but not frailty, is associated with lower 

cortical thickness compared to healthy ageing, the sample size of frail individuals (n = 

12) was markedly lower compared to the number of pre-frail (n = 200) and non-frail (n 

= 272) individuals recruited, which the authors acknowledged compromised the 

statistical power of the analyses. This conveys the need for further studies to confirm 

the relationship between frailty and cortical thickness. 

1.5.3.5 Gyrification and sulcus depth 

MRI also permits the assessment of cortical folding measures, including gyrification 

and sulcus depth, with surface-based morphometry. Gyrification refers to the degree 

of folding of gyri on the cortical surface and sulcus depth is defined as the distance 

between the cortical surface and the cerebral hull. Cortical surface folding is proposed 

to occur to increase the cortical surface area within the confines of the skull, thus 

increasing the number of neurons and neuronal connectivity [133]. As such, 

gyrification has been strongly correlated with cortical surface area (r = 0.92; P < 0.001) 

[134]. There are no previous reports quantifying gyrification and sulcus depth in frail 

individuals. However, assessment of these parameters is important as previous 

studies have demonstrated an inverse association between age and gyrification in 

brain regions such as the pre-frontal cortex (r = -0.13; P = 0.0004) and negative 

associations between regional gyrification and cognitive function (r = -0.13; P < 

0.0003) [135]. Similarly, a reduction in sulcus depth of the parieto-occipital brain region 

has been observed in a 5 year longitudinal study of older adults [136] and lower sulcus 

depth has been observed in cognitively impaired older individuals versus healthy 
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controls [137]. Therefore, given the higher prevalence of cognitive impairment in frail 

versus non-frail individuals [138], frailty may be related to changes in gyrification and 

sulcus depth.  

1.5.3.6 White matter hyperintensities 

Lesions within brain white matter, termed WMHs, are common features of the ageing 

brain, with an increase in WMH volume observed with advanced age [139]. Greater 

WMH volume has been associated with adverse outcomes linked to frailty, such as 

cognitive impairment [140], slow gait [141], and lower physical function [142], 

indicating that these lesions may be associated with frailty.  

Recent studies have attempted to clarify the relationship between WMHs and frailty 

when defined by the Physical Frailty Phenotype [17], with significantly greater WMH 

volume observed in frail and pre-frail compared with non-frail participants [119, 143]. 

Further, in the study utilising the UK Biobank data gathered from over 40,000 

individuals, greater WMH volume was positively associated with frailty severity 

(Cohen’s d = 0.084, P < 0.0001) [123]. Unfortunately, analysis of WMH volume 

between pre-frail and frail individuals was lacking in these studies, limiting insight 

between these two states. The findings of greater WMH volume during frailty has been 

corroborated in several studies adopting the Frailty Index assessment [19], with larger 

WMH volume shown to be related to higher Frailty Index scores [144, 145]. In addition 

to these findings from cross-sectional studies, prospective studies have also indicated 

that frailty progression is related to greater WMH volume. Ducca et al., [146] reported 

a 1.46 higher odds of frailty at 6.6 years follow up with each standard deviation of 

greater of WMH volume at baseline. However, this prospective design leaves 

speculation as to the actual change in WMH volume at follow up, as this was not 
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measured. Nonetheless, these findings provide growing evidence that frailty is 

associated with greater WMH volume. The logical next step is to perform longitudinal 

assessments to determine if frailty progression is associated with increases in WMH 

volume over time. WMHs may then be identified as potential targets for interventions 

aiming to mitigate frailty development.  

1.5.3.7 Microstructural integrity 

DTI is an MRI modality enabling assessment of the microstructural integrity of white 

and grey matter tissue by mapping the directionality of water molecule diffusion [147] 

(Figure 1.4). Common measures of diffusion assessed during DTI include fractional 

anisotropy (the orientation of water diffusion) and mean diffusivity (a measure of how 

freely water molecules move in brain tissue). Using DTI, lower white matter 

microstructural integrity has been demonstrated in ageing, shown by greater mean 

diffusivity (indicating degeneration of the tissue that prevents undirected water 

diffusion) in older versus young individuals [148, 149]. These findings warrant the 

investigation of microstructural integrity as a physiological feature of the frailty state. 

Greater mean diffusivity in white matter tissue has been reported in frail versus non-

frail individuals [150], with similar findings also reported in the grey matter tissue of 

another cohort of frail and non-frail individuals [119]. Some studies have also 

demonstrated prospective associations between frailty and microstructural integrity. 

For example, greater baseline white matter mean diffusivity in the anterior thalamic 

radiation has been associated with a higher risk of frailty (hazard ratio 2.3; P = 0.017) 

when assessed at a 3 year follow-up [151]. However, this prospective design did not 

include assessments of white matter microstructural integrity at follow up, which leaves 

speculation as to the actual change in mean diffusivity over time. Nonetheless, these 
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findings demonstrate indicate that frailty is accompanied with a loss of organised 

structure in brain tissue.  

1.5.3.8 Cerebral blood flow, perfusion and oxygenation 

Despite several investigations of structural characteristics of the brain (i.e., global and 

regional grey matter volumes and WMH volume) in frail individuals, reports of cerebral 

haemodynamic and functional parameters, such as CBF and oxygenation, are scarce, 

particularly those adopting imaging methods such as MRI. Lower CBF [110, 152] and 

cerebral oxygenation [111] has been demonstrated in older versus young individuals. 

Furthermore, lower CBF and oxygenation in older versus young individuals has been 

associated with lower cognitive function (R2 = 0.46, P = 0.008) [152], and lower 

cerebral oxygenation has been observed in Alzheimer’s Disease patients versus 

healthy counterparts [153]. As previous work has shown an inverse correlation 

between frailty severity and cognitive function (r = -0.58; P < 0.05) [154] and a higher 

prevalence of neurodegenerative diseases in frail versus healthy individuals (40.02 % 

vs 11.27 %; P < 0.0001) [155], CBF and cerebral oxygenation may therefore be lower 

in frail versus non-frail individuals.  

CBF velocity has been quantified in a small number of previous studies of frailty using 

transcranial Doppler ultrasound of the cerebral arteries. One study reported lower CBF 

velocity of the left and right carotid arteries of frail compared to non-frail participants 

following ultrasound assessments [156]. However, despite Aguilar-Navarro et al., [156] 

adopting the Physical Frailty Phenotype criteria to assess frailty in their study, 

volunteers were classified as non-frail when one or two criteria were met, which, 

according to the original criteria proposed by Fried et al., [17], would classify these 



48 
 

participant as pre-frail. This shortcoming limits insight into the potential differences in 

CBF velocity between frail and healthy states.  

A similar haemodynamic parameter is cerebral perfusion which refers to oxygen 

delivery to capillaries within the brain. Cerebral perfusion can be quantified with the 

ASL MRI sequence, which involves applying magnetism to “label” arterial blood before 

flowing into the brain, and then subsequently imaging the contrast between labelled 

blood and brain tissue. One study has assessed global grey matter perfusion with ASL 

in frail individuals, which evidenced no association between frailty and global grey 

matter perfusion [143]. Though this lack of differences may have been underpinned 

by the low sample size of frail participants adopted (n = 13), which the authors 

acknowledged compromised the statistical power of their analyses [143]. 

Regarding cerebral oxygenation, one study adopting NIRS assessments has noted no 

differences in cerebral oxygenation between non-frail, pre-frail and frail states [157]. A 

consideration of NIRS is the limited sampling range of 2 cm beneath the skull [158], 

therefore measurements may not be indicative of global cerebral oxygenation. 

Furthermore, this technique does not permit the assessment of cerebral oxygen 

utilisation. In contrast, the TRUST MRI technique quantifies global cerebral 

oxygenation by magnetically labelling venous blood within the sagittal sinus, then 

tracing labelled blood throughout the brain with subsequent images. The amount of 

magnetic signal lost (measured in subsequent images) indicates blood oxygenation 

levels (i.e., more signal lost from oxygenated blood indicates greater oxygenation). 

TRUST MRI also provides measures of global cerebral oxygen extraction fraction and 

metabolic rate of oxygen, which are measures of how much oxygen is extracted from 

the blood and metabolised in brain tissue. Studies of ageing employing TRUST have 

demonstrated a lower cerebral oxygenation and greater cerebral metabolic rate of 
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oxygen in older versus young adults [159, 160]. For example, one study reported a 

1.4% decrease in cerebral oxygenation per decade of life [159]. However, TRUST MRI 

has not been performed in studies of frail individuals, which should be addressed in 

further research to provide insight the relationships between frailty and global cerebral 

oxygenation.  

1.5.3.9 Potential mechanisms of brain deterioration in frailty 

The observational nature of current research into physiological changes of the brain 

during frailty leaves the mechanisms of brain deterioration in frail individuals poorly 

understood. However, some insight can be gained from studies of older individuals.  

Physical inactivity and sedentary behaviour have been proposed as potential 

mechanisms promoting brain atrophy and greater WMH volume. White matter atrophy 

has been negatively associated with sedentary behaviour time (regression coefficient: 

= -0.11; P = 0.0007) in a 5-year longitudinal study of older adults [161]. Sedentary time 

has also been positively correlated with WMH volume (r = 0.31; P < 0.01) in older 

individuals [162]. Potential mechanisms underpinning these relationships include 

lower CBF during sedentary time, which has been evidenced by lower CBF in 

individuals subjected to prolonged periods of physical inactivity, when compared to 

conditions of regular physical activity [163]. In this way, stenosis of the cerebral arteries 

and a reduction in CBF has been shown to induce cortical atrophy in gerbils [164]. 

Similarly, lower CBF and greater WMH volume has been observed in patients with 

carotid artery stenosis compared to controls [165], and restoration of cerebral blood 

flow by carotid artery revascularisation in these patients has resulted in a reduction in 

WMH volume [166]. Accordingly, frail individuals have been shown to be more 

physically inactive compared to non-frail counterparts [69, 70], and one study has 
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reported lower blood velocity in the cerebral arteries of frail versus non-frail older 

adults [156], which may contribute to brain atrophy and greater WMH volume. 

However, these indirect associational relationships across different studies require 

clarification with simultaneous assessments of physical inactivity, CBF and brain 

structure measurements in frail individuals to improve insight.  

Another potential mechanism of brain atrophy is neuroinflammation, which is a 

common feature of ageing [167, 168] and neurodegenerative disorders such as 

Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis [169]. Given frailty is 

an age-related syndrome associated with neurodegenerative disease [170], it seems 

reasonable to infer neuroinflammation may be related to deterioration of the brain in 

frail individuals. However, relationships between neuroinflammation and frailty have 

not yet been explored. Nevertheless, research combining cerebrospinal fluid sampling 

and brain MRI indicates that lower cognitive function is associated with greater levels 

of the neuroinflammatory marker YKL-40 in older adults [171]. Furthermore, a 2-year 

longitudinal study has reported that cerebrospinal fluid and YKL-40 concentrations are 

positively correlated with attenuated white matter microstructural integrity and brain 

atrophy of older individuals [172]. Neuroinflammation may therefore be related to brain 

atrophy and impairments of white matter microstructural integrity during frailty. 

1.5.4 The cardiovascular system 

A meta-analysis of 6,000 non-frail, 7,000 prefrail, and 1,500 frail individuals revealed 

frail (odds ratio = 3.4) and prefrail (odds ratio = 1.5) adults are at greater risk of CVD 

compared with non-frail counterparts [173], thus providing associative evidence for the 

role of cardiovascular dysregulation as a phenotypic feature of frailty. However, the 

specific alterations in cardiovascular structure and function that might contribute to 
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frailty remain unclear. Figure 1.2 shows a summary of findings related to cardiac and 

vascular characteristics present during frailty. 

1.5.4.1 Cardiac parameters 

The heart undergoes various structural and functional changes during ageing, such as 

an increase in LV wall thickness, atrial fibrillation, and a decrease in LV ejection fraction 

[174]. Further, impairments in cardiac structure and function have been associated 

with physical function deterioration in older adults [175, 176], indicating cardiac 

dysregulation may contribute to frailty.  

Some findings are consistent across studies investigating cardiac parameters in frail 

versus non-frail individuals. For example, in the Cardiovascular Health Study, frail 

adults exhibited greater LV mass compared to non-frail participants [177], with several 

other studies since reporting larger LV mass and left atrial volume index in frail 

compared with non-frail individuals [178-180]. Despite these common findings, 

discrepancies are evident for numerous other cardiac parameters during frailty. For 

example, lower LV ejection fraction has been observed in frail versus non-frail groups 

in some studies [179, 180] but not others [181, 182]. These differential findings may 

be underpinned by an older mean age of participants in some studies [179] and the 

implementation of differing echocardiographic protocols. It would be worthwhile to 

build on these echocardiography-derived findings by utilising cardiac MRI, which has 

been shown to be less prone patient- and investigator-related variance [183-185]. 

Furthermore, cardiac MRI enables the assessment of myocardial scarring and diffuse 

fibrosis [186], which may underpin the greater LV mass observed in frail individuals. 

Unfortunately, it appears there are currently no assessments of cardiac parameters 
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with MRI within the frailty literature, reinforcing the need to apply this modality to 

improve insight in this area. 

A previous study adopting a sample of 211 frail individuals highlighted LV hypertrophy 

and lower LV systolic and diastolic function in frail compared with non-frail individuals 

[180]. Interestingly, this study reported greater prevalence of abnormal cardiac 

measures in the frail even after impairments in the pulmonary, renal, hematologic, and 

adipose systems had been accounted for in the analysis. Furthermore, cardiac 

abnormalities, such as LV hypertrophy, showed the greatest association with frailty of 

all the organ systems studied [180]. This study therefore portrays cardiac 

dysregulation as a significant contributor to the physiological frailty phenotype, which 

should be explored further with robust cardiac MRI. 

1.5.4.2 Vascular parameters 

Physiological changes of the vasculature are also observed with advancing age, such 

as increased arterial stiffness [187], wall thickness [188], and endothelial dysfunction 

(e.g., reduced vasodilation and nitric oxide bioavailability) [189, 190]. Vascular 

dysfunction is also associated with sarcopenia, potentially through decreased muscle 

microperfusion [191] and greater amounts of sedentary time [192], indicating that 

pathophysiology within the vasculature may contribute to the phenotype of frailty. 

However, few studies have assessed parameters of vascular structure and function 

during frailty. Two large-sample studies, including the Framingham Heart Study, 

reported greater arterial stiffness in frail versus non-frail individuals, when assessed 

by carotid-femoral pulse wave velocity [180, 193]. Markers of endothelial dysfunction, 

such as abnormal ankle-brachial index, pulse wave velocity, and low levels of flow-

mediated dilation, have also been associated with frailty [194]. Furthermore, frailty has 
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been linked to a greater serum concentration of dimethylarginine [195], which is 

elevated in endothelial dysfunction and is an independent risk factor for major adverse 

cardiovascular events, and reduced flow-mediated dilation [196, 197]. This small 

number of studies provide some indications of vascular deterioration during frailty. 

1.5.4.3 Potential mechanisms of cardiovascular dysregulation in frailty 

1.5.4.3.1 Inflammation 

Features of cardiac dysregulation, such as increased LV mass and diastolic 

dysfunction, are associated with higher serum inflammatory markers in older 

individuals [198]. Given that these cardiac abnormalities are also evident during frailty 

[180], enhanced inflammation may promote cardiac deterioration in frail individuals. 

Inflammatory cytokines have been proposed as regulators of cardiac dysregulation 

through several mechanisms. For example, overexpression of TNF-a in mouse cardiac 

tissue leads to proteasome dysfunction and the accumulation of ubiquitinated proteins 

in the left ventricle [199], which may be a mechanism underlying greater LV mass 

during frailty [177]. Similarly, chronic TNF-a overexpression restricted to cardiac 

tissues attenuates the activity of collagenolytic enzymes, leading to reduced LV 

dilation [200]. These processes may underpin cardiac dysfunction during frailty, 

mediated by a chronically heightened inflammatory state in the heart. 

1.5.4.3.2 Physical inactivity 

Physical inactivity may also promote cardiovascular deterioration during frailty [69]. 

For example, lower LV ejection fraction, which has been observed during frailty [179, 

180], is associated with lower physical activity levels in middle-aged adults [201]. The 

physiological mechanism for this may include a physical inactivity-induced promotion 

of cardiac atrophy [202], thus attenuating LV function through the loss of myocardial 
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tissue which in turn reduces heart contractility. This is supported by findings from a 

limb unloading model, highlighting marked reductions in the synthesis of cardiac 

proteins and significant cardiac tissue loss in response to the unloading [203]. 

Enhanced arterial stiffness in frail individuals may also be attributed to lower physical 

activity levels, given that greater arterial stiffness is observed in older adults with 

increased amounts of sedentary time [204]. Arterial stiffening may also be influenced 

by low vascular blood flow during sedentary time, leading to lower endothelial shear 

stress and impaired endothelial function [205]. As such, low endothelial shear stress 

is associated with low nitric oxide synthase expression [206] and blocking the 

synthesis of nitric oxide promotes arterial stiffness in vivo [207]. 

1.5.5 Adipose tissue 

Increased whole body and abdominal fat deposition has been associated with ageing 

[208-211]. The health implications of enhanced adiposity with age are complex and 

remain poorly understood. For example, adiposity in overweight and obese older 

people has been positively associated with mortality in some studies [212, 213] but 

not others [214]. Obesity has even been associated with better outcomes in various 

medical conditions [214-216] and a lower risk of clinical events in individuals with frailty 

[217]. Despite contrasting findings, the links between adiposity and physical function 

deterioration and disability [218, 219], in conjunction with weight loss being a criterion 

of the physical frailty phenotype assessment [17], warrant the investigation of adipose 

tissue within the context of frailty. 

Indirect measures of adiposity (e.g., BMI and waist circumference) have been 

employed within studies of frailty, which have produced conflicting results. A 

systematic review of six longitudinal studies has revealed a direct association between 

obesity (BMI ≥ 30 kg/m2) and frailty incidence [220]. For example, one of the 
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longitudinal studies included in this review, recruiting 28,181 older women, reported a 

near fourfold-increased risk of frailty development in obese individuals compared to 

counterparts with a normal BMI after a 3-year follow-up [221]. This finding has been 

corroborated in a separate large sample study, observing an increased risk of frailty 

with each additional year of obesity [222]. Findings from cross-sectional studies have 

also demonstrated associations between obesity and a greater risk of pre-frailty and 

frailty in older women [223]. It is unknown if this is a direct causative relationship, 

although this association remained statistically significant after adjustment for multiple 

conditions (such as diabetes mellitus and heart failure,) and inflammation status [223]. 

In contrast to the evidence detailed above, longitudinal studies have demonstrated a 

greater risk of frailty in individuals with low BMI (<18.5 kg/m2) compared with those 

with normal BMI (18.5–24.9 kg/m2) [221]. The observation of greater frailty risk with 

low BMI is supported by cross-sectional data highlighting a significantly lower BMI in 

frail versus non-frail individuals [224]. As such, a U-shaped relationship between frailty 

and adiposity may be evident, with low and high (as opposed to normal) levels of 

adipose tissue contributing to greater frailty risk. Of course, insight into the relationship 

between frailty and adipose tissue is limited by the application of crude and indirect 

measurements of adiposity (i.e., body mass and waist circumference) in these studies. 

Studies using imaging techniques to quantify adiposity in frail individuals are scarce. 

Idaote et al., [52] used CT scanning to highlight greater pericardial and visceral 

adipose tissue CSA in the lumbar spine region of non-frail versus frail participants, 

supporting the longitudinal associations between low BMI and frailty [221]. A reduction 

in adiposity may therefore underpin the non-intentional weight loss trait of frailty [17]. 

However, in contrast to Idaote et al., [52] a large-sample study utilising CT scanning 

reported no differences in lower leg subcutaneous adipose tissue CSA between non-
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frail and frail individuals [51]. Direct comparisons of these results to those of Idaote et 

al., [52] are difficult as adipose tissue CSA was quantified in different regions of the 

body between studies. Consequently, future studies should employ imaging 

techniques to directly quantify whole body and regional adiposity to improve 

understanding of the complex relationship between adipose tissue and frailty  

DEXA estimates of fat mass in frail individuals are also inconclusive. One study has 

reported a greater percentage of body fat (i.e., total fat mass relative to total body 

mass) in frail versus non-frail participants [42]. However, no significant differences 

were observed when fat mass was expressed as an absolute quantity (measured in 

grams) [42]. No differences in DEXA-derived total fat mass between non-frail, pre-frail 

and frail individuals has also been reported in a large sample study of Taiwanese older 

adults [43] and a smaller cohort from the Women’s Health and Aging Study [45]. 

Therefore, these conflicting findings reflect a poor understanding of the relationship 

between adiposity and frailty, reinforcing the requirement for standardised 

measurement approaches and large-sample longitudinal studies to improve insight. 

1.5.5.1 Potential mechanisms of altered adiposity during frailty 

Physical inactivity and greater amounts of sedentary behaviour promote an 

accumulation of fat mass [225, 226]. Considering these behaviours are linked to frailty 

[69, 227] and low physical activity is a criterion for the Physical Frailty Phenotype [17], 

physical inactivity may contribute to increased fat mass in frail individuals. 

Mechanisms underpinning physical inactivity-induced increases in adiposity may 

involve reduced skeletal muscle insulin sensitivity and consequent accumulation of 

central and visceral adipose tissue [228, 229]. For example, bed rest models of 

inactivity have demonstrated reduced insulin sensitivity and dysregulated oxidation of 



57 
 

lipids and glucose alongside enhanced adiposity and IMAT accumulation [230], 

particularly under conditions of positive energy balance [231, 232]. These findings are 

supported by evidence of greater hepatic free fatty acid uptake rates in individuals with 

low physical activity levels [233], whereas habitual endurance training has been 

associated with lower hepatic free fatty acid uptake [234]. Whilst these findings are not 

specific to frailty, they present potential mechanisms by which inactivity may contribute 

to greater adiposity in frail individuals. 

Elevated levels of adiposity may contribute to the increased inflammatory state 

observed in frail individuals [235, 236]. Greater concentrations of circulating IL-6 have 

been attributed to increased fat mass and obesity [237], with previous work 

demonstrating that up to 30% of circulating levels of IL-6 may be released from 

subcutaneous adipose tissue in obese adults [238]. Furthermore, proinflammatory 

cytokines may also negatively influence other physiological systems, such as muscle 

mass and function [239]. IMAT is also a proposed site of inflammatory cytokine 

release. As such, greater IMAT and IL-6 protein content within the vastus lateralis has 

been observed in frail compared to non-frail individuals [49], which may indicate that 

greater IMAT content further promotes an inflammatory environment and facilitates 

atrophy of skeletal muscle in frail individuals. Indeed, obese older men, who presented 

with heightened systemic inflammation and markedly greater adiposity compared to 

nonobese age-matched controls, also exhibited a blunted muscle protein synthetic 

response to increased nutrient delivery [240]. However, these same individuals 

presented with greater lean tissue mass and had no impairment of muscle strength or 

knee extensor work output. Muscle mRNA expression analysis in these obese older 

men illustrated lower levels of transcripts for cytochrome c, peroxisome proliferator-

activated receptor-a, peroxisome proliferator-activated receptor-c coactivator 1a, and 
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TFAM, which are associated with mitochondrial biogenesis or oxidative 

phosphorylation. Further, greater expression of myostatin, a negative regulator of 

muscle growth, has been observed in the skeletal muscle of obese versus non-obese 

individuals [240]. It is unknown whether these observations are representative of frail 

individuals, but the mRNA pattern in this study was consistent with muscle 

deconditioning being an underpinning of metabolic dysregulation [240], which is 

pertinent to frailty.  

1.5.6 Multisystem dysregulation 

Research into the physiological markers of ageing and frailty, including the majority of 

studies cited thus far, has traditionally focused on individual biomarkers. However, 

these investigations into single-mechanism explanations of ageing, such as 

inflammation and oxidative stress, have produced multifactorial conclusions, in which 

several physiological processes interact [241, 242]. This has led to the proposal of 

nine hallmarks of ageing, which consists of a sequence of interrelated physiological 

processes that produce the aged phenotype in various organ systems. The sequence 

begins with the accumulation of cell damage, instigating responses such as 

mitochondrial dysfunction and cell senescence, with end points of inflammation and 

reduced stem cell turnover affecting biological ageing [243]. This paradigm has 

changed how ageing, and in turn frailty, mechanisms are perceived, with many 

researchers now acknowledging multisystem physiological dysregulation as a 

fundamental biological underpinning of health decline during ageing. 

The rationale for considering frailty as a condition comprising simultaneous 

dysregulation in several systems has been provided by the findings that frailty is 

concomitant with various pathophysiological syndromes, such as sarcopenia [244], 

vascular dementia [115], and heart failure [177] (Figure 1.2). Similarly, findings from 
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the Cardiovascular Health Study cohort demonstrated associations between frailty 

and dysregulation in the cardiac, vascular, and cerebral systems [177], These findings 

indicate that dysregulation in multiple physiological systems occurs during frailty, thus 

a research focus has been instigated in this area. 

A seminal study first investigated multisystem dysregulation by examining twelve 

biomarkers in six different physiological systems (anaemia, inflammation, endocrine, 

micronutrient, adiposity, and fine motor speed) within non-frail and frail older women 

[245]. Measured biomarker values within these systems were compared against 

accepted normal ranges to define normal or abnormal values (i.e., greater or lower 

values compared to the normal range were considered abnormal). This study 

demonstrated that abnormal values in five systems increased frailty risk by 26-fold 

(compared to zero abnormal systems) [245]. Importantly, it was also noted that the 

cumulative number of dysregulated systems, as opposed to any specific system, was 

the dominating factor predicting frailty severity. Further, the relationship between frailty 

severity and an increasing number of abnormal systems was nonlinear [245], 

indicating there may be a threshold beyond which an adverse downward spiral of frailty 

progression occurs. This would be consistent with the concept of “majority rules” in 

systems biology [246, 247], whereby the aggregate of impaired systems may 

adversely affect the function of other unimpaired systems, consequently driving the 

whole system to a more dysregulated state. 

Frailty from a multisystem perspective has also been explored using a statistical 

approach that quantifies physiological dysregulation by assessing the difference 

between a discrete biomarker value and the average value for a population mean 

[241]. Using data acquired from nearly 33,000 individuals, and analysis of 37 

biomarkers grouped into six physiological systems (lipids, immune, oxygen transport, 
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liver function, vitamins, and electrolytes), Li et al., [248] demonstrated dysregulation in 

several systems and proposed the establishment of a global dysregulation score 

(collated from estimates on all biomarkers), enabling prediction of the magnitude of 

frailty presence. Interestingly, no individual system was notably better at predicting 

frailty than another [248]. Adopting this statistical approach, and similar physiological 

system groupings for biomarkers, a study of 1,754 volunteers also reported 

multisystem dysregulation during frailty [249] and similarly concluded that no individual 

systems were more important than others for predicting frailty. This is particularly 

relevant as this study assessed a different group of physiological systems than the 

previous work by Fried et al., [245]. However, some discrepancies between these two 

studies should be acknowledged. Firstly, the nonlinearity effect of greater frailty risk 

with an increasing number of dysregulated systems reported by Fried et al., [245] was 

not corroborated, which was attributed to the low sample size of frail individuals [249]. 

Secondly, this study did not support the finding that the number of systems 

dysregulated effectively predicted frailty presence. This discrepancy may be partially 

explained by the different frailty criteria adopted across studies, which, importantly, 

has been shown to negatively affect the agreement and predictive ability of the 

Physical Frailty Phenotype method [250]. Furthermore, the sample adopted by Fried 

et al., [245] consisted of solely female participants, whereas the cohorts studied by 

Ghacem et al., [249] incorporated males and females. The widely reported greater 

prevalence of frailty in females [251] suggests there may be sex-related differences in 

the physiological characteristics of frailty, which may have contributed to the differential 

findings between these studies. 

Other research groups have also reported physiological dysregulation in multiple 

systems during frailty. Using previously established cutoff thresholds, against which 
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measured values for different systems were compared, the prevalence of frailty was 

reported to be directly related to the number of abnormal organ systems (when 

considering cardiac, vascular, pulmonary, renal, hematologic, and adipose tissue 

systems) [180]. Furthermore, this study found that cardiac abnormalities demonstrated 

the strongest association with frailty relative to the other organ systems measured, 

reinforcing that dysregulation of the heart may be a key organ contributing to the frailty 

phenotype. 

These observations of multisystem dysregulation support the concept of frailty as a 

condition comprised of multiple abnormalities in a complex system (i.e., the human 

body). However, certain considerations should be acknowledged when extrapolating 

findings from current studies, such as inaccurate assessment methodologies. For 

example, adiposity was estimated with skinfold thickness [245] and BIA methods [180] 

in these studies, which are less robust than DEXA- and MRI- derived estimates of fat 

mass and volume, though were likely adopted because of their feasibility of application 

within the large participant samples adopted. Furthermore, the physiological systems 

studied in many of these reports were distinguished based on circulating biomarkers, 

which may be deemed less representative of the associated organ and tissue 

functions. Thus, to better understand the contribution of different physiological 

systems to the frailty phenotype, and to more accurately model and predict frailty 

development, future studies should employ more robust measurement techniques to 

assess organ structure and function and expand on these circulating-biomarker-based 

reports.  

1.6 The physiological phenotype of frailty – using a stress stimulus paradigm 

The literature described to this point has identified numerous physiological 

characteristics associated with frailty. Nevertheless, the distinct physiological 
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phenotype differentiating frail versus non-frail states remains poorly characterised. 

This lack of clarity may be due to studies being performed under resting-state 

conditions, thus failing to characterise the disruption of dynamic homeostasis that is 

central to the definition of frailty [252]. In essence, in the absence of stimuli such as 

acute infection, illness, and injury, and without the presence of external stressors such 

as physical activity, the dysregulation of physiological homeostasis in frailty may be 

subtle or undetectable, particularly without the application of robust and sensitive 

measurement techniques to quantify physiological resilience. Instead, the phenotypic 

features of frailty would likely present more overtly than in the resting state if individuals 

were studied during a physiological stress challenge, such as exercise (Figure 1.5). 

As such, frailty is fundamentally characterised by a reduced ability to cope with and 

combat stressors [10], i.e., reduced resilience. Appropriately, the measurement of 

dynamic responses to physiological stressors has been identified as a key next step 

in frailty research  [253]. However, insight into the physiological responses to stressors 

during frailty remains limited, with markedly less data available relative to findings 

derived from resting state assessments. Nonetheless, a recent review by Fried and 

colleagues [254] discussed various physiological responses to stressors within 

different body systems during frailty, which, promisingly, indicates that this research 

area is receiving attention. The following section aims to summarise the current 

evidence and understanding of the physiological responses to stressors during frailty. 

Acute exercise is an effective and non-invasive method of inducing physiological 

stress in vivo, with a bout of exercise instigating rapid and marked changes in 

physiological function involving multiple organs [255]. For example, Figure 1.5 depicts 

the alterations in cardiac output and blood distribution to multiple organ systems when 

transitioning from rest to vigorous exercise. 
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Figure 1.5: Schematic comparison of cardiac output and blood distribution to organs 
at rest versus during exercise in a human. Exercise instigates an increase in cardiac 
output from the resting state along with a redistribution of blood flow from splanchnic 
organs to skeletal. 

 

1.6.1 Skeletal muscle energy metabolism 

A rapid and sustained increase in muscle ATP turnover is observed during exercise, 

from ~0.07 mol ATP/min at rest to >2 mol ATP/min during heavy exercise [256]. When 

the rate of mitochondrial ATP production is exceeded by the rate of ATP demand, 

energy must be derived from nonmitochondrial sources, i.e., anaerobic glycolysis and 

PCr hydrolysis (Figure 1.6). PCr hydrolysis and lactate accumulation within the 

muscle are robust markers of mitochondrial dysfunction [257] and skeletal muscle 

myopathy [257, 258]. Furthermore, in the contexts of ageing and chronic disease, 

muscle deconditioning and lower mitochondrial content are associated with enhanced 

nonmitochondrial muscle ATP production during exercise stress [33, 259]. Finally, 

given post-exercise muscle PCr resynthesis is entirely mitochondrion dependent, the 
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slowing of PCr resynthesis kinetics during recovery from exercise can be considered 

as a robust index of mitochondrial function and/or mass [260, 261]. Alterations in 

muscle energy metabolism during exercise and recovery are therefore likely to provide 

valuable insight into metabolic and functional decline of the muscle during frailty. 

 

Figure 1.6: Schematic illustration of the effect of frailty on substrates and pathways 
involved in skeletal muscle energy turnover.  When the rate of ATP demand during 
muscle contraction exceeds that of mitochondrial ATP production, ATP turnover is 
maintained from non-mitochondrial routes, namely glycolysis and phosphocreatine 
(PCr) hydrolysis. ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, 
adenosine monophosphate; Ca2+, calcium; CK, creatine kinase; CPT1, carnitine 
palmitoyltransferase I; Cr, creatine; H+, hydrogen ion; H2O, water; IMP, inosine 
monophosphate; NADH, reduced nicotinamide adenine dinucleotide; NAD+, oxidised 
nicotinamide adenine dinucleotide; PDC, pyruvate dehydrogenase complex; PCr, 
phosphocreatine; Pi, inorganic phosphate; TCA cycle, tricarboxylic acid cycle. Figure 
reproduced with permission from Professor Paul Greenhaff.  
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31Phosphorus (31P) MRS represents a robust, non-invasive method enabling the 

quantification of muscle PCr and pH changes during exercise and recovery in vivo, 

making it well suited to study age- and frailty-related pathophysiology. This approach 

has been employed in a recent study in age-matched non-frail and frail older adults 

who performed graded multistage plantar flexion exercise within the bore of a 3-Tesla 

MRI scanner, whilst a 31P MRS coil was focused on the gastrocnemius and soleus 

muscles of the calf [53]. When normalised to the work of activity performed, muscle 

PCr hydrolysis was fourfold greater in the frail participants (and 10-fold greater than 

middle-aged control participants) during exercise. In addition, this higher rate of PCr 

hydrolysis was inversely correlated with oxygen uptake (r = -0.58; P < 0.001) and 

distance covered on a 6-min walk test (r = -0.63; P < 0.0001) [53]. These results 

identify potential physiological mechanisms underpinning the reduced physical 

function and greater subjective sense of fatigue traits of frailty [17]. Interestingly, this 

study also reported no difference in MRI-derived calf muscle CSA when comparing 

frail and non-frail individuals, whereas muscle fat fraction CSA (expressed as a 

proportion of total muscle area) was greater in the frail individuals [53]. Fat fraction 

was also positively associated with greater PCr hydrolysis during exercise (r = 0.38; P 

< 0.05), indicating that differences in muscle metabolic quality, rather than mass, can 

differentiate non-frail versus frail phenotypes. It also raises the question as to whether 

increasing habitual physical activity with interventions in frail people can improve 

muscle metabolic resilience and thereby functionality in everyday living. 

Regarding exercise recovery kinetics, Andreux et al., [262] compared recovery of PCr 

in the calf muscle following plantar flexion exercise in non-frail versus pre-frail older 

individuals using 31P MRS at 7 Tesla. Longer PCr recovery times were evident in pre-

frail participants compared to physically active non-frail counterparts, suggesting that 
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reduced mitochondrial respiration/content is a feature of the pre-frail state. However, 

this study did not report the concentration of PCr within the muscle immediately after 

exercise cessation, making it difficult to interpret the findings, i.e., the slower recovery 

may have been a consequence of differences in the rate of ATP turnover, and thereby 

PCr degradation, during exercise. Considering cellular ADP concentration is a primary 

driver mitochondrial resynthesis following exercise, this is a pivotal question to resolve. 

A consideration of the studies described above is the lack of normalisation of PCr 

recovery kinetics to total mitochondrial content across the muscle of interest. In the 

absence of this normalisation, mitochondrial dysfunction cannot be inferred, as a lower 

mitochondrial content may also underpin slower PCr recovery kinetics. As such, the 

available data indicate that dysfunction in mitochondrial respiration, demonstrated in 

ageing [33] and chronic disease (e.g., COPD [263], diabetes [264]), fails to persist 

when muscle mitochondrial respiration is corrected correct for mitochondrial content. 

Accordingly, supposed “mitochondrial dysfunction” in older people can be reversed by 

increasing mitochondrial content with exercise training [33]. In the context of frailty, a 

study using succinate dehydrogenase as a marker highlighted lower mitochondrial 

content in pre-frail compared with non-frail men in all fibre types of the vastus lateralis 

[265]. Pre-frail and frail women have also been shown to exhibit lower vastus lateralis 

muscle mitochondrial content compared with young inactive participants [266]. 

Although the lack of a non-frail group for comparison in this study limits insight. 

Nonetheless, large cohort studies have reported inverse associations between mtDNA 

copy number (an index of mitochondrial number) and polymorphisms in mtDNA with 

frailty [267, 268]. Furthermore, lower abundance and maximal activity of mitochondrial 

respiratory complexes has been shown in the skeletal muscle of pre-frail and frail 

versus non-frail adults [262, 269]. 
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Overall, these findings point to the need for further research to differentiate between 

the relative contribution of mitochondrial dysfunction and decline in mitochondrial 

content to the reduction of metabolic resilience during frailty. Nonetheless, the 

emerging evidence outlined above implies that altered muscle energy metabolism is 

a key underlying feature of generalised physiological decline and fatigue in frailty 

(Figure 1.6). Moreover, as alterations in tissue energy metabolism are seemingly 

associated with dysregulation across numerous different organ systems, this may be 

a common biological feature of frailty-related decline. 

1.6.2 Responses to feeding 

Alternative to the stimulus of exercise stress, feeding can also elicit a marked 

physiological response. Following carbohydrate ingestion, plasma glucose 

concentrations are elevated, stimulating pancreatic insulin secretion. Insulin facilitates 

skeletal muscle and hepatic glucose uptake for storage and/or utilisation; thus, the 

secretion and action of insulin are key responses mediating glucose tolerance. Ageing 

is associated with alterations in the response to feeding, with older adults exhibiting 

diminished insulin sensitivity and elevated blood glucose levels after an oral glucose 

challenge [270, 271]. Despite many studies demonstrating insulin resistance in healthy 

older participants, few studies have controlled for typical physiological characteristics 

of ageing that may influence the interpretation of results, such as muscle mass, 

changes in liver size, a decline in habitual physical activity, and delays in carbohydrate 

absorption of the gut. These limitations make it difficult to determine whether impaired 

glucose tolerance is a feature of normal ageing per se or a consequence of age-related 

changes in lifestyle factors that vary in presence and magnitude between individuals. 

A common method utilised in research studies to study the physiological responses to 

feeding is an OGTT, which has been employed studies of frailty. Kalyani et al., [272] 
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reported no differences in fasted serum glucose and insulin concentrations between 

healthy and frail individuals. However, following an OGTT, frail females demonstrated 

exaggerated increases in blood glucose and insulin concentrations over 180 min 

compared with pre-frail and non-frail women, indicating impaired glucose tolerance 

[272]. These findings are consistent with the previous observations of elevated 

glucose concentrations two hours after oral glucose ingestion in frail volunteers 

compared with non-frail individuals, but not in the baseline fasted state [236]. Similarly, 

following a standardised 700-kcal liquid mixed-meal test, elevated area under the 

curve values were evident in frail versus non-frail women for five hours after 

consumption of glucose and insulin [273]. Despite these findings appearing to 

reinforce a reduction in glucose tolerance in frail individuals, frailty in this study was 

defined using only the slow gait speed and low physical activity criteria of the Physical 

Frailty Phenotype [17] and thus may be deemed a reductionist assessment of frailty. 

Although, there is evidence that these two frailty criteria are the most predictive 

components of the physical frailty phenotype method [274], potentially supporting the 

assessment of frailty in this way. 

The studies outlined above indicate that frailty is associated with impaired glucose 

tolerance. However, nutrient absorption in the gastrointestinal tract often deteriorates 

with age [275] and therefore will influence glucose absorption following a meal test or 

OGTT. Additionally, when a fixed dose of carbohydrate is administered (e.g., with an 

OGTT), body size will affect the blood glucose response. For this reason, researchers 

may instead employ an intravenous glucose tolerance test or the euglycemic insulin 

clamp technique, with these methods controlling for the effects of gut absorption and 

body size/lean mass on blood glucose disposal (and insulin action in the case of the 

insulin clamp technique). When this standardisation has been done in previous 
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studies, the rate of glucose disposal normalised to body surface area (and across a 

range of steady-state insulin infusion rates) was observed as reduced in healthy, 

nonobese older volunteers compared with younger volunteers [276]. The same is 

apparent when comparing older lean versus obese individuals in regard to whole body 

and leg glucose uptake [240]. Despite the lack of equivalent data in frail volunteers, 

these lower rates of normalised whole body and leg glucose disposal in older versus 

young people demonstrate that insulin resistance with age is a real phenomenon, and 

likely to be multifactorial. In studies of frailty, the quantitative insulin sensitivity check 

index and homeostasis model assessment scores have been most frequently adopted 

to assess insulin sensitivity [277-279]. However, these approaches represent 

estimates based on fasting blood glucose and insulin concentrations and therefore do 

not reflect the dynamic gluco-regulatory response to feeding. Accordingly, in the 

Baltimore Longitudinal Study of Aging, blood glucose level at 2 hours after OGTT was 

a better predictor of mortality risk than fasting glucose alone [271, 280], with similar 

findings evident in the Cardiovascular Health Study in relation to incident 

cardiovascular events [281]. Although not specific to frailty, these findings reinforce the 

importance and efficacy of studying physiological characteristics under conditions of 

stress to manifest differences between non-frail and frail states. 

1.7 Summary  

Based on the evidence outlined in this Chapter, it is clear that the current literature 

fails to adequately characterise the physiological phenotype of frailty. From a 

physiological standpoint, the most important considerations concern the majority of 

previous studies assessing the characteristics of individual organs with imprecise 

measurement techniques. This does not seem optimal for understanding the 

phenotype of frailty given the emerging evidence of dysregulation in multiple 
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physiological systems as concomitant with frailty. Despite the improved insight 

provided by investigations into multisystem dysregulation in frail individuals, the 

studies in this area have adopted indirect measures to investigate organ structure and 

function, such as blood biomarkers. Therefore, there is large potential for improving 

insight into the phenotype of frailty with the application of robust multi-organ 

physiological techniques in studies of frail individuals. 

1.8 Thesis aims and structure 

The overarching aim of this thesis was to provide novel insight into the physiological 

phenotype of frailty by employing multi-organ assessment techniques and measures 

of physical function in older human volunteers. Particular focus was applied to 

investigations of the heart, skeletal muscle, adipose tissue, neuromuscular system and 

brain, as these systems have been shown to be key mediators of age-related 

physiological change and have been implicated within the frailty phenotype. This multi-

organ approach aimed to highlight distinct physiological characteristics of frailty, which 

may be viewed as areas for further research into mechanisms of frailty development 

and targets for future interventions aiming to mitigate the syndrome’s development.  

One physiological and functional phenotyping study was performed in older non-frail, 

pre-frail and frail female volunteers during the course of this thesis. Chapter Two 

described the protocol and experimental methods employed within this study. The 

findings of this study were then explored in three experimental Chapters focussing on 

characteristics of specific physiological systems and physical function characteristics 

in non-frail, pre-frail and frail volunteers. Chapter Three focused on characteristics of 

cardiac structure and function with the novel application of cardiac MRI within the 

context of frailty. Chapter Four detailed the investigations into body composition 

characteristics and neuromuscular function using MRI and iEMG techniques. 
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Furthermore, these physiological measures were combined with assessments of 

physical function to provide insight into the physiological underpinnings of functional 

decline during frailty. Chapter Five explored brain morphometry, haemodynamic and 

oxygenation following MRI assessments, and performed regression analyses to 

determine associations between brain morphometry and physical function measures. 

Chapter Six considered the collective findings from Chapters Three, Four and Five in 

an attempt to integrate and identify interactions between organ structure and function 

and physical function outcomes, thus providing insight into the whole body 

physiological phenotype of frailty. Chapter Seven concluded the thesis by summarising 

and integrating the findings from the experimental Chapters before discussing 

strengths and considerations of the work and proposing directions for future research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 
 

Chapter Two: General Methods  

2.1 Introduction  

This Chapter describes the study protocols and experimental methods employed for 

the Physiological PHENOtyping of FRailty Using Magnetic Resonance IMaging 

(PHENOFRIM) study. The PHENOFRIM study involved the recruitment of older non-

frail, pre-frail and frail female volunteers for two study visits. Study Visit One involved 

functional phenotyping which consisted of assessments of frailty status, 

neuromuscular characteristics and knee extensor strength, peak torque and work 

output. Study Visit Two comprised multi-organ MRI for physiological phenotyping, 

primarily of the brain, heart, skeletal muscle and adipose tissue. This included 

structural (e.g., brain volumes, left ventricular mass, skeletal muscle volume, visceral 

adipose tissue volume) and haemodynamic (e.g., cerebral blood flow, cardiac output) 

measures. Figure 2.1 provides an outline of the experimental protocol of Study Visits 

One and Two. All abbreviations used in this Chapter are outlined on pages 13-17. 
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Figure 2.1: Overview of experimental study visits for the non-frail, pre-frail and frail 
volunteers. Visit 1: Functional phenotyping at the David Greenfield Human Physiology 
Unit (DGHPU). Visit 2: Multi-organ MRI collected at the Sir Peter Mansfield Imaging 
Centre (SPMIC). 

 

2.2 Ethical approval  

Upon completion of the Integrated Research Application System application (Project 

ID: 278613), the study received approval from the Health Research Authority on 

02.09.2020 (Research ethics committee reference: 20/SW/0121). The study 

conformed to the recognised standards of the Declaration of Helsinki and all 

volunteers gave informed consent. 
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2.3 Recruitment 

Female outpatients were recruited from clinics for older people within Nottingham 

University Hospitals NHS Trust. Clinic consultants first approached potential patient 

volunteers to determine their eligibility and interest in the study. Eligible and interested 

patients were then directed to a member of the research team who was present in 

clinic, or contacted and provided with a Participant Information Sheet at a later date. 

Inclusion and exclusion criteria for participation were as follows:  

Inclusion criteria: 

• Females aged 65+ attending Nottingham University Hospitals NHS Trust falls 

and bone health and general geriatric clinics; 

• Ability to provide informed consent; 

• Good understanding of written and spoken English. 

Exclusion criteria 

• Metal within the body which could be affected by the magnetic field produced 

by MRI scanner; 

• Any other contraindications for MRI scan (e.g., brain aneurysm clips, 

permanent pacemaker); 

• Over 190.5 cm in height (height limit for MRI scanner); 

• Inability to lie on back in MRI scanner; 

• Mobility limitations which would prevent the individual transferring onto 

equipment (e.g., Cybex dynamometer, MRI scanner); 

• Unable to speak or understand English; 

• In receipt of end of life care;  
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• Lacking the mental capacity to understand the requirements of study 

participation and provide consent;  

• Diagnosis or history of Dementia. 

Using handgrip strength as the primary endpoint, a sample size calculation was 

performed to quantify the number of participants needed to achieve statistical power. 

Hand grip strength is currently acknowledged to be a valid physiological component 

of frailty and previous studies have observed an average difference in grip strength of 

12.35 kg between frail and non-frail individuals, with a standard deviation of 11.6 kg 

[54, 282]. Based on these data, a total of 14 participants (α: 0.05 β: 0.8) in each group 

was required to detect a significant difference in grip strength between frail and non-

frail volunteers. 

In the early stages of recruitment, all potential participants referred by the clinic 

consultants were contacted by telephone to determine eligibility for participation using 

the inclusion and exclusion criteria. 14 non-frail participants were recruited and 

completed the study approximately 6 months prior to the end of the recruitment period, 

following which recruitment was restricted to the pre-frail and frail groups only. At this 

stage of recruitment, consultants used the Electronic Frailty Index (if available in the 

patient’s medical records) or the Clinical Frailty Scale score to identify pre-frail and 

frail individuals only.  

2.4 Participant demographics 

In total, 258 patients were approached, 37 potential participants were screened, and 

35 participants (aged 65-91 years, BMI 15.3-35.3 kg/m2) were recruited into and 

completed the study. Participant demographic data are presented in Table 2.1. 

Following frailty status assessment (detailed in Section 2.6.1), the sample sizes for the 

three groups were: n = 14 non-frail, n = 15 pre-frail and n = 6 frail. 
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Table 2.1: Demographic, comorbidity and medication data for non-frail, pre-frail and 
frail females recruited to the PHENOFRIM study. Demographic data are mean ± SD. 
Comorbidity and medication data represent the n presentations (and percentage of) 
of participants in each group. BMI = body mass index. * = significantly different to 
non-frail. ^ = trend for difference compared to pre-frail. 

Demographic 

parameter 

Non-frail (n = 14) Pre-frail (n = 15) Frail (n = 6) 

Age (years) 71 ± 5 79 ± 8* 78 ± 8^ 

Height (m) 1.58 ± 0.07 1.55 ± 0.07 1.59 ± 0.08 

Body mass (kg) 58.1 ± 6.0 62.8 ± 9.2 59.0 ± 19.6 

BMI (kg/m2) 23.3 ± 2.6 26.3 ± 4.5 23.3 ± 6.9 

Body surface area (m2) 1.59 ± 0.1 1.61 ± 0.12 1.59 ± 0.24 

Comorbidities - n (%) 

Osteoporosis 9 (64%) 12 (80%) 3 (50%) 

Hypertension 4 (29%) 5 (33%) 3 (50%) 

Arthritis  3 (21%) 3 (20%) 2 (33%) 

Depression 1 (7%) 1 (7%) 2 (33%) 

Lymphedema  1 (7%) 1 (7%) 0 (0%) 

Atrial fibrillation 1 (7%) 1 (7%) 1 (17%) 

Leaky heart valve 0 (0%) 2 (13%) 2 (33%) 

Medications - n (%) 

Alendronic acid 6 (43%) 7 (47%) 0 (0%) 

Zoledronic acid 0 (0%) 3 (20%) 0 (0%) 

Beta blockers 3 (21%) 2 (13%) 1 (17%) 

Vitamin D  8 (57%) 8 (53%) 4 (66%) 

Calcium supplement 7 (50%) 5 (33%) 1 (17%) 

Amitriptyline 2 (14%) 2 (13%) 1 (17%) 
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Atorvastatin 3 (21%) 3 (20%) 2 (33%) 

Levothyroxine sodium 2 (14%) 0 (0%) 2 (33%) 

Aspirin  1 (7%) 2 (13%) 2 (33%) 

Omeprazole  2 (14%) 2 (13%) 2 (33%) 

Lansoprazole 3 (21%) 4 (27%) 3 (50%) 

 

2.5 General study briefing and informed consent  

Potential volunteers were invited to visit the MRC/Versus Arthritis Centre for 

Musculoskeletal Ageing Research laboratory, David Greenfield Human Physiology 

Unit (DGHPU), University of Nottingham Medical School, Queen’s Medical Centre, 

Nottingham. Upon arrival volunteers were briefed on the study protocol by a member 

of the research team and if they were willing to take part in the research, they provided 

written informed consent to the research team.  

2.6 Study Visit One: health screening, frailty assessment and functional 

phenotyping 

After providing written informed consent, all volunteers underwent routine health 

screening. Height, weight, and lying and standing blood pressure were recorded, along 

with demographic data on self-reported health and fitness status, smoking and alcohol 

history, diet history and previous surgeries. All volunteers were screened for pre-

existing health conditions and medications that were deemed a contraindication to 

study participation. Results from this health screening were reviewed by clinical staff 

to confirm the eligibility of each volunteer to participate. The SPMIC MRI safety 

screening questionnaire was also completed to determine contraindications to MRI 

scanning (e.g., non-MR-compatible metal implants within the body). 
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Following health screening, volunteers began the experimental protocol for the first 

study visit at the DGHPU. An overview of the study protocol for Study Visit One is 

provided in Figure 2.2. 

 

Figure 2.2: Overview of experimental protocol for Study Visit One. 
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2.6.1 Frailty assessment 

The frailty status of volunteers was assessed using the Fried Physical Frailty 

Phenotype Assessment [17]; frailty status being determined from five assessment 

components: slowness, weakness, weight loss, exhaustion and physical activity 

levels. ‘Slowness’ was measured with a timed 15 feet (4.57m) walk, with ‘slowness’ 

classed as volunteers ≤ 159 cm in height completing in ≥ 7 seconds, and volunteers > 

159 cm in height completing in ≥ 6 seconds. ‘Weakness’ was assessed by hand grip 

strength. Handgrip strength measurements were performed with the dominant hand 

using a handheld dynamometer (Digital Pinch/Grip Analyser, MIE Medical Research 

Ltd, Leeds, UK). All measurements were made seated with the upper arm adducted, 

the elbow at ~90°. The forearm rested on a flat chair arm with the wrist in neutral 

rotation. The dynamometer was adjusted for each volunteer so that the middle joint of 

the index finger formed a right angle. The participant then performed 3 warm up 

repetitions, whereby they were instructed to squeeze the dynamometer at 50% of the 

perceived maximum effort. After the performance of warm up repetitions, 3 separate 

maximal voluntary grip measurements were recorded, with > 1 minute rest provided 

between trials. For each repetition, the volunteer was given a countdown then 

instructed to squeeze as hard as possible. Trials in which the volunteer compromised 

the required position (e.g., upper arm held against body, lifting forearm off the arm 

rest) were discarded and repeated. The peak maximal voluntary grip force (in kg) was 

recorded for each repetition and the mean of the 3 repetitions used for analysis. The 

cutoff thresholds (presented in Table 2.2) for defining weakness were stratified by BMI. 

Weight loss was defined as unintentional weight loss of ≥ 5% or ≥ 4.5 kg of total body 

weight in the previous year (obtained from the participant’s self-report). Perceived 

exhaustion was assessed by self-reported exhaustion using the Center for 



80 
 

Epidemiologic Studies Depression Scale, based on agreement to the statements: ‘I 

felt that everything I did was an effort’ and ‘I could not get going’. Participants were 

asked: ‘How often in the last week did you feel this way?’. The exhaustion criterion 

was deemed present if participants answered ‘a moderate amount of the time (3–4 

days)’ or ‘most of the time (5-7 days)’ to either statement. Physical activity levels were 

estimated by self-report with the Minnesota Leisure Time Activity Questionnaire [283], 

with a shortened list of activities used, based on a previous study [284]. Participants 

with calculated activity-related energy expenditure < 270 kcal per week in the previous 

12 months were classed as frail for the physical activity criterion.  

Participants who did not exhibit any of these frailty components were classed as non-

frail, those showing one or two frailty components were classified as pre-frail, and 

those presenting three or more components were classed as frail [17].  

Table 2.2: Cutoff thresholds to define weakness criterion of frailty assessment 
(thresholds stratified by BMI) [17]. 

BMI ≤ 23 kg/m2 ≤ 17 kg 

BMI 23.1 - 26 kg/m2 ≤ 17.3 kg 

BMI 26.1 – 29 kg/m2 ≤ 18 kg 

BMI > 29 kg/m2 ≤ 21 kg  

 

2.6.2 Intramuscular electromyography 

Peripheral motor unit size of the VL muscle was estimated using iEMG. to record 

individual motor unit potentials during 10%, 25% and 40% of MVC.  Initially, iEMG 

testing was performed using a Cybex Isokinetic dynamometer (Cybex Norm, 

Rosemont, Illinois, USA), set up for isometric knee extension testing. An image of 

volunteer set up in the chair ergometer is provided in Figure 2.5. However, after 
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several assessments using the Cybex setup, it became clear that there was significant 

electrical interference affecting the sampled EMG signals, most likely originating from 

the electric motor in the Cybex Norm dynamometer, which made the EMG signals 

unanalysable. Therefore, the testing apparatus was changed to a custom-built chair 

and force cell setup, built for isometric knee extension assessment. Development work 

revealed this setup for iEMG testing resulted in markedly less noise within the sampled 

EMG signal, hence this setup was used for all consequent iEMG procedures.  

For iEMG testing using the custom-built chair, the volunteer was first made 

comfortable in a semi supine position with the ankle of the dominant leg fixed in 

position with Velcro straps connected to a custom-built force cell. Adjustable screws 

were fixed both sides of the knee (and padded for participant comfort) to prevent lateral 

knee movement during knee extensions and the knee was fixed at 90º. Straps were 

placed over the thigh and hips to prevent limbs lifting off the chair during contraction. 

Images of the participant setup is provided in Figure 2.3. Following a warm-up of the 

knee extensors, a MVC was performed. The volunteer was instructed to kick out as 

hard as possible until instructed to stop. Verbal encouragement was provided 

throughout. When the researcher was satisfied that a maximum force output had been 

achieved, typically within 2-3 seconds, the volunteer was instructed to relax. 
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Figure 2.3: Participant setup on the custom-built chair and force cell for iEMG testing 
during isometric knee extensions. A) Force cell strapped to the ankle of the dominant 
leg while testing. Force cell was connected to force amplifier and laptop for signal 
recordings. B) Full view of participant setup, showing participant in semi-supine 
position with ankle strapped to force cell and fixing of knee with screws and padding.  

 

Following MVC testing and iEMG protocol familiarisation, a 25 mm disposable 

concentric needle electrode (Teca, Hawthorne, New York, USA), with a recording area 

of 0.07 mm2, was inserted into the VL of the dominant leg by a trained research nurse 

or clinical member of the research team. An earth electrode was placed on the surface 

of the same knee. Once an appropriate depth was reached (0.5-2.5cm; depending on 

muscle size and amount of subcutaneous tissue), participants underwent sustained 

isometric knee extensions at 10%, 25% and 40% of their MVC force, which was 

sustained for 12-15 seconds with real-time feedback from a visual display (Figure 2.4). 

iEMG signals were sampled at 25 kHz and bandpass filtered at 10 Hz to 10 kHz (CED 

Velcro strap secured around ankle and 
connected to force cell 

A) B) Knee fixed with screws and padding 
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1902 amplifier; Cambridge Electronics Design Ltd, Cambridge, UK). In between 

contractions, the needle was repositioned using combinations of 180° needle rotations 

and needle withdrawals of roughly 3 mm. This was repeated until roughly six 

recordings from spatially distinct areas had been obtained. Participants had 20-

30 seconds rest between each contraction. Motor unit potential (the compound 

potential generated by the muscle fibres of the motor unit during contraction; MUP) 

data were recorded using Spike2 software (v.8.1; Cambridge Electronic Designs) and 

stored for offline analysis (Figure 2.4). 

Force steadiness was also measured during the isometric knee extensions during 

iEMG testing. Force steadiness is a measure of neuromuscular control, with poorer 

force steadiness associated with ageing [285] and lower mobility in older adults [286]. 

Force steadiness was assessed by quantifying the variation in the force generated in 

comparison to a target line (representing 10%, 25% or 40% MVC) during a sustained 

contraction at each contraction level. A computer screen provided real-time feedback 

to participants regarding force output. Force steadiness was measured as the CV at 

each contraction level, calculated as:  

CV = (standard deviation/mean) x 100 
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Figure 2.4: Force and EMG display in Spike2 software during a sustained contraction 
at each designated contraction intensity: 10%, 25% and 40% of maximal voluntary 
contraction (MVC). Real time feedback was provided for participants to apply a 
consistent effort and keep the force at the designated contraction level during isometric 
knee extensions (top axes). A target line was superimposed on to the screen as a 
guide regarding required force output. Force steadiness was measured as the 
coefficient of variation at each contraction level. iEMG signals (MUP data) were 
sampled via the needle electrode during all contraction intensities (bottom axes) 
before offline analysis. 

 

Quantification of force steadiness and MUP data is described in detail in Chapter Four 

– Section 4.2.  

2.6.3 Knee extensor isometric strength, peak torque and work output 

The final procedure at Study Visit One involved the assessment of knee extensor 

isometric strength, isokinetic peak torque and work output during repeated knee 

extensions using a Cybex Isokinetic dynamometer (Cybex Norm, Rosemont, Illinois, 

USA). Firstly, a calibration procedure was performed, and the volunteer was secured 

into the ergometer with a seat belt and Velcro straps placed over the thigh of the 

dominant leg and around the hips. An image of volunteer set up in the chair ergometer 

Force (N) 

10% 25% 40% 

25% MVC target line 

EMG (V) 
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is provide in Figure 2.5. Volunteers were then taken through a familiarisation and 

warm-up protocol. For knee extension testing, volunteers performed two isometric 

MVCs with the same instructions provided as those provided for the MVC performed 

for iEMG testing (Section 2.6.2). Volunteers then performed ten isokinetic repetitions 

at 90˚/s (speed) as a warmup and familiarisation for isokinetic testing. Warm up sets 

of five repetitions were then performed at 60˚/s and 180˚/s to familiarise participants 

with the two speeds measured during the experimental protocol. Upon completion of 

the warm-up and familiarisation protocol, volunteers rested for 3 minutes and the set-

up of the Cybex dynamometer was re-evaluated to ensure correct positioning. It was 

confirmed that the volunteers understood that the experimental protocol was to be 

performed under test conditions whereby knee extensions would be performed at 

maximal effort. After 3 minutes of resting, volunteers performed ten maximal knee 

extensions at a constant angular velocity of 60˚/s. Following completion another 3 

minutes of rest was provided before 10 maximal contractions were performed at 

180˚/s. Isokinetic torque was assessed at 60˚/s as this velocity ensures recruitment of 

all muscle fibre types during contraction, whereas there is preferential recruitment of 

fast twitch muscle fibres during contractions at 180˚/s. Therefore, considering 

preferential atrophy of fast twitch muscle fibres is observed during ageing [287, 288], 

assessing torque at both speeds enabled the assessment of function across all muscle 

fibres versus specifically fast twitch fibres. Volunteers were encouraged to push hard 

during all contractions. Each knee extension manoeuvre was initiated from a position 

of 90˚ knee flexion and continued through to the point of full knee extension. 

Volunteers were instructed to work as hard as possible on the concentric phase, whilst 

allowing passive return of the leg to the start position during the eccentric phase. 
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Figure 2.5: Volunteer setup on the Cybex Norm isokinetic dynamometer for knee 
extension assessments. 

 

Analyses of data derived from knee extension testing are detailed in Chapter Four – 

Section 4.2. 

2.7 Study Visit Two: MRI physiological phenotyping 

On a separate day to Study Visit One, volunteers attended the Sir Peter Mansfield 

Imaging Centre for a MRI scan. A briefing on the MRI study protocol was provided and 

the MRI safety screening questionnaire completed at health screening was completed 

again to confirm potential contraindications to MRI.  

2.7.1 MRI study protocol 

The MRI study protocol was collected on a Philips 3T Ingenia wide-bore (70 cm) 

scanner. MRI scans were performed while volunteers were at rest in a supine position 

to quantify body composition, and morphometric and dynamic cardiac and brain 

parameters. A schematic of the MRI scan protocol is presented in Figure 2.6 and 
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images of the scanner setup are presented in Figure 2.7. Heart rate was continuously 

measured throughout all scans using a VCG or PPU device and respiration using a 

pneumatic belt, with the physiological data exported as log text files. In total, the MRI 

scan lasted for approximately 55 minutes, with approximate times for each component 

being: 10 minutes for the whole-body mDIXON scan, 20 minutes for the cardiac scans 

and 25 minutes for the brain scans. 
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Figure 2.6: Schematic overview of the MRI protocol collected in Study Visit Two. 

Participant set up in scanner 

Whole-body mDIXON 

Cardiac scanning   
• 2 and 4 chamber cines 
• Short axis cine  
• AO FLOW 
• T1 MOLLI 

Brain scanning 

• MPRAGE 
• T2 FLAIR 
• TRUST 
• 2D QFLOW 

End of scan 
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Figure 2.7: Philips 3T Ingenia MRI scanner shown with the 15-channel head coil and 
upper and lower anterior body coils - used in conjunction with the integrated 
FlexCoverage Posterior coils in the scanner bed for whole body mDIXON scan 
acquisition (left). Scanner set up for cardiac scanning, with lower anterior coil removed 
and plastic frame used to support the upper anterior coil (right).  

 

Volunteers were first scanned using a whole-body mDIXON protocol to assess skeletal 

muscle volume and intramuscular fat fraction of the lower limbs and visceral adiposity 

of the abdomen. For this the 15-channel head coil, as well as two upper and lower 

anterior body coils, were used, as shown in Figure 2.7. The upper anterior coil was 

supported with a plastic frame, where possible, for participant comfort. mDIXON 

images were collected at six table positions covering the head to the toes.  

Following the whole-body mDIXON protocol, scanning was briefly stopped whilst the 

head and lower anterior coils were removed by the scanner operator. The upper 

anterior coil remained covering the volunteer’s torso (Figure 2.7). The cardiac 

scanning protocol was then commenced to assess morphometric and dynamic cardiac 

parameters including, EDV and ESV, SV, EF, CO, LV mass, circumferential strain, 
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longitudinal strain, LV MOLLI T1, and the CSA and blood velocity of the aorta. 

Parameters were indexed to BSA where applicable.  

Scanning was then stopped again upon completion of the cardiac protocol. The upper 

anterior and 15-channel head coils were removed, and the 32-channel head coil was 

fixed to the scan bed for dedicated brain scanning (Figure 2.8). The brain scanning 

protocol included a structural MPRAGE scan to measure global and regional grey 

matter volume, white matter volume, cerebrospinal fluid volume, cortical thickness, 

gyrification index and sulcus depth, and T2-FLAIR to assess white matter 

hyperintensity volume. In addition, measures were collected of venous oxygenation in 

the sagittal sinus, as well as velocity of blood flow and CSA of basilar and carotid 

arteries for global cerebral blood flow, and from this oxygen extraction fraction, 

cerebral oxygen derived metabolic rate could be assessed.  

 

Figure 2.8: A) Philips 15-channel head coil used to scan the head during the whole-
body mDIXON scan. B) Philips 32-channel head coil used for dedicated measurement 
of brain morphometry, cerebral blood flow and oxygenation.  

 

2.8 MRI sequences 

This section outlines the MRI sequences collected within the Study Visit Two. The 

processing of MRI data to derive end-point measures are detailed in the relevant 
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Methods section of each experimental Chapter. At the start of whole-body, cardiac and 

brain sections of the MRI scan protocol, a survey scan was performed to aid in 

planning of the final image. In essence, a survey scan provides an initial low spatial 

resolution image focussed on the area of interest onto which planning of slices (e.g., 

identifying an ROI within the head for brain scanning) was performed. Example images 

of the planning scans and final generated images from each MRI sequence are 

provided in the subsequent sections.  

2.8.1 Multipoint DIXON (mDIXON) scanning: skeletal muscle volume, fat 

fraction and visceral adipose tissue volume endpoints 

An mDIXON scan was employed to generate a whole-body image, from which body 

composition measures can be assessed. Here the chosen metrics were those of 

skeletal muscle volume and intramuscular fat fraction of the lower limbs, and visceral 

adipose tissue volume of the abdomen. The DIXON technique exploits the different 

precession frequency of water and fat [289]. As a result, over time, protons within the 

water and fat will alternate between being in-phase and opposed-phase, thus allowing 

images to be generated which are specific to fat and water content, as well as the fat 

fraction image (Figure 2.9). The whole body mDIXON sequence, developed by [290], 

was collected in six stacks of 1 mm in-plane and a 6 mm slice thickness, reconstructed 

to 1.92 x 1.92 x 3 mm voxels, FA = 3, TR = 10 ms, TE = 2 ms with 6 echoes (also 

allowing a T2* image to be generated). The two abdominal stacks are collected in a 

breath-hold.    
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Figure 2.9: Example whole body mDIXON images. Water and fat images shown in 
the middle along with fat fraction images. Collecting data at a range of echo times also 
provides a T2* image.  

 

2.8.2 Cardiac MRI 

Long axis (LAX) 2-chamber and 4-chamber cardiac MR scans were used to assess 

LV structure and functional parameters. The scans were collected in an expiration 

breath hold and were triggered by heart rate (i.e., using information from continuously 

tracking heart rate using the PPU, such that the scan was initiated automatically by 

the start of the heartbeat and terminated upon completion of the beat). Long axis cine 

images were acquired with balanced fast-field echo with a typical TR of 3.4 ms, TE = 

1.7 ms, FA = 45º, acquisition matrix = 195 x 195 mm, 20-30 phases per cardiac cycle. 

Scans were performed in a single ten second breath hold at FOV of 300 x 300 x 8 mm, 

with 2 x 1.6 mm voxels in-plane, and an 8 mm slice thickness.  Planning and resultant 

LAX cine scans are shown in Figure 2.10. 

T2* Fat Water Fat fraction 
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Figure 2.10: Planning of scans and resultant images for 2 chamber and 4 chamber 
LAX cine scanning. A) Planning of scans performed on axial survey scan of the chest 
to produce B) final 2 chamber view of the left ventricle and left atrium. C) 2 chamber 
view used in planning the 4 chamber view. D) Final 4 chamber view of heart, showing 
left ventricle, left atrium, right ventricle, right atrium.  

 

Short axis (SAX) cine scans provided an identical set of measures, concerning LV 

structure and function, to the long axis scans. These scans were taken axially across 

the left ventricle, capturing the whole heart. Short axis cine images were acquired 

using balanced fast-field echo with a typical TR of 3.4 ms, TE = 1.7 ms, FA = 45º, 20-

B A 

C D 
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30 phases per cardiac cycle, with one slice per breath hold. Scans were captured with 

FOV = 300 x 200 x 118 mmm, voxel size = 2 x 1.6 mm and 8 mm slice thickness. The 

entire short axis stack of scans required six breath holds. Planning and images for 

short axis cine scans shown in Figure 2.11. 

 

Figure 2.11: Planning of scans and final images for short axis cine scanning. A) Scan 
set up and planning utilising 4 chamber (left) and 2 chamber (right) views. Slices 
stacked through entire left ventricle. B) Example image from one slice of stack. Axial 
slice of mid left ventricle shown.  

 

B 

A 
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In conjunction with the SAX cine, the 2-chamber and 4-chamber LAX scans provided 

a 3D representation of the left ventricle and facilitated identification of apical and basal 

segments as well as end diastolic and end systolic phases. Parameters derived from 

these scans were correlated against measures acquired from the short axis scans to 

validate the measurements (described in Chapter Three). The use of both SAX and 

LAX scans provided a robust method of assessing cardiac function. 

2.8.3 Aortic flow (AOFLOW) 

Phase contrast MRI (PC-MRI) was used to measure aortic blood flow. The basic 

premise of PC-MRI relates to the measurement of the net phase shift of moving spins 

due to flow within a blood vessel during the application of a bipolar magnetic field 

gradient, with this phase shift being directly proportional to blood velocity. PC-MRI 

acquires two data sets, with flow sensitivity varied between these acquisitions, and 

controlled by the strength of an applied bipolar gradient pair of equal magnitude and 

opposite polarity. The first data set is acquired without flow sensitivity while the second 

is acquired with a flow sensitive sequence of a defined velocity encoding. Stationary 

tissue spins will therefore experience no phase shift, while moving blood spins 

experience a non-zero phase shift. The two data sets are subtracted, producing a 

phase contrast image. Since the phase shift is proportional to the spin’s velocity, 

quantitative assessment of flow velocity is achieved. This is illustrated in Figure 2.12. 

PC-MRI is collected at 30 time points over a cardiac cycle using the VCG/PPU, and if 

the cross-section area of the vessel is also measured then this allows blood flow over 

the cardiac cycle to be measured.  
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Figure 2.12: Pulse sequence diagram for PC-MRI sequence, demonstrating the effect 
of bipolar gradient application on the phase of spins. This is shown for stationary tissue 
spins (blue line) and blood moving through a vessel (red line). 

 

PC-MRI has become a popular method quantitation of aortic blood flow in the 

ascending aorta [291]. In this study, aortic flow was acquired using a free breathing 

PC-MRI measure with scan parameters of FOV = 280 x 264 mm, voxel size = 2 x 2 

mm, FA = 15º and slice thickness of 10 mm. Figure 2.13 shows the planning scans 

and final image of AOFLOW scan. AOFLOW scans were triggered by heart rate. 
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Figure 2.13: Planning of scans and final images for aortic flow scanning. A) Imaging 
slice (blue dashed line) placed perpendicular to ascending aorta using coronal and 
sagittal localiser scans. B) Final axial cross section image of aorta through which PC-
MRI measures are collected to measure changes over a cardiac cycle. 

 

2.8.4 Cardiac Modified Look-Locker Inversion Recovery (MOLLI) T1 mapping  

A MOLLI sequence [292] using a 5(3)3 scheme was performed to collect a T1 map in 

a single midventricular SAX slice of the heart to assess myocardial fibrosis. Planning 

for this short axis cine scanning is as shown in Figure 2.11.  This single stack was 

acquired in a single inspiration breath hold, triggered by the heart rate in the sagittal 

orientation. TR = 2.4 ms, TE = 1.11 ms, NSA = 1, flip angle = 35°, FOV = 360 × 8 x 

A 

B Aorta  
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273.6 mm, in the foot-head directions x right-left × anterior-posterior directions, voxel 

size = 1.8 x 1.8 mm and slice thickness = 8 mm. Figure 2.14 shows the T1 maps 

generated from these scans.  

 

Figure 2.14: T1 maps of the left ventricle (axial view) generated from MOLLI 
sequence.  

 

2.8.5 Brain three-dimensional magnetization prepared rapid gradient-echo 

(MPRAGE) 

A MPRAGE is a common sequence utilised for high-spatial resolution brain imaging 

with T1-weighting. The sequence provides whole brain images with excellent grey 

matter/white matter/cerebrospinal fluid (GM/WM/CSF) tissue contrast. The MPRAGE 

sequence was used to compute global and regional volumes of GM, WM and CSF, 

and measures of cortical thickness, gyrification index and sulcus depth. The sequence 

was acquired in the axial-oblique plane along the AC-PC line with 1 mm isotropic 

resolution; TE = 8.3 ms, TR = 3.8 ms, FA = 8°, 160 slices, FOV = 256 x 256 x 162 mm. 
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The sequence has wide-ranging clinical application, particularly in disease diagnosis 

[293] and assessing disease course [294]. The planning of scans and generated 

images from the MPRAGE sequence are highlighted in Figure 2.15.  

  

Figure 2.15: A) Planning of MPRAGE sequence using brain survey scans. B) 
Example images resulting from MPRAGE scan showing high resolution T1-weighted 
image in axial (left) and reconstructed in the sagittal (right) orientation. 

 

2.8.6 Brain T2-weighted-Fluid-Attenduated Inversion Recovery (T2-FLAIR) 

A T2-FLAIR sequence was used to assess the presence and volume of brain white 

matter hyperintensities. The T2-FLAIR incorporates T2-weighting to enhance signal 

intensity from water in the brain. With the fluid attenuation sequence supressing the 

signal from CSF, the higher water content of WMHs relative to healthy white matter 

A 

B 
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tissue owes to the brighter appearance of lesions within the image. This is highlighted 

by the bright lesion appearance on the resulting image (Figure 2.16). The T2-FLAIR 

scan was collected with a FOV of 256 x 256 x 162 mm, 1 mm isometric voxels, 162 

slices, a TR of 5000 ms and TE of 0.35 ms. 

.  

Figure 2.16: Example image generated from T2-FLAIR sequence, with white matter 
hyperintensities (WMHs) appearing bright. Examples of volunteers with low (A) and 
high (B) number and volume of WMHs. 

 

2.8.7 Cerebral haemodynamics using PC-MRI 

Similarly to aortic flow measures, PC-MRI is used for the non-invasive quantitation of 

cerebral haemodynamics to assess blood flow in the brain through the internal carotid 

and basilar arteries [295] with a cardiac triggered 2D-QFLOW sequence. In this work, 

blood flow in the left and right internal carotid arteries and the basilar artery was 

assessed from a T1FFE planning scan, with slices positioned perpendicular to the 

direction of flow in the vessel of interest (Figure 2.17). Scan parameters were FOV = 

B A 
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150 x 178 mm, spatial resolution = 1.15 x 1.15 mm, slice thickness = 3 mm, SENSE 

factor 3, TE = 6.5 ms, TR = 15 ms, FA = 20°, VENC 140 cm/s. The sequence was 

cardiac triggered using the PPU with the data acquired at 30 time points across the 

cardiac cycle. The duration of the scan was thus dependant on the participant’s heart 

rate.  

 

Figure 2.17: Planning scans for phase contrast MRI sequence assessing blood flow 
through the basilar and internal carotid arteries.   

 

2.8.8 Brain T2-Relaxation-Under-Spin-Tagging (TRUST-MRI) 

TRUST-MRI is a more recently developed method for quantitative measurement of 

cerebral oxygenation [296]. Application of the TRUST method to the brain utilises the 

spin labelling principle, but here it is used to isolate venous blood signal in the sagittal 

sinus [297]. Following a FAIR labelling pulses (with alternating non-selective and 

selective inversions for flow labelling) a flow-insensitive T2-preparation pulse scheme 

is applied, and from this the sagittal sinus can be isolated and the T2 relaxation time 

of the venous blood within this computed. This T2 relaxation time is then converted 

into blood oxygenation using a calibration plot [298] which enables quantification of 
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venous oxygenation and the oxygen extraction fraction percentage. Scan parameters 

for the TRUST sequence used had an in-plane FOV of 220 x 220 x 5 mm, spatial 

resolution = 3.44 x 3.44 mm, slice thickness = 5 mm, FA = 90°, TI = 1022 ms, and TR 

= 3000 ms per label/control pair. Four eTEs were collected at 1, 40, 80, 160 ms 

corresponding to 0, 4, 8 and 16 refocussing pulses in the T2 preparation with an 

interval cpmg = 10 ms (Carr-Purcell-Meiboom-Gill). The scheme comprised a FAIR 

labelling scheme with selective/nonselective thickness of 25/300 mm. Figure 2.18 

shows planning of TRUST sequence over the sagittal sinus. 

 

Figure 2.18: Planning process of TRUST sequence using brain survey scans. Yellow 
box represents the imaging plane placed through the sagittal sinus. White box shows 
the FAIR selective slab. Shim box shown in green.  

 

2.8.9 Unanalysed brain MRI sequences  

In addition to the MRI sequences outlined above, this study also collected data from 

several MRI sequences that were not analysed for inclusion in this thesis, therefore 

were not described in this Chapter or the associated experimental Chapters. The 

sequences not included were: Arterial Spin Labelling (measuring global cerebral 

perfusion), Diffusion Tensor Imaging (assessing brain white matter microstructural 

integrity) Time-of-Flight Angiography (quantifying the number and radii of arterial blood 
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vessels within the brain), abdominal T1 mapping (measuring inflammation and fibrosis 

in the kidney, liver and spleen). The analysis of these data is discussed as a direction 

for further research in Chapter Six.  

2.9 Statistical analysis  

Statistical analyses were conducted using GraphPad Prism V.9 (GraphPad Software, 

Boston, Massachusetts, USA). One way ANOVA with Tukey’s post hoc test was used 

to compare groups (non-frail vs pre-frail vs frail) of continuous parametric variables. 

Correlation between continuous variables was performed using Pearson’s linear 

correlation analysis. Significance was accepted on all occasions at P < 0.05. Values 

in the text, Tables and Figures represents mean ± standard deviation. Given the low 

number of frail individuals recruited (n = 6), for several analyses data from the pre-frail 

and frail groups were collapsed and compared to the non-frail group. Student’s 

independent T-test was performed on the collapsed groups (i.e., non-frail vs collapsed 

pre-frail and frail) for parametric data. In experimental Chapters, data comparing all 

three groups (i.e., non-frail vs pre-frail vs frail) are presented first, followed by 

comparison of data from the non-frail versus collapsed pre-frail and frail group. All data 

were tested for normality using the Shapiro-Wilk test. For data with a non-normal 

distribution, non-parametric statistical tests were used for analysis. To analyse non-

parametric data, the Kruskall-Wallis test was used to compare the 3 groups (non-frail, 

pre-frail and frail) the, and the Mann-Whitney U test was used when comparing the 2 

groups (non-frail versus the collapsed pre-frail and frail group).  
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Chapter Three: Cardiac Structure and Function in Non-frail, 

Pre-frail and Frail Females 

3.1 Introduction 

The importance of investigating cardiac structure and function as components of the 

frailty phenotype was outlined in Chapter One - Section 1.5.4, with a summary of 

potential cardiac characteristics present during frailty shown in Figure 1.2. In brief, a 

rationale for investigating cardiac structure and function in the context of frailty was 

provided by a study of 6,000 non-frail, 7,000 pre-frail and 1,500 frail individuals which 

reported that frail (odds ratio = 3.4) and pre-frail (odds ratio = 1.5) volunteers were at 

higher risk of cardiovascular disease and all-cause mortality compared to non-frail 

counterparts [173]. Despite this increased risk, relationships between cardiac structure 

and function and frailty status remain equivocal. For example, lower LV ejection 

fraction has been reported in frail versus non-frail individuals in some studies [179, 

180], but not others [181, 182].   

Disparity may be underpinned by several factors, including the older age of volunteers 

in some studies [179] versus others [181], differences in frailty assessment methods 

(e.g., the ‘slowness’ frailty criterion measured by a sit-to-stand test [179] or by slow 

walking speed [180]), and mixed sex samples [177, 179-181] which may have 

imparted variance into the data due to sex-related differences in cardiovascular 

parameters [299]. As such, improving and standardising study designs would likely 

benefit consensus regarding the possible interaction of cardiac deterioration and frailty 

development. Furthermore, given the use of echocardiography in many previous study 

protocols, it would also be efficacious to employ cardiac MRI methods to improve the 
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reliability and validity of results, considering this method is less patient- and 

investigator-dependent than echocardiography [183-185].  

Cardiac MRI also permits the assessment of unique parameters that cannot be 

quantified with other methodologies. For example, native T1 mapping of the 

myocardium quantifies the longitudinal relaxation (T1) time taken for protons (primarily 

in water) within the cardiac tissue to return to equilibrium following perturbation with a 

radiofrequency pulse (usually an inversion pulse) during MRI. Longer T1 relaxation 

times in cardiac muscle are indicative of inflammation and fibrosis [300]. This is 

because native T1 reflects a composite signal from both the intracellular 

(predominantly myocytes) and extracellular spaces (which includes the interstitial and 

intravascular compartments). T1 detects free water and increased free water content 

in tissue, such as oedema or water collecting in expanded interstitial spaces. T1 does 

not directly detect collagen fibres, but it does detect the accumulation of water around 

fibrotic tissue which prolongs native T1 relaxation times. Cardiac T1 mapping has been 

shown to be predictive of all-cause mortality [301, 302], and may therefore be 

associated with frailty. However, reports of MRI being used to investigate associations 

between cardiac T1 parameters and frailty status are scarce, with only preliminary data 

available from a study of a small number of participants in which statistical analysis 

was not performed [303].  

Given the equivocal nature of the published literature to date regarding cardiac 

structure and function and frailty status, and the lack of frailty studies using robust 

cardiac MRI methods, the aim of the present Chapter was to utilise multi-modal cardiac 

MRI to compare structural and functional cardiac measures between non-frail, pre-frail 

and frail volunteers. The hypothesis was that the use of highly accurate MRI 

assessments would provide novel insight. Based on epidemiological associations 
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between cardiovascular disease and all-cause mortality and frailty status outline 

above, it was hypothesised that pre-frail and frail individuals would exhibit differences 

in cardiac structure and function compared to non-frail counterparts. To test this 

hypothesis, non-frail, pre-frail and frail females underwent resting state supine cardiac 

MRI to assess the multiple measures of structure (e.g., LV mass and T1 relaxation 

time), and function (e.g., cardiac output, ejection fraction) of the heart.   

3.2 Methods 

Cardiac MRI parameters were assessed using the scan protocol outlined in Chapter 

Two – Figure 2.6, with descriptions of the scan parameters for all cardiac sequences 

provided in Chapter Two, Section 2.8. The following section outlines the analysis of 

the cardiac MRI data performed using cvi42 software (Circle Cardiovascular Imaging 

Inc; version 5.14.2) to quantify structural and functional variables of the heart in the 

non-frail, pre-frail and frail female volunteers. All abbreviations used in this Chapter 

are outlined on pages 13-17. 

3.2.1 Cardiac structure and function using cine measures 

In this work cardiac MR cine scans have been collected of both the long and short 

axes (LAX and SAX), The analysis of each of these measures and their comparison 

is provided below.  

3.2.1.1  Long axis (LAX) 2- and 4- chamber and 4 cine measures 

Segmentation of the LAX 2- and 4-chamber cine images was performed using the 

cvi42 automatic segmentation tool to superimpose ROIs on to the borders of the left 

ventricle epicardium and endocardium for each image over the cardiac cycle. This was 

used to identify end diastolic and end systolic cardiac phases for both 2- and 4-

chamber views (Figure 3.1). Manual adjustments to contours were made following the 
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automatic segmentation, where necessary. Papillary muscles were included in the 

blood pool. From the delineated endocardial contours, EDV and ESV were calculated 

(Figure 3.1). SV, EF and CO were also computed for LV function assessment. SV was 

computed from (EDV-ESV), EF from SV/EDV, and CO was computed from (SV x heart 

rate). LV mass was calculated as the total epicardial volume minus the endocardial 

volume multiplied by the specific density of the myocardium (1.05 g/ml). Longitudinal 

strain on the left ventricle was calculated by measuring the deformation of the contours 

over the phases (i.e., over the complete course of diastole and systole). EDV, ESV, 

SV, LV mass and CO were adjusted for BSA.  

LV volume parameters were determined using a combination of measurements from 

the 2-chamber and 4-chamber scans using the biplane approach:  

𝐿𝑉 𝑣𝑜𝑙𝑢𝑚𝑒 =  0.85 ×  (𝐿𝑉𝑎𝑟𝑒𝑎1 𝑥 𝐿𝑉𝑎𝑟𝑒𝑎2) / 𝐿𝑉 𝑙𝑒𝑛𝑔𝑡ℎ  

where LV area1 is the area in the 4-chamber view and LV area2 is the area in the 2-

chamber view.  

The left ventricular global function index (LVGFI) calculated from: 

LVGFI = SV / [LV mass/q + (ESV + EDV)/2] [304] 

where q = myocardial density and is assumed to be 1.05 g/ml. LVGFI is a relatively 

novel metric that integrates LV structure and function, and has been shown to be a 

strong predictor of incident heart failure and cardiovascular events [305]. 

The intra-rater CV of analysis was calculated for each parameter to determine the 

reliability of the contour analyses of long axis images. Three repeat measures were 

performed on 1 participant’s set of long axis images and the mean and standard 

deviation of measures calculated. CV was calculated from:  
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CV = (standard deviation/mean) * 100 

For all measures, CV was less than 5% (Table 3.1). Raw data for the three CV 

calculations are presented in Appendix 3.1. 

 

Figure 3.1: Example of the long axis 2 chamber (top images) and 4 chamber (bottom 
images) views with the respective epicardial (green) and endocardial (red) contours 
drawn around the left ventricle within the end diastolic (left hand side images) and end 
systolic (right hand side images) phases. 
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Table 3.1: Intra-rater coefficient of variance (CV) for repeated analysis of long axis 
(LAX) cine images. 

LAX cardiac parameter CV (%) 

End diastolic volume index (ml/m2) 2.6 % 

End systolic volume index (ml/m2) 2.4 % 

Stroke volume index (ml/m2) 4.8 % 

Ejection fraction (%) 2.3 % 

Cardiac index (L/min/m2) 4.8 % 

Left ventricular mass index (g/m2) 1.1 % 

Longitudinal strain (%)  1.4 % 

 

3.2.1.2 Cardiac structure and function - short axis (SAX) cine  

Epicardial and endocardial segmentation of the LV in the short axis cine was 

performed by identifying the most apical and basal segments, in accordance with the 

current guidance on cardiac MRI post processing analysis [306]. The corresponding 

LAX 2-chamber and 4-chamber images were also used to aid identification of apical 

and basal segments. An automatic segmentation tool in cvi42 was used to 

superimpose ROIs on to the epicardial and endocardial borders in all phases, from the 

base to apex of the left ventricle, to identify end diastolic and end systolic phases 

(Figure 3.2). Manual adjustments to contours were made where necessary. Papillary 

muscles were included in the blood pool. Analysis of these scans yielded EDV, ESV, 

SV, EF, LV mass and circumferential strain. Images were excluded from the analysis 

if they did not include the full set of LV slices from base to apex - for example, due to 

inappropriate breath holding.   



110 
 

The intra-rater CV for analysis of each short axis parameter was calculated to 

determine the reliabilty of the contour analyses of cine images. For CV calculations, 

three repeat measures were performed on 1 set of short axis cine images. All SAX 

measures had an intra-rater CV of less than 2% (Table 3.2). Raw data for CV 

calculations are presented in Appendix 3.1. 

 

Figure 3.2: Example of left ventricle short axis cine analysis in cvi42 software. 
Epicardial (green) and endocardial (red) contours drawn on the image for each slice. 
Superior (blue) and inferior (pink) short axis reference points added. Slices are shown 
from basal slice (top left) in descending order (left to right) to apical slice (bottom left). 
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3.2.1.3 Correlation between short axis and long axis cine LV measures 

Given the short and long axis scans generated an identical set of parameters, with the 

exceptions of longitudinal strain and circumferential strain quantified by long and short 

axis scanning, respectively, Pearson’s linear correlation analyses was performed to 

determine the level of agreement in measures across subjects for the SAX and LAX 

scans. All measures showed highly significant positive correlations (r value range: 

0.73-0.9) between SAX and LAX scans (Figure 3.3). 

 

 

 

Table 3.2: Coefficient of variance (CV) results for repeated analysis of short axis 
(SAX) cine images. 

SAX cardiac parameter CV (%) 

End diastolic volume index (ml/m2) 0.4 % 

End systolic volume index (ml/m2) 1.7 % 

Stroke volume index (ml/m2) 1.4 % 

Ejection fraction (%) 0.6 % 

Cardiac index (L/min/m2) 1.6 % 

Left ventricular mass index (g/m2) 0.9 % 

Circumferential strain (%)  1.5 % 
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A) B) 

C) D) 

E) F) 

G) H) 
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Figure 3.3: Correlation analyses of cardiac parameters assessed by long axis and 
short axis scans. Figures show long axis (y axes; LAX) versus short axis (x axes; SAX) 
analysis methods for A) End diastolic volume index (EDVi), B) End systolic volume 
index (ESVi), C) Stroke volume index (SVi), D) Ejection fraction (EF), E) Cardiac index 
(CI), F) Left ventricular mass index (LVMi), G) Heart rate (HR), H) Left ventricular 
global function index (LVGFi) for non-frail, pre-frail and frail volunteers. Pearson 
correlation coefficient (r), P value, and r squared (R2) values presented. 

3.2.2 Aortic blood flow - AOFLOW 

Post-processing of the AOFLOW images was performed by drawing an ROI around 

the border of ascending aorta using the magnitude image and propagating the ROI 

across the cardiac cycle (Figure 3.4). Manual adjustments were made to contours, 

where necessary. The computed heart rate and stroke volume was used to calculate 

cardiac output. Cardiac output was termed ‘effective’ as measurements included small 

amounts of blood backflow. These measurements were normalised to BSA to compute 

aortic cardiac index. Peak velocity of the blood, aortic forward flow and aortic CSA 

were also calculated.  

Intra-rater CV for analysis of each parameter was calculated to determine the reliabilty 

of the contour analyses of AOFLOW images. For CV calculations, three repeat 

measures were performed on 1 set of AOFLOW images. The CV of all AOFLOW 

measures was less than 1% (Table 3.3). Raw data for CV calculations are presented 

in Appendix 3.1. 
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Figure 3.4: Example PC-MRI analysis of AOFLOW sequence in cvi42 software. ROIs 
drawn around ascending aorta on magnitude image (left). ROI can be adjusted on 
corresponding phase image (right). A) Full view magnitude and phase images in axial 
cross section of body B) magnitude and phase mages zoomed in and focused on 
aorta.   

 

 

 

 

 

 

A) 

B) 
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Table 3.3: Coefficient of variance (CV) results for repeated analysis of aortic flow 
(AOFLOW) images. 

AOFLOW cardiac parameter CV (%) 

Peak blood velocity (m/s) 0.2% 

Cardiac index (effective; L/min/m2) 0.2% 

Effective forward flow (ml) 0.3% 

Aortic vessel area (mm2) 0.6% 

 

3.2.3 Cardiac T1 mapping   

Cardiac T1 maps were generated on the scanner from the MOLLI sequence on a pixel-

by-pixel basis, where the signal intensity of each pixel reflected the absolute T1 value 

in milliseconds. However, due to significant motion artefacts in some image sets, 

caused by inadequate breath holds from volunteers, the raw data from each volunteer 

was motion corrected during analysis within the cvi42 software (Circle Cardiovascular 

Imaging Inc; version 5.14.2).  

For each image and phase, epicardial, endocardial and blood pool contours were 

automatically segmented with the inbuilt tool, with manual adjustments to contours 

made where necessary. Superior and inferior reference points were manually 

identified in each phase. Motion corrected images with overlayed contours were then 

used to create T1, R2 and T1* maps (Figure 3.5), where T1* reflected T1 time with the 

additional influence of magnetic field inhomogeneities. T1 MOLLI sequences have 

previously been adopted in numerous studies to assess cardiac fibrosis across a large 

age range of healthy adults [307] and during ageing [308]. 

The intra-rater CV for each parameter was calculated to determine the reliabilty of the 

contour analyses of cardiac T1 map images. For CV calculations, three repeat 
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measures were performed on 1 participant’s set of cardiac MOLLI images, all were 

less than 4% (Table 3.4). Raw data for CV calculations are presented in Appendix 

3.1. 

 

 

Figure 3.5: Example T1 mapping image (MOLLI) postprocessing in cvi42 software. 
A) Raw image from scanner without contours. B) Epicardial (green), endocardial 
(red) and blood pool (orange) contours drawn on left ventricle. Superior (blue) and 
inferior (pink) short axis reference points added. Following motion correction of the 
images, T1 (C), R2 (D) and T1* (E) maps were generated.    
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Table 3.4: Coefficient of variance (CV) results for repeated analysis of cardiac T1 
mapping (MOLLI) images. 

T1 mapping parameter CV (%) 

Myocardial T1 time (ms) 1.4% 

Myocardial T1* time (ms) 2% 

Blood pool T1* time (ms) 3.2% 

 

3.2.4 Statistical analysis 

Statistical analysis methods are described in Chapter Two – Section 2.9. Data 

normality testing revealed non-normal distributions of: LAX derived EF, LVMi (3 group 

comparisons) and CI (two group comparisons), SAX derived LVMi (2 and 3 group 

comparisons), AFLOW derived peak blood velocity and vessel area (2 and 3 group 

comparisons) T1 MOLLI derived T1 (3 group comparisons) and T1* (2 and 3 group 

comparisons. Therefore, non-parametric equivalent statistical tests (detailed in 

Chapter Two – section 2.9) were used for analysis of these parameters. Values in the 

text, Tables and Figures represents mean ± standard deviation.   

3.3 Results 

The following outlines the results for the LAX cine, SAX cine, AOFLOW and MOLLI T1 

mapping measures, results are presented for the non-frail, pre-frail and frail groups, 

and the non-frail versus the collapsed group of pre-frail and frail to allow further 

scrutiny. One frail participant’s data was removed from HR analysis due to a large 

discrepancy in HR measurements between long axis and short axis scanning. One 

pre-frail participant’s data was removed from EDVi, ESVi, LVMi and LVGFi analysis 

due to an enlarged heart (i.e., this participant had a LVMi of 172 g/m2, which was 

markedly higher than each group average: non-frail: 55.5 g/m2, pre-frail: 56.9 g/m2, 

frail: 56.2 g/m2), causing abnormally high values for these metrics. 
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3.3.1 Left ventricular LAX measures in non-frail, pre-frail and frail females 

Results from LAX analysis are presented in Figure 3.6. Resting state EDVi, ESVi and 

SVi were no different when comparing non-frail (EDVi: 62 ± 11 ml/m2; ESVi: 20 ± 4 

ml/m2; SVi: 42 ± 8 ml/m2) pre-frail and frail volunteers (Figure 3.6 A-C). Similarly, EF, 

CI and LVMi did not differ between the non-frail (EF: 69 ± 5 %; CI: 2.6 ± 0.5 L/min/m2; 

LVMi: 56 ± 6 g/m2) pre-frail or frail groups (Figure 3.6 D-F). There were also no 

differences in longitudinal strain and LVGFi in non-frail (longitudinal strain: -16.8 ± 

3.4%; LVGFi: 45 ± 5 %) females in comparison to pre-frail and frail females (Figure 

3.6 H-I). Heart rate in the pre-frail-frail volunteers was 67 ± 7 bpm, which was no 

different to the non-frail or frail groups (Figure 3.6 G). However, there was a trend for 

greater heart rate in the frail compared to non-frail volunteers (P = 0.087; Figure 3.6 

G). 

3.3.2 Left ventricular LAX measures in non-frail versus the collapsed group of 

pre-frail and frail females  

The pre-frail and frail groups were collapsed to allow further scrutiny of the left 

ventricular structural and functional data. This analysis also revealed no significant 

differences existed between groups (Figure 3.7 A-I), but there was a trend for heart 

rate to be greater in the collapsed pre-frail and frail group (68 ± 9 bpm) compared to 

the non-frail group (P = 0.076; Figure 3.7 H).  
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A) B) 

C) D) 

E) F) 
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Figure 3.6:  Long axis (LAX) A) End diastolic volume index, B) End systolic volume 
index, C) Stroke volume index, D) Ejection fraction, E) Cardiac index, F) Left 
ventricular mass index, G) Heart rate, H) Longitudinal strain, I) Left ventricular global 
function index for non-frail, pre-frail and frail volunteers. Values are mean ± standard 
deviation and individual values. 

 

 

 

G) H) 

I) 

P = 0.087 
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Figure 3.7: Long axis (LAX) A) End diastolic volume index, B) End systolic volume 
index, C) Stroke volume index, D) Ejection fraction, E) Cardiac index, F) Left 
ventricular mass index, G) Heart rate, H) Longitudinal strain, I) Left ventricular global 
function index (LVGFi) for non-frail and combined pre-frail and frail volunteers. Values 
are mean ± standard deviation and individual values. 

 

 

 

 

G) H) 

I) 

P = 0.076 
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3.3.3 Left ventricular SAX measures in non-frail, pre-frail and frail females 

Analysis of the SAX cine images generated an identical set of measures to the LAX 

data. In addition, SAX analysis yielded circumferential strain data which are presented 

in Figure 3.8. Circumferential strain was -19.4 ± 2.6% in non-frail volunteers, which 

was not different to pre-frail or frail females (Figure 3.8 A). While there was a trend (P 

= 0.067) for greater heart rate in the frail (72 ± 12 bpm) versus non-frail (64 ± 6 bpm) 

groups (Appendix 3.2 - Figure 3.14 G), there were no significant differences evident 

in any of the other SAX derived measures across non-frail, pre-frail and frail groups. 

These results are presented in Appendix 3.2. Two participant’s short axis cine 

datasets were inadequate for analysis due to insufficient breath holds during scanning.  

3.3.4 Left ventricular SAX measures in non-frail versus the collapsed group of 

pre-frail and frail females 

There were no differences in circumferential strain between the non-frail group and 

the collapsed pre-frail and frail group (Figure 3.8 B). However, there was a trend (P = 

0.096) for greater heart rate in the collapsed pre-frail and frail group (68 ± 8 bpm) 

versus the non-frail group (Appendix 3.3 - Figure 3.15 G). Although, no differences 

were observed between the non-frail group and the collapsed pre-frail and frail group 

for any of the other SAX derived cardiac measures (Appendix 3.3).  
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Figure 3.8: Circumferential strain results in A) non-frail, pre-frail and frail volunteers, 
B) non-frail versus the collapsed group of pre-frail and frail females. Values are mean 
± standard deviation and individual values. 

3.3.5 Aortic blood flow and cross-sectional area in non-frail, pre-frail and frail 

females 

Peak blood velocity within the aorta was 1.12 ± 0.46 m/s in the non-frail group, which 

was no different to the pre-frail or frail groups (Figure 3.9 A). Similarly, no differences 

in effective forward flow of the aorta were observed between non-frail (63 ± 12 ml), 

pre-frail or frail groups (Figure 3.9 B). Cardiac index in the non-frail females was 2.5 

± 0.5 L/min/m2, which was similar to pre-frail and frail subjects (Figure 3.9 C). Non-

frail, pre-frail and frail volunteers also exhibited no differences in aortic cross-sectional 

area (non-frail: 706 ± 172 mm2; Figure 3.9 D). 

 

 

A) B) 
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3.3.6 Aortic blood flow and cross-sectional area in non-frail versus the collapsed 

group of pre-frail and frail females 

In the additional analyses in which the pre-frail and frail groups data were collapsed, 

no significant differences were seen between peak blood velocity of the aorta in non-

frail females and the collapsed pre-frail and frail group (1.10 ± 0.47 m/s; Figure 3.10 

A). Similarly, no differences were evident in effective forward flow when comparing the 

non-frail volunteers to the collapsed group of pre-frail and frail females (59 ± 14 ml; 

Figure 3.10 B). Cardiac index in the combined pre-frail and frail group was 2.5 ± 0.5 

L/min/m2, which was also not different in comparison with the non-frail group (Figure 

3.10 C). Finally, aortic cross-sectional area was no different between the collapsed 

group of pre-frail and frail participants (743 ± 141 mm2) in comparison to the non-frail 

group (Figure 3.10 D).  
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Figure 3.9: Aortic flow (AOFLOW) phase contrast MRI results. A) Peak blood velocity, 
B) Effective forward flow, C) Cardiac index D) Aortic vessel CSA for non-frail, pre-frail 
and frail volunteers. Values are mean ± standard deviation and individual values. 

 

D) 

A) B) 

C) 
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Figure 3.10: Aortic flow (AOFLOW) phase contrast MRI results. A) Peak blood 
velocity, B) Effective forward flow, C) Cardiac index (CI) D) Aortic vessel CSA for non-
frail and combined pre-frail and frail volunteers. Values are mean ± standard deviation 
and individual values. 

 

 

A) B) 

C) D) 
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3.3.7 Cardiac MOLLI T1 mapping in non-frail, pre-frail and frail females 

Myocardial T1 in non-frail females was 1280 ± 56 ms, which was no different to pre-

frail and frail females (Figure 3.11 A). Similarly, no differences were evident following 

assessment of myocardial T1* time in non-frail (994 ± 271 ms), pre-frail and frail 

groups (Figure 3.11 B). There were also no differences in blood pool T1* time when 

comparing non-frail (1937 ± 142 ms), pre-frail and frail females (Figure 3.11 C). One 

pre-frail participant’s myocardial T1* data was removed from analysis due to an 

enlarged heart causing abnormally high T1 values. 

3.3.8 Cardiac MOLLI T1 mapping in non-frail versus the collapsed group of pre-

frail and frail females 

Analysis of data from the collapsed pre-frail and frail group (1305 ± 40 ms) revealed 

no significant differences in myocardial T1 time when compared to the non-frail group 

(Figure 3.12 A). Similarly, myocardial T1* time in the collapsed group of pre-frail and 

frail females was 959 ± 157 ms, which was no different to the non-frail group (Figure 

3.12 B). There were also no differences in blood pool T1* time when comparing the 

non-frail females to the collapsed group of pre-frail and frail females (1879 ± 129 ms; 

Figure 3.12 C). 
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Figure 3.11: Cardiac T1 mapping (MOLLI) results for non-frail, pre-frail and frail 
females. A) Myocardial T1 time, B) Myocardial T1* time, C) Blood pool (BP) T1* time. 
Values are mean ± standard deviation and individual values. 

 

A) B) 
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Figure 3.12: Cardiac T1 mapping (MOLLI) results for non-frail versus pre-frail and frail 
groups combined. A) Myocardial T1 time, B) Myocardial T1* time, C) Blood pool (BP) 
T1* time. Values are mean ± standard deviation and individual values. 

 

A) B) 

C) 
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3.4 Discussion  

The present study represents the first investigation of cardiac parameters with MRI 

within the context of frailty and demonstrates the feasibility of utilising multiparametric 

cardiac MRI in the study of pre-frail and frail individuals. The volunteers in this study 

were of mean age 70-78 years and left ventricular structure and function data are seen 

to agree with published reference values derived from previous meta-analyses of 

women aged 60-69 years following cardiac cine MRI at 1.5 T and 3 T [309]. For 

example, similar values were observed in the present study and previous reference 

values for EDVi (current study: 60 ± 12 ml/m2; reference value: 68 ± 12 ml/m2), ESVi 

(current study: 19 ± 4 ml/m2; reference value: 25 ± 5 ml/m2) SVi (current study: 41 ± 9 

ml/m2; reference value: 44 ± 7 ml/m2), EF (current study: 69 ± 6 %; reference value: 

65 ± 6 ml/m2) and LVMi (current study: 56 ± 8 g/m2; reference value: 65 ± 6 g/m2) 

[309].  

The main findings of this Chapter were that non-frail, pre-frail and frail females 

exhibited no differences in structural and functional cardiac characteristics when 

assessed at rest in a supine state using MRI assessments. Furthermore, collapse of 

pre-frail and frail groups to enhance statistical power did not change these study 

outcomes.  

The lack of differences in cardiac structure and function between groups in the present 

study (Figure 3.6, Figure 3.7) is consistent with a previous report demonstrating no 

differences in echocardiography-derived LV mass index, ejection fraction and cardiac 

index between non-frail, pre-frail and frail individuals [181]. This previous study also 

performed measures in the resting state in volunteers of a similar age to the current 

work (age range 70-78 years), supporting a lack of differences in cardiac parameters 

in healthy versus pre-frail and frail states under resting conditions. Given this previous 
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data was gathered using echocardiography methods [181], these findings are 

strengthened by data from the current study through the enhanced validity and 

reliability of the MRI methods used.  

The cardiac MRI methods employed herein may also underpin the differential findings 

to previous studies adopting less precise resting-state echocardiographic 

assessments within the context of frailty, which observed differences in cardiac 

structure and function, such as greater LV mass [177, 179] and lower ejection fraction 

[179, 180], in frail versus non-frail individuals. Whilst less accurate methods potentially 

underpin these discrepancies, several other methodological limitations in earlier work 

must also be acknowledged. For example, all of these previous studies adopted mixed 

sex participant samples [177, 179-181], with the proportion of males in some samples 

being markedly higher than others (e.g., 51% of frail sample being male [179] vs 30% 

of frail sample being male [180]). Data derived from these mixed sex samples were 

therefore likely prone to variance based on the reported sex-related differences in 

cardiac morphology and function [299], which may have resulted in erroneous 

differences between healthy and frail states. Furthermore, an older mean age of 

volunteers and an indirect assessment of ejection fraction, with the authors 

acknowledging that this parameter was ‘not quantitatively’ measured, may contribute 

to different findings between some studies [179]. These considerations reflect the 

limited nature of the current evidence regarding cardiac structure and function 

characteristics during frailty and emphasise the need for further assessments by MRI 

in sex-stratified samples. Whilst the greater accuracy and reliability of MRI may give 

precedence to the findings of this study, the low number of frail individuals recruited (n 

= 6) should be considered when extrapolating the findings, particularly as some prior 

studies adopted well powered samples of frail individuals (e.g., n = 211 [180]). Low 
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statistical power in the current study may have obscured differences due to large data 

variance within the frail group for some parameters, such as the effective forward flow 

of aortic blood (Figure 3.9 B). To overcome this, data were also presented from the 

collapsed group of pre-frail and frail females to improve statistical power, which 

supported a lack of differences in all cardiac parameters between frailty states 

compared to the non-frail condition. The low analytical variation of measures 

(evidenced by low CVs – Tables 3.1-3.4) reported in this study reinforces the reliability 

of the present data. Furthermore, high scan-rescan reproducibility and low intra-

observer variation (CVs of 3.1%, 3.8% and 5.4% for EDV, LV mass and EF, 

respectively) have been reported by previous work analysing data with the same 

analysis software as the present study (cvi42 software) following 1.5 T and 3T MRI 

[310]. Thus, the present study provides robust evidence of a lack of differences in 

cardiac parameters in pre-frail and frail versus non-frail females.  

With no differences observed in LV longitudinal strain (Figure 3.6 H, Figure 3.7 H), 

the current work contradicts previous echocardiographic data demonstrating lower LV 

longitudinal strain in frail versus non-frail individuals [180, 311]. Despite the larger 

samples of frail individuals in these previous reports (n = 157 [311] and n = 211 [180]), 

LV strain assessment by echocardiography has been shown to be more susceptible 

to observer variability compared to MRI methods [312], which may support the lack of 

differences in LV longitudinal strain observed following MRI assessment in the present 

study. Further, the persistent issue of mixed sex participant samples in these two 

previous studies potentially contributed to variance in the data [180, 311]. The lack of 

differences observed herein may be explained by the dynamic nature of LV strain as 

a cardiac parameter, thus similar investigations during conditions of acute exercise 

stress may be more appropriate to delineate differences between frailty and healthy 
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states, particularly as acute exercise has been shown to impart a lowering in 

myocardial strain in middle aged adults [313]. However, these results are not specific 

to frailty. Therefore, to improve insight into associations between frailty and myocardial 

strain, future work should employ cardiac MRI measurements during conditions of 

physiological stress.  

In addition to being the only MRI-derived quantification of LV strain in frail individuals, 

this study provides the first statistical analysis of aortic flow imaging and cardiac T1 

mapping data within the context of frailty. Previous preliminary work comparing n = 4 

frail and n = 2 non-frail individuals has observed a higher atheroma score and greater 

aortic tortuosity in the frail participants [303]. However, the small sample size and 

absence of statistical analysis in this preliminary work prevents direct comparisons to 

the present study. Cardiac T1 mapping provides markers of inflammation and fibrosis 

within the myocardium, which has utility in the prognosis of cardiac disease (e.g., 

transthyretin amyloidosis) and mortality [305, 314]. The data presented herein portray 

no differences in T1 or T1* time of the myocardium between non-frail, pre-frail and frail 

females (Figure 3.11, Figure 2.12), suggesting myocardial inflammation and fibrosis 

were not different between groups. Without previous data in frail individuals, 

comparisons are difficult to make, but data within the context of ageing suggest older 

age is associated with increased T1 times [308]. Importantly, this study demonstrates 

the feasibility of performing cardiac T1 mapping, in conjunction with a large battery of 

cardiac scanning, with MRI in older frail volunteers. Moreover, despite some 

participants experiencing difficulty performing the required breath holds for accurate 

scanning (and thus causing motion artefacts in the resulting images) in this study, 

motion correction during image post-processing was able to rectify this issue and thus 
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enhances the feasibility of applying these measures in future studies recruiting frail 

volunteers. 

In this study, a trend for greater heart rate was observed in the frail and collapsed of 

pre-frail and frail groups versus the non-frail group (Figure 3.6 G, Figure 3.7 H). This 

may be deemed consistent with a previous study of 442 older adults which observed 

higher resting heart rate in frail compared to non-frail individuals, when also measured 

in the supine position [315]. Higher resting heart rate during frailty may be attributable 

to functional impairments in the sinoatrial node, with this notion evidenced by 

associations between changes in sinoatrial action potential morphology and frailty in 

a frail mouse model [316]. As such, these processes may underpin the increased risk 

of CVD in frail and pre-frail individuals [173], given sinoatrial node dysfunction has 

been associated with cardiac pathologies, such as heart failure [317]. However, this 

level of mechanistic insight is far from being achieved considering the associational 

nature of evidence provided in the present and previous studies. Furthermore, not all 

studies of frailty have observed differences in resting heart rate, with ECG data 

illustrating no differences in heart rate between non-frail and frail individuals [318]. 

Whilst the use of MRI in the present work in comparisons to ECG data in this previous 

study may explain these differential findings, it is clear more research is needed to 

clarify potential differences in heart rate in healthy and frail individuals, with dynamic 

assessments perhaps key for elucidating these associations.  

As alluded to above, a noteworthy consideration of the present study and previous 

work, concerns the assessment of cardiac parameters in the resting state. As 

discussed in Chapter One – Section 1.6, measurements made in the resting state may 

not be effective at highlighting differences in physiological characteristics between frail 

and non-frail individuals, considering frailty is defined by a dysregulation in 
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homeostasis [252]. This may underpin the lack of differences shown in dynamic 

cardiac parameters (e.g., ESV, EDV, cardiac index) in this study and previous work 

[179, 180]. Instead, the administration of a physiological stressor, such as exercise, 

may better delineate physiological differences in cardiac function between healthy and 

frail states. Accordingly, the exercise stimulus of walking has been applied in a 

previous study to elicit a dynamic cardiac response in pre-frail and frail individuals 

[318]. These authors showed that these dynamic measures of heart rate exhibited 

stronger associations with frailty status compared to resting-state measures [318], 

suggesting differences in cardiac variables are best manifested under conditions of 

physiological stress. Furthermore, given the well-established profound increase in 

cardiac output and heart rate shortly following the commencement of exercise [319], 

it seems reasonable to infer that potential differences in cardiac function may be best 

viewed under conditions of cardiovascular stress. The combination of pre-frail and frail 

groups in subsequent analyses in this study further reinforces this notion, by indicating 

that the lack of differences between healthy and frail states may not have been an 

issue of statistical power, rather a physiological stressor could be needed to disrupt 

homeostasis and manifest differences in cardiac function. However, dynamic 

measurements of cardiac parameters within the context of frailty are scarce, with 

further research fundamental in elucidating the cardiac response to physiological 

stress in frail versus healthy states.  

In conclusion, the current study indicates that non-frail, pre-frail and frail females do 

not exhibit differences in cardiac structure and function following assessment with MRI 

in the resting state. Given the reliance on echocardiography methods in the limited 

number of previous studies of frailty, this study provides much greater insight into 

cardiac structure and function characteristics in frail individuals through the novel 
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application of robust cardiac MRI. The functional characteristics of the heart during 

frailty may be best investigated under conditions of physiological stress to effectively 

delineate potential differences between non-frail and frail individuals, which should be 

explored in future research. Importantly, this study demonstrates the feasibility of 

applying multi-modal cardiac MRI within frail individuals, reinforcing the use of this 

modality to investigate cardiac parameters during frailty.  
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Chapter Three Appendices 

Appendix 3.1 – Calculations of coefficient of variation of cardiac parameters 

Raw data used to calculate CV for analysis of long axis (Table 3.5), short axis (Table 

3.6), aortic flow (Table 3.7) and cardiac T1 mapping (Table 3.8) scans. 

 

Table 3.5: Data used to generate coefficient of variation for repeated analysis of 
long axis scans. 

Cardiac parameter 
  

Measurement 
#1 

Measurement 
#2 

Measurement 
#3 

EDVi (ml/m2) 
 

78.0 74.9 74.3 

ESVi (ml/m2) 
 

23.9 24.9 25.1 

SVi (ml/m2) 
 

54.0 49.7 49.7 

EF (%) 
 

69 67 66 

CI (L/min/m2) 
 

2.6 2.4 2.4 

LVMi (g/m2) 
 

57.7 58.3 58.9 

HR (bpm) 
 

47.5 47.5 47.5 

Longitudinal strain (%) 
 

-18.4 -17.9 -18.1 
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Table 3.6: Data used to generate coefficient of variation for repeated analysis of 
short axis scans. 

Cardiac parameter 
  

Measurement 
#1 

Measurement 
#2 

Measurement 
#3 

EDVi (ml/m2) 
 

95 95.7 95.6 

ESVi (ml/m2) 
 

20 19.8 19.4 

SVi (ml/m2) 
 

35.9 36.5 36.9 

EF (%) 
 

65 64.8 65.6 

CI (L/min/m2) 
 

2.1 2.2 2.2 

LVMi (g/m2) 
 

34.7 34.1 34.3 

HR (bpm) 
 

59 59 59 

Circumferential strain (%) 
 

-19.9 -20.1 -20.5 

 

 

 

 

 

Table 3.7: Data used to generate coefficient of variation for repeated analysis of 
aortic flow (AOFLOW) scans. 

Cardiac parameter 
  

Measurement 
#1 

Measurement 
#2 

Measurement 
#3 

Peak blood velocity (m/s) 
 

0.73 0.728 0.728 

Effective forward blood 
flow (ml) 
 

65.2 65.1 64.9 

CI (L/min/m2) 
 

1.96 1.96 1.95 

Aortic CSA (mm2) 
 

1053 1060 1066 
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Table 3.8: Data used to generate coefficient of variation for repeated analysis of 
cardiac T1 mapping (MOLLI) scans. 

Cardiac parameter 
  

Measurement 
#1 

Measurement 
#2 

Measurement 
#3 

Myocardial T1 (ms) 
 

1238 1272 1266 

Myocardial T1* (ms) 
 

899 930 933 

Blood pool T1* (ms) 
 

2073 1947 1999 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



141 
 

Appendix 3.2 - Short axis (SAX) cine data in non-frail pre-frail and frail females 

Cardiac structure and function in non-frail, pre-frail and frail females derived from 

short axis cine scans (Figure 3.13). 

 

A) B) 

C) D) 

E) F) 
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Figure 3.13: Short axis A) End diastolic volume index (EDVi), B) End systolic volume 
index (ESVi), C) Stroke volume index (SVi), D) Ejection fraction, E) Cardiac index, F) 
Left ventricular mass index (LVMi), G) Heart rate (HR), H) Left ventricular global 
function index (LVGFi) for non-frail, pre-frail and frail volunteers. Mean and individual 
values ± standard deviation presented. 

 

 

 

 

 

 

 

 

 

 

 

 

G) H) 
P = 0.067 
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Appendix 3.3 - Short axis (SAX) cine data in non-frail versus combined pre-frail 

and frail females 

Cardiac structure and function in non-frail versus combined pre-frail and frail females 

derived from short axis cine scans (Figure 3.14). 

 

 

 

A) 
B) 

C) D) 

F) E) 
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Figure 3.14: Short axis A) End diastolic volume index (EDVi), B) End systolic volume 
index (ESVi), C) Stroke volume index (SVi), D) Ejection fraction, E) Cardiac index, F) 
Left ventricular mass index (LVMi), G) Heart rate (HR), H) Left ventricular global 
function index (LVGFi) in non-frail versus combined pre-frail and frail groups. Mean 
and individual values ± standard deviation presented. 

 

 

 

 

 

 

 

G) H) 
P = 0.096 
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Chapter Four: Body Composition, Neuromuscular 

Characteristics and Physical Function in Non-frail, Pre-frail 

and Frail Females 

4.1 Introduction 

Physical function decline is considered the hallmark characteristic of frailty [9, 10]. 

However, the physiological underpinnings of functional decline during the syndrome 

are poorly understood. As outlined in Chapter One – Section 1.5, physiological 

alterations within the skeletal muscle, adipose tissue and motor unit may promote 

functional deterioration during frailty. For example, the significant overlap observed in 

the presence of sarcopenia (the age-related loss of muscle mass and quality [27]) and 

frailty [37] suggests deterioration in the quantity and quality of skeletal muscle may be 

traits of frailty and physiological underpinnings of diminished functional capacity in frail 

individuals [54]. Thus, investigating body composition and neuromuscular 

characteristics in combination with physical function measures is fundamental for the 

characterisation of the frailty phenotype and developing strategies to mitigate frailty 

development.  

Regarding skeletal muscle quantity, only a limited number of studies have compared 

lean mass estimates across healthy and frail states, with studies utilising BIA [44] and 

DEXA [42, 45] reporting mixed results. Discrepancies may be underpinned by the fact 

that these methods do not directly quantify muscle mass, thus contributing to variance 

in study outcomes. MRI, on the other hand, permits the direct assessment of muscle 

volume and has greater accuracy than DEXA, particularly in the measurement of 

discrete muscle groups (e.g., muscles of the thigh) [320], which is important given the 

evidence of greater atrophy of the lower versus upper limbs during ageing [28]. The 



146 
 

small number of studies utilising MRI and CT methods in studies of frailty have 

highlighted smaller thigh and calf skeletal muscle CSA in frail versus non-frail 

individuals [49, 51, 52]. Although, differences in muscle CSA between healthy and frail 

states are not universally observed [53], which may be attributed to mixed sex 

sampling and differing frailty assessments across studies. Furthermore, CSA 

measurements may not be reflective of whole muscle volume as analysis is performed 

on a partial cross section of the muscle. As such, there is a requirement for more direct 

assessments of whole muscle volume with imaging techniques in improved study 

designs to further insight into the associations between frailty and skeletal muscle 

atrophy. 

Improved functional capacity has been induced through exercise intervention in older 

adults, but these gains were not mediated by changes in skeletal muscle CSA [55]. 

This suggests that the quality of skeletal muscle (i.e., the force generating capacity 

per unit of muscle mass or volume), contributes to changes in physical function, which 

may also present during frailty. As such, a lower functional muscle quality of the knee 

extensors has been observed in frail versus non-frail adults [59]. Physiological 

underpinnings of this attenuation of muscle quality may include a greater lipid 

infiltration of the skeletal muscle, considering IMAT has been reported as the strongest 

predictor of mobility in older adults, when compared against measurements of lean 

tissue and strength of the quadriceps muscles [321]. Accordingly, previous studies 

have observed greater calf and thigh muscle IMAT in frail versus healthy adults [49, 

53, 57]. However, these estimations were limited to CSA measurements, thus would 

benefit from further exploration of intramuscular fat volume across whole muscles. 

Furthermore, the relationship between IMAT and functional muscle quality during 

frailty was not assessed in these studies. In other work, a larger proportion of high-
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density muscle fibres (indicative of lower IMAT based on greater attenuation values of 

muscle tissue versus adipose tissue) has been associated with better gait kinematics 

and greater muscle power output in frail individuals using CT scanning [322, 323]. 

Although, CT attenuation is deemed an indirect measure of IMAT, given it is based the 

principle of X-ray transmission changes during passage through tissues of different 

density (i.e., skeletal muscle versus adipose tissue) which does not directly measure 

of lipid mass or volume. Therefore, further studies of frailty incorporating direct 

measurements of IMAT in conjunction with assessments of functional capacity are 

required to improve physiological insight. 

Alterations within the neuromuscular junction and MU are also postulated to influence 

physical function, with smaller MU size associated with lower muscle strength and 

power output [97], and sarcopenia [81]. Prior studies have observed a smaller MU size 

in frail versus healthy older adults [95], suggesting neuromuscular degeneration during 

frailty. However, evidence of lower MU size is at present limited to frail males [95]. 

Considering MU characteristics, such as MU firing rate and firing rate variability, have 

been shown to be different between males and females [96], further investigations of 

MU characteristics in pre-frail and frail females are required.  

Associations between frailty and other body composition characteristics such as 

visceral adiposity are also poorly understood. Investigations of visceral adiposity 

during frailty are important, given greater visceral fat is a powerful indicator of poor 

metabolic health associated with all-cause mortality in older adults [324]. Previous BIA 

and CT data have demonstrated associations between frailty and greater visceral 

adipose tissue mass [325, 326] and CSA [327]. A prospective study adopting DEXA 

assessments has also demonstrated that individuals with greater baseline visceral 

adiposity had higher odds of frailty development (odds ratio: 2.47) after an 8 year follow 
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up [328]. Whilst this longitudinal data improves insight, these DEXA estimates were 

likely a composite of both subcutaneous and visceral adipose tissue mass. Direct 

measurements of visceral adipose tissue, in particular the volume of visceral fat, using 

imaging techniques are therefore required in studies of frailty.   

To further clarify the relationships between frailty, body composition, neuromuscular 

characteristics and physical function, the aim of this Chapter was to directly quantify 

and compare body composition characteristics, including: skeletal muscle volume and 

fat fraction of the calves and whole legs and abdominal visceral adipose tissue volume; 

neuromuscular characteristics, including: MU size, firing rate and firing rate variability 

of the VL; and measures of physical function, including: isometric strength, power 

output, work output, force steadiness and functional quality of the knee extensors, 

handgrip strength and gait speed; in non-frail, pre-frail and frail females using MRI, 

iEMG and knee extensor dynamometry techniques. By combining these physiological 

measures with assessments of physical function, it was hoped that the highly accurate 

methods would provide a more robust characterisation of body composition and 

neuromuscular characteristics than previous studies of frailty and provide insight into 

the physiological underpinnings of physical function deterioration during the 

syndrome. It was hypothesised that, when compared to non-frail females, pre-frail and 

frail counterparts would exhibit lower physical function, muscle volume, smaller motor 

unit size, and greater IMAT and visceral adipose tissue volume.  

4.2 Methods 

All abbreviations used in this Chapter are outlined on pages 13-17. 
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4.2.1 Physical function measures 

Testing protocols for knee extensor (isometric strength, isokinetic peak torque, work 

output and force steadiness), handgrip strength and gait speed data acquisition are 

detailed in Chapter Two – Section 2.6. The following section outlines the data analysis 

methods used to quantify these physical function measures.  

4.2.1.1 Knee extensor isometric strength, isokinetic peak torque, work output 

and functional quality 

Knee extensor isometric strength, isokinetic peak torque and work output during ten 

repeated contractions were automatically quantified by the Humac Norm software 

(Humac Norm, Rosemont, Illinois, USA) and saved for offline analysis. Maximal knee 

extensor isometric strength was taken as the peak torque value (in Nm) achieved 

following two isometric MVCs. Maximal knee extensor isokinetic peak torque was 

taken as the peak torque value achieved during each set of ten consecutive isokinetic 

knee extension repetitions at 60˚/s and 180˚/s. Total work output (in J) was taken as 

the sum of the work values completed during each of the ten repetition sets at 60˚/s 

and 180˚/s. 

Using the isometric strength data, functional quality of the dominant leg knee 

extensors was also quantified following normalisation to muscle volume of the thigh 

(muscle volume analysis detailed in Section 4.2.3.1), which was done by dividing 

isometric strength (measured in Nm) by thigh muscle volume (measured in cm3). 

Whilst force output is proportional to muscle quantity [329], there is a dissociation 

between the loss of muscle mass and the corresponding reduction in force output and 

functional capacity in older adults. For example, loss of muscle mass explained only 

5% of the corresponding reduction in muscle strength in older individuals in a 10-year 
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longitudinal study [330]. This suggests force output is also largely influenced by 

muscle quality characteristics, such as energy metabolism, mitochondrial mass and 

neural input [35]. Therefore, by normalising isometric strength to muscle volume, a 

measure of the muscle quality is provided by negating the effect of muscle size on 

force production. Muscle functional quality was calculated using BSA corrected muscle 

volume, which represented the final values. For reference, absolute muscle functional 

quality data are presented in Appendix 4.2. 

Analysis of knee extension data with the Humac Norm software was fully automated, 

therefore analytical CV data were not generated for this measure. Previous work has 

shown high reliability for knee extensor peak torque and work output testing using a 

Cybex dynamometer [331]. 

4.2.1.2 Knee extensor force steadiness measures 

For force steadiness data analysis, signals recorded in Spike2 software (v.8.1; 

Cambridge Electronic Designs) were analysed offline by superimposing cursors at the 

start and end of each sustained contraction (Figure 4.1). To avoid corrective actions 

when reaching the target line, the first two passes of the target (<1s) were excluded 

from the calculation. The Spike2 software enabled the quantification of mean and SD 

of the force output between the two cursor points, from which CV was calculated (CV 

= (SD/mean) × 100). CVs were generated for each contraction and the mean of these 

CVs represented the final force steadiness value for each contraction intensity (i.e., 

10%, 25% or 40% MVC).   
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Figure 4.1: Examples of force steadiness analysis with Spike2 software. During 
testing, the participant attempted to sustain knee extension force for 12-15 seconds 
along a target line (horizontal black line) representing 10%, 25% or 40% MVC. For 
analysis, cursors (vertical lines) were placed at the beginning and end of the force 
trace (green line) for each contraction to calculate mean, SD and CV. A) Example of 
good force steadiness with small fluctuations around the target line (low CV). B) 
Example of poor force steadiness - large fluctuations from the target line (high CV). 

 

CV was calculated to determine the reliability of force steadiness analysis methods, 

when analysed in the Spike2 software, and all CVs were less than 4% (Table 4.1). For 

CV calculations, three repeat measures were performed on 1 participant’s set of force 

steadiness data at 10%, 25% and 40% MVC. These CV values represent solely the 

analytical variance, separate to the biological variance between participants, as a 

measure of the reproducibility of the force steadiness analysis method. Raw data for 

CV calculations are presented in Appendix 4.1. 

 

 

A) 

B) 
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Table 4.1: Coefficient of variance (CV) results for repeated analysis of force 
steadiness data using the Spike2 software. MVC = maximum voluntary contraction. 

Force steadiness contraction level  CV (%) 

10% MVC 2.46 % 

25% MVC 3.26 % 

40% MVC 3.25 % 

 

4.2.1.3 Handgrip strength and gait speed assessments 

Assessments of handgrip strength and gait speed were performed as part of the frailty 

assessment (detailed in Chapter Two - Section 2.6.1). The raw data generated from 

these assessments were also analysed as measures of physical function. Final values 

for handgrip strength represented the mean of three measurements, whilst the mean 

of two measurements was used as the final value for gait speed (i.e., the time taken 

to complete the 4.57 metre walk test).  

4.2.1.4 Independence in activities of daily living questionnaire 

The NEADL scale was used to assess self-reported independence in ADLs. 

Participants ranked their independence when performing 22 activities, including 

mobility, kitchen activities and leisure activities (Figure 4.2). Higher scores reflected 

greater independence in ADLs. 
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Figure 4.2: Example questions from the Nottingham Extended Activities of Daily Living 
(ADLs) scale, used to rank participant’s independence in ADLs. 

 

4.2.2 Intramuscular electromyography (iEMG) analysis 

The iEMG testing protocol is described in Chapter Two – Section 2.6.2. For analysis, 

iEMG signals were decomposed using custom-written DQEMG software 

(Decomposition-based Quantitative EMG; v4, http://www.QEMG.org) [332, 333]. 

Individual MUPs were isolated to assess measures of peripheral function (MUP size) 

and central function (MU firing rate (FR) and FR variability; Figure 4.3). MUP area 

(i.e., MU size) was taken as the total area under the curve within the MUP duration 

[88]. MU FR was assessed as the rate of MUP occurrences within a MUP template, 
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expressed as the number of occurrences per second (measured in Hertz). MU FR 

variability was reported as the CV for the interspike interval (the time between 

subsequent action potentials) displayed as a percentage. 

 

Figure 4.3: Analysis of motor unit potentials (MUPs) carried out in DQEMG software 
application. A) Example MUP recorded following action potential depolarisation during 
contraction of the VL. B) Image display of near-fibre (NF) MUP analysis in DQEMG 
software.  

 

A) 

B) 
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Analysis of MUP data with DQEMG software was fully automated, therefore CV data 

were not generated for this analysis. Previous work using intraclass correlations has 

shown moderate to high intra- and inter-operator reliability of MUP data analysis using 

DQEMG [334, 335]. 

4.2.3 Post processing of MRI images for analysis of body composition 

parameters 

The MRI scan sequence parameters utilised for body composition imaging were 

detailed in Chapter Two – Section 2.6.3. The following section outlines the post 

processing analysis techniques used to quantify skeletal muscle volume and fat 

fraction of the dominant calf and leg, and visceral adipose tissue volume of the 

abdomen.  

4.2.3.1 Segmentation of leg skeletal muscle volume and intra/intermuscular fat 

fraction 

An in-house MATLAB algorithm was developed for analysis of skeletal muscle volume 

and intramuscular fat fraction of the lower limbs. This algorithm was developed at the 

University of Nottingham and used as a faster and reliable method of segmentation 

compared to manual segmentation. Firstly, the MATLAB script stitched together the 6 

individual mDIXON image stacks (segments of the body) and bias corrected the 

resulting image using FMRIB’s software library’s automated segmentation tool (FAST) 

(Figure 4.4). Bias correction was performed to remove the intensity variability in the 

image caused by the automatic stitching of the scanner of the 6 segments and resulted 

in the generation of a water image which could be segmented based on an intensity 

threshold.  
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Figure 4.4: The first three pre-processing steps within the pipeline for semi-automatic 
segmentation – presented for the water image. A) The six stacks of raw data following 
export from the scanner. B) The stitched image (all 6 stacks stitched together). C) The 
bias corrected and stitched image.  

 

Given the skin’s large water content, the skin was then removed from the image as it 

would remain in FAST segmentation of the water image. This was achieved by 

generating a skin mask using the ‘bwperim’ function in MATLAB (a function enabling 

identification of the perimeter of an image), with the skin mask then applied to the 

water image. The generated perimeter was labelled as the skin (Figure 4.5) and this 

mask was removed from the whole-body water image prior to further segmentation.  

A B C 
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Figure 4.5: A) Bias corrected water image. Removal of the perimeter of the fat image 
which represents the skin. B) Skin to be removed shown in yellow. 

 

The FAST segmentation tool was then used for calf and thigh muscle segmentation 

using the PVE function. The PVE function calculates the proportion of tissue type in a 

given voxel (and multiple voxels) based on the voxel’s intensity - represented as a 

value in the range of 0-1. The FAST function was therefore used to separate, and 

create subsequent images of, subcutaneous and intra/intermuscular adipose tissue, 

muscle and image noise. Initial testing revealed that running FAST on the whole-body 

image produced poor results due to large variations in voxel intensities caused by 

various differing tissue types within internal organs. Therefore, the script was 

A B 
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developed to perform a cropping of the area of within the image, which was divided 

into 4 segments – right thigh, left thigh, right thigh and right calf. Example thigh ROI 

segment (following cropping) shown in Figure 4.6.  

 

Figure 4.6: Example of polygonal manual crop of the thigh. A) Polygon ROI cropped 
manually from whole body image (shown in white outline). B) Resulting muscle mask 
following FSL FAST automatic segmentation (shown in red).  

 

A single ROI for each calf was drawn around the coronal slice of the image whereby 

the calf was widest, with the ROI then extended to the rest of the image and applied 

to the fat and fat fraction images to extract the same ROI from all. Thigh ROIs required 

cropping with multiple ROIs in order to exclude the gluteus maximus from the 

A 

B 
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segmentation. Rough polygons were drawn on the water image, firstly on slices where 

the tissue was visible and contained under 20000 voxels, then every 10 slices once 

the slice contained above 200 voxels. These regions were then applied to the fat and 

fat fraction images (Figure 4.7). 

 

Figure 4.7: Segmentation of lower limbs using polygon ROIs. A single crop was 
suitable for the calves (shown in yellow). Depiction of why the single crop method was 
unsuitable for thigh segmentation (shown in red box with undesired tissue shaded red). 
Green box highlights the multicrop method for thigh segmentation and exclusion of 
gluteus maximus.  
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The MATLAB script then pushed the cropped ROIs through the FAST function to 

segment the image into the three PVE components of subcutaneous and 

intra/intermuscular adipose tissue, muscle and image noise - shown in Figure 4.8.  

 

Figure 4.8: Example PVE map of thigh segment using FSL FAST command.  A) The 
3 PVE components of muscle (yellow), subcutaneous and intra-/inter-muscular 
adipose tissue (light orange), and noise (dark orange). B) The red areas represent the 
final muscle mask following pipeline completion. 

 

Following segmentation using FAST, the resultant image consisted primarily of the 

desired muscle tissue but often included small regions of noise, skin or muscle from 

an undesired muscle group. To discard erroneous regions in segments, the script 

utilised numerous functions to isolate and remove these areas (Figure 4.9). Firstly, a 

A 

B 
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EDT was applied to the binary mask, with a distance value of 2 used to separate out 

disparate objects – any values below the distance value were removed from the EDT 

map. A connectivity function (the ‘bwconncomp’ MATLAB function) was then applied 

to the EDT map to facilitate greater object separation. The erroneous objects were 

then identified based on size to create a mask of solely the large, highly connected 

objects. This mask was then dilated outwards 5 times and then applied to the 

segmentation mask to remove any areas where the dilation expanded the mask 

beyond the initial segmentation mask.  

 

Figure 4.9: Euclidean Distance Transform (EDT) and connectivity cleaning of thigh 
muscle mask during segmentation.  

 

To ensure areas of erroneous fat were excluded from tissue, a threshold of greater 

than 60% was applied to the fat fraction image to generate a fat mask, which was 
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subsequently applied to the water mask. This enabled thresholding out of areas of 

extremely high fat fraction that were subcutaneous adipose tissue or physiologically 

implausible for intermuscular fat (Figure 4.10).  

 

Figure 4.10: Threshold of fat content greater than 60% applied to the fat fraction image 
(left). This generated fat mask which was then applied to water mask to visualise and 
remove areas of very high fat fraction. 

 

Some generated muscle masks contained artefacts which caused an exclusion of 

small areas of muscle within the mask. These muscle masks were manually corrected 

using the  MRIcron software package (v1.0.20190902, 

https://www.nitrc.org/projects/mricron) to correct areas whereby muscle was 

erroneously excluded, with the masks overlayed on to the stitched whole body water 

image in the background as a guide. Examples of manual corrections of muscle 

masksare highlighted in Figure 4.11.  

https://www.nitrc.org/projects/mricron
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Figure 4.11: Examples of manual corrections made to muscle masks using MRIcron 
software. Muscle masks shown in red, overlayed onto stitched mDIXON water image. 
A) Artefact in calf muscle mask highlighted by yellow arrow (left image). Same calf 
muscle mask following manual correction (right image). B) Artefact in thigh muscle 
mask highlighted by yellow arrow (left image). Same thigh muscle mask following 
manual correction (right image). 

 

Skeletal muscle volume values were normalised to BSA. For reference, absolute 

muscle volume data are presented in Appendix 4.3. Results were presented for the 

dominant calf muscle. Additionally, muscle volume of the calf and thigh segments of 

the dominant leg were also summed to generate whole leg volume (e.g., in a 

participant with a dominant left leg – left leg volume = left calf + left thigh). Fat fraction 

A 

B 
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of the muscle was generated by quantifying the mode of the gaussian distribution of 

fat content across all voxels of the muscle mask. Fat fraction represented a 

combination of the intra- and inter-muscular volume of fat content, expressed as a 

percentage of the whole muscle for each of the four lower limb segments. Fat fraction 

results are presented for the dominant calf and fat fraction of the dominant leg 

represented the average percentage of intra- and intermuscular fat across the 

dominant calf and thigh.  

CVs were calculated for skeletal muscle volume and fat fraction measures to 

determine the reliability of the semi automatic pipleline analysis of mDIXON images 

and all were less than 2% (Table 4.2). For CV calculations, three repeat measures 

were performed on 1 participant’s set of mDIXON images. CV values represented the 

analytical variance as a measure of the reproducibility of the muscle volume and fat 

fraction analysis method, which is distinct from the biological variance between 

participants. Raw data for CV calculations are presented in Appendix 4.1. 

Table 4.2: Coefficient of variance (CV) results for repeated analysis of mDIXON 
images using the semi-automatic pipepline.  

Parameter CV (%) 

Left calf skeletal muscle volume (cm3) 0.89 % 

Right calf skeletal muscle volume (cm3) 1.44 % 

Left leg skeletal muscle volume (cm3) 1.23 % 

Right leg skeletal muscle volume (cm3) 0.78 % 

Left calf fat fraction (%) 0.7 % 

Right calf fat fraction (%) 1.0 % 

Left leg fat fraction (%) 0.56 % 

Right leg fat fracion (%) 0.56 % 
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4.2.3.2 Visceral adipose tissue volume of the abdomen 

The wholebody fat image generated from the mDIXON sequence also enabled the 

analysis of visceral adispose tissue volume, which was performed following stitching 

of the six image stacks (described in previous section; Figure 4.4) of fat weighted 

images. The stitched fat images were then ran through a custom in-house MATLAB 

code to generate a mask of visceral adipose tissue. The MATLAB script firstly read in 

the wholebody mDIXON stitched fat image and enabled the manual identification of a 

ROI of the abdomen from the coronal view of the image, which was defined as the 

bottom of the sternum to the top of the pelvis. The fat image was then binarised, which 

entailed all fat voxels within the ROI being converted from grey scale to white (with the 

basis of this being the higher intensity of fat-containing voxels compared to other tissue 

in the fat weighted image) and all other tissue and noise in the image being converted 

to black. Black voxels within areas surrounded by white fat voxels were filled in white 

with a flood-fill function (im_fill).  A connectivity function (bwconncomp) was then used 

to remove unconnected objects and Gaussian filtering (using a 3-D smoothing kernal 

with a standard deviation of 2) was performed to calculate a weighted average of 

neighbouring fat voxels (based on the Gaussian distribution) to remove image noise. 

The flood-fill function was then applied again to fill holed encompassed within the 

mask.The resultant mask was then multiplied by the original fat image to remove any 

non-fat areas included in the mask.  A line extraction function was then used to define 

the internal perimeter of the subcutaneous fat to generate a mask that does not extend 

into the visceral vat, thus excluding subcutaneous fat, and the Gaussian filtering 

process was repeated on the final visceral adipose tissue mask.  

Following the automatic segmentation, generated masks were manually corrected to 

remove erroneous regions (such as the spine; Figure 4.12) included in the mask. 
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Manual adjustments to masks were performed with the MRIcron software package 

(v1.0.20190902, https://www.nitrc.org/projects/mricron). Finally, the visceral fat mask 

was ran through separate in-house MATLAB code to calculate the absolute volume 

(cm3) of the mask by multiplying the voxel number by the voxel dimensions. Visceral 

adipose tissue volume was corrected for BSA, which represented the final values. For 

reference, absolute visceral adipose volume data are presented in Appendix 4.4. 

A CV of 1.6% was calculated for visceral adipose tissue volume analysis, following 

three repeat measures performed on 1 participant’s set of mDIXON images using the 

MATLAB code and manual corrections. CV values represented the analytical variance 

as a measure of the reproducibility of the visceral adipose tissue volume analysis 

method, which was separate to the biological variance between participants. Raw data 

for CV calculations are presented in Appendix 4.1. 

 

Figure 4.12: Example images of visceral adipose tissue mask from the abdomen and 
manual correction performed to remove erroneous regions of mask. Original mask 
(shown in red) generated from MATLAB code shown on left with erroneous areas such 
as the spine included in mask. Right image shows the mask following manual 
correction in MRIcron software to remove spine. 
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4.2.4 Statistical analysis 

Statistical analysis methods were described in Chapter Two – Section 2.9. Values in 

the text, Tables and Figures represents mean ± standard deviation.  

4.3 Results 

4.3.1 Physical function measures 

Functional assessments were not completed in a small number of participants due to 

pre-existing injuries and functional impairments preventing completion of the testing 

protocols. Table 4.3 outlines the sample size of participants with available data for 

each physical function assessment. Normality testing revealed non-normal 

distributions of the following data sets: force steadiness at 40% MVC (2 and 3 group 

comparisons), time taken to complete the walking test (2 and 3 group comparisons), 

dominant calf fat fraction (2 and 3 group comparisons), dominant leg fat fraction (2 

group comparisons). For non-normally distributed data, P values are derived from the 

Kruskall-Wallis test (for 3 group comparisons) and Mann-Whitney U test (for 2 group 

comparisons). 

Table 4.3: Available physical function data in non-frail, pre-frail and frail participants. 
NEADL = Nottingham Extended Activities of Daily Living questionnaire. 

Physical function 

assessment 

Data analysed in 

non-frail (n) 

Data analysed in 

pre-frail (n) 

Data analysed in 

frail (n) 

Knee extensor 

isometric strength 

12 12 5 

Knee extensor peak 

torque (60°/s) 

13 12 5 

Knee extensor peak 

torque (180°/s) 

13 12 4 
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Knee extensor work 

output (60°/s) 

13 12 5 

Knee extensor work 

output (180°/s) 

13 12 4 

Knee extensor 

functional quality 

12 12 5 

Knee extensor force 

steadiness 

13 10 4 

Handgrip strength 14 15 6 

Time to complete 

walk test 

14 15 6 

NEADL 

questionnaire 

14 15 6 

 

4.3.1.1 Knee extensor isometric strength in non-frail, pre-frail and frail females 

Isometric strength of the knee extensors in the pre-frail (80 ± 18 Nm) and frail (64 ± 14 

Nm) females was significantly lower compared to non-frail counterparts (non-frail vs 

pre-frail: P = 0.011; non-frail vs frail: P = 0.002; Figure 4.13 A). However, there were 

no differences in isometric strength between the pre-frail and frail groups (Figure 4.13 

A).  
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4.3.1.2 Knee extensor isometric strength in non-frail versus the collapsed 

group of pre-frail and frail females 

Knee extensor isometric strength in the collapsed group of pre-frail and frail females 

was also significantly lower compared to the non-frail (105 ± 23 Nm) group (P < 0.001; 

Figure 4.13 B).  

 

 

Figure 4.13: Isometric strength of the knee extensor muscles in A) non-frail, pre-frail 
and frail females, and B) non-frail versus the collapsed group of pre-frail and frail 
females. MVC = maximum voluntary contraction; Nm = Newton metres. Values are 
mean ± standard deviation and individual values. * = P < 0.05; ** = P < 0.01, *** = P < 
0.001.  

 

 

A) B) 
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4.3.1.3 Knee extensor isokinetic peak torque in non-frail, pre-frail and frail 

females  

Peak torque during knee extensions at 60°/s was significantly lower in pre-frail (65 ± 

12 Nm) and frail (54 ± 21 Nm) females compared to non-frail females (non-frail vs pre-

frail: P = 0.042; non-frail vs frail: P = 0.01; Figure 4.14 A). However, no differences in 

peak torque at 60°/s were evident between pre-frail and frail females (Figure 4.14 A).  

Knee extensor peak torque at 180°/s was also significantly less in pre-frail (41 ± 8 Nm) 

and frail (38 ± 17 Nm) compared to non-frail females (non-frail vs pre-frail: P = 0.01; 

non-frail vs frail: P = 0.03; Figure 4.14 B). However, peak torque at 180°/s was no 

different between pre-frail and frail females (Figure 4.14 B).  

4.3.1.4 Knee extensor isokinetic peak torque in non-frail versus the collapsed 

group of pre-frail and frail females  

Peak torque during knee extensions at 60°/s was significantly lower in the collapsed 

group of pre-frail and frail females compared to non-frail (81 ± 17 Nm) females (P = 

0.003; Figure 4.14 C). The collapsed group of pre-frail and frail females also exhibited 

significantly less knee extensor peak torque at 180°/s in comparison to the non-frail 

(53 ± 10 Nm) group (P = 0.001; Figure 4.14 D). 
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Figure 4.14: Peak torque of the knee extensor muscles during contractions at 60°/s 
(A) and 180°/s (B) in non-frail, pre-frail and frail females. Knee extensor peak torque 
during contractions at 60°/s (C) and 180°/s (D) in non-frail versus the collapsed group 
of pre-frail and frail females. Nm = Newton metres. Values are mean ± standard 
deviation and individual values. * = P < 0.05; ** = P < 0.01. 

 

 

A) B) 

C) D) 
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4.3.1.5 Knee angle at peak torque during isokinetic contractions of the knee 

extensors in non-frail, pre-frail and frail females 

During isokinetic contractions at 60°/s, pre-frail (40.4 ± 10.1°) and frail (37.6 ± 6.2°) 

females achieved peak torque at a significantly smaller knee angle compared to non-

frail females (non-frail vs pre-frail: P = 0.028; non-frail vs frail: P = 0.032; Figure 4.15 

A). No differences in knee angle at peak torque during contractions at 60°/s were 

observed between pre-frail and frail groups (Figure 4.15 A).  

During contractions at 180°/s, pre-frail (39.6 ± 9.6°) and frail (31.3 ± 12.3°) females 

also achieved peak torque at significantly smaller knee angles versus non-frail females 

(non-frail vs pre-frail: P = 0.036; non-frail vs frail: P = 0.004; Figure 4.15 B). No 

differences in knee angle at peak torque during contractions at 180°/s were observed 

between pre-frail and frail groups (Figure 4.15 B).  

4.3.1.6 Knee angle at peak torque during isokinetic contractions of the knee 

extensors in non-frail versus the collapsed group of pre-frail and frail females 

Knee angle at peak torque was significantly lower in the collapsed group of pre-frail 

and frail females compared the non-frail group (50.2 ± 8.5°) during contractions at 

60°/s (P = 0.003; Figure 4.15 C). Similarly, knee angle at peak torque during 

contractions at 180°/s was significantly lower in the collapsed group of pre-frail and 

frail females versus the non-frail group (48.9 ± 6.3°; P = 0.002; Figure 4.15 D). 
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Figure 4.15: Knee angle at peak torque during contractions at 60°/s (A) and 180°/s 
(B) in non-frail, pre-frail and frail females. Knee angle at peak torque during 
contractions at 60°/s (C) and 180°/s (D) in non-frail versus the collapsed group of pre-
frail and frail females. Values are mean ± standard deviation and individual values. ° 
= Degrees. * = P < 0.05; ** = P < 0.01. 

A) B) 

C) D) 
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4.3.1.7 Knee extensor work output in non-frail, pre-frail and frail females 

Pre-frail (560 ± 100 J) and frail (461 ± 208 J) females performed a significantly lower 

amount of work compared to non-frail females at 60°/s (non-frail vs pre-frail: P = 0.03; 

non-frail vs frail: P = 0.005; Figure 4.16 A), whereas the amount of work performed at 

60°/s was not different between pre-frail and frail groups (Figure 4.16 A). 

During contractions at 180°/s, the pre-frail (347 ± 72 J) and frail (321 ± 151 J) groups 

also performed significantly less work compared to non-frail counterparts (non-frail vs 

pre-frail: P = 0.01; non-frail vs frail: P = 0.03; Figure 4.16 B). However, no differences 

in work output at 180°/s were observed between pre-frail and frail groups (Figure 4.16 

B). 

4.3.1.8 Knee extensor work output in non-frail versus the collapsed group of 

pre-frail and frail females 

The collapsed group of pre-frail and frail females performed significantly lower 

amounts of work compared to non-frail (710 ± 134 J) females at 60°/s (P = 0.001; 

Figure 4.16 C). Similarly, significantly lower work output at 180°/s was exhibited by 

the collapsed group of pre-frail and frail females versus the non-frail (462 ± 94 J; P = 

0.001; Figure 4.16 D). 
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Figure 4.16: Knee extensor work output during contractions at 60°/s (A) and 180°/s 
(B) in non-frail, pre-frail and frail females. Knee extensor work output during 
contractions at 60°/s (C) and 180°/s (D) in non-frail versus the collapsed group of pre-
frail and frail females. Values are mean ± standard deviation and individual values. J 
= Joules. * = P < 0.05; ** = P < 0.01. 

 

 

A) B) 

C) D) 
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4.3.1.9 Knee extensor muscle functional quality in non-frail, pre-frail and frail 

females 

Pre-frail (0.064 ± 0.01 Nm/cm3/m2) and frail (0.053 ± 0.009 Nm/cm3/m2) females 

exhibited significantly lower muscle functional quality compared to non-frail females 

(non-frail vs pre-frail: P = 0.04; non-frail vs frail: P = 0.006; Figure 4.17 A). However, 

functional muscle quality was not different between pre-frail and frail groups (Figure 

4.17 A). 

4.3.1.10 Knee extensor muscle functional quality in non-frail versus the 

collapsed group of pre-frail and frail females 

Knee extensor functional quality in the collapsed group of pre-frail and frail females 

was also significantly lower versus the non-frail (0.079 ± 0.017 Nm/cm3/m2) females 

(P = 0.003; Figure 4.17 B). 

For reference, absolute knee extensor functional quality data are presented in 

Appendix 4.2. 
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Figure 4.17: Functional quality of the knee extensor muscles of the dominant leg in 
non-frail, pre-frail and frail females (A). Knee extensor functional quality in non-frail 
versus the collapsed group of pre-frail and frail females (B). Computed by dividing 
knee extensor isometric strength (measured in Newton metres (Nm)) by BSA 
corrected thigh muscle volume (in cm3/m2). Values are mean ± standard deviation and 
individual values. * = P < 0.05; ** = P < 0.01.  

 

4.3.1.11 Force steadiness of the knee extensors in non-frail, pre-frail and frail 

females  

During sustained contractions at 10% MVC, pre-frail (9.2 ± 2.9 %) and frail (10.1 ± 4.3 

%) females displayed poorer force steadiness (presented as CV (%)) compared to 

non-frail females (non-frail vs pre-frail: P = 0.004; non-frail vs frail: P = 0.008; Figure 

4.18 A). Although, pre-frail and frail females exhibited no differences in force 

steadiness at 10% MVC (Figure 4.18 A).  

B) A) 
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At 25% MVC, pre-frail (4.7 ± 1.4 %) females displayed worse force steadiness versus 

non-frail (2.5 ± 0.8 %) volunteers (P < 0.001; Figure 4.18 B). However, no differences 

in force steadiness at 25% MVC were evident when comparing non-frail or pre-frail to 

frail females (Figure 4.18 B).  

Force steadiness during contractions at 40% MVC was also significantly worse in the 

pre-frail (3.9 ± 1.2 %) group compared to non-frail (1.8 ± 0.8 %) counterparts (P < 

0.001; Figure 4.18 C). However, force steadiness at 40% MVC was not different when 

comparing non-frail or pre-frail to frail females (Figure 4.18 C).  

4.3.1.12 Force steadiness of the knee extensors in non-frail versus the 

collapsed group of pre-frail and frail females  

The collapsed group of pre-frail and frail females displayed poorer force steadiness 

during sustained contractions at 10% MVC compared to non-frail (5.2 ± 1.6 %) females 

(P < 0.001; Figure 4.19 A). At 25% MVC, pre-frail and frail volunteers also exhibited 

worse force steadiness in comparison to non-frail (2.5 ± 0.8 %) females (P < 0.001; 

Figure 4.19 B). Similarly, in comparison to non-frail (1.8 ± 0.8 %) females, pre-frail 

and frail females showed poorer force steadiness during contractions at 40% MVC (P 

< 0.001; Figure 4.19 C). 
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Figure 4.18: Force steadiness of the knee extensors in non-frail, pre-frail and frail 
females. Force steadiness defined as the coefficient of variation (CoV) of applied force 
when performing a sustained contraction at 10% (A), 25% (B) and 40% (C) of 
maximum voluntary contraction (MVC). Values are mean ± standard deviation and 
individual values. ** = P < 0.01; *** = P < 0.001. 

A) B) 

C) 
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Figure 4.19: Force steadiness of the knee extensors in non-frail versus the collapsed 
group of pre-frail and frail females. Force steadiness defined as the coefficient of 
variation (CoV) of applied force when performing a sustained contraction at 10% (A), 
25% (B) and 40% (C) of maximum voluntary contraction (MVC). Values are mean ± 
standard deviation and individual values. *** = P < 0.001. 

 

 

A) B) 

C) 
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4.3.1.13 Handgrip strength in non-frail, pre-frail and frail females  

Handgrip strength was significantly lower in the pre-frail (15.1 ± 4.1 kg) and frail (11.9 

± 4.2 kg) versus non-frail females (non-frail vs pre-frail: P = 0.0003; non-frail vs frail: P 

< 0.0001; Figure 4.20 A). However, no differences in handgrip strength were evident 

when comparing pre-frail and frail females (Figure 4.20 A).  

4.3.1.14 Handgrip strength in non-frail versus the collapsed group of pre-frail 

and frail females  

The collapsed group of pre-frail and frail females also exhibited significantly lower 

handgrip strength compared to the non-frail (21.2 ± 3.0 kg) group (P < 0.001; Figure 

4.20 B).  

 

Figure 4.20: Handgrip strength in non-frail, pre-frail and frail females (A) and in non-
frail versus the collapsed group of pre-frail and frail females (B). kg = kilograms. Values 
are mean ± standard deviation and individual values. *** = P < 0.001; **** = P < 0.0001. 

A) B) 
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4.3.1.15 Time taken to complete the walk test (gait speed) in non-frail, pre-frail 

and frail females  

Frail females (7.3 ± 3.1 s) took significantly longer to complete the 4.57 metre walk 

test compared to pre-frail (4.8 ± 1.2 s) and non-frail counterparts (frail vs pre-frail: P = 

0.034; frail vs non-frail: P < 0.001; Figure 4.21 A). Although, the time taken to complete 

the 4.57 metre walk was not different between non-frail and pre-frail groups (Figure 

4.21 A). 

4.3.1.16 Time taken to complete the walk test (gait speed) in non-frail versus 

the collapsed group of pre-frail and frail females  

The collapsed group of pre-frail and frail females took significantly longer to complete 

the 4.57 metre walk compared to non-frail (3.7 ± 0.5 s) females (P < 0.001; Figure 

4.21 B).  



183 
 

  

Figure 4.21: Time taken to complete the 4.57 metre (m) walk test in non-frail, pre-frail 
and frail females (A) and in non-frail versus the collapsed group of pre-frail and frail 
females (B). s = seconds. Values are mean ± standard deviation and individual values. 
* = P < 0.05; *** = P < 0.001. 

 

4.3.1.17 Independence in activities of daily living questionnaire in non-frail, 

pre-frail and frail females  

Self-reported independence in ADLs was significantly lower in frail (15.5 ± 3.2 score) 

versus pre-frail (21.3 ± 1.0 score) and non-frail females (frail vs pre-frail: P = 0.003; 

frail vs non-frail: P < 0.001; Figure 4.22 A). However, no differences in self-reported 

independence in ADLs were apparent between non-frail and pre-frail groups (Figure 

4.22 A). 

A) B) 
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4.3.1.18 Independence in activities of daily living questionnaire in non-frail 

versus the collapsed group of pre-frail and frail females  

Self-reported independence in ADLs was also significantly lower in the collapsed 

group of pre-frail and frail females in comparison to the non-frail (21.8 ± 0.6 score) 

group (P = 0.004; Figure 4.22 B). 

 

Figure 4.22: Self-reported independence in activities of daily living assessed by the 
Nottingham Extended Activities of Daily Living (NEADL) questionnaire in non-frail, pre-
frail and frail females (A) and in non-frail versus the collapsed group of pre-frail and 
frail females (B). Higher scores reflect greater independence. Values are mean ± 
standard deviation and individual values. ** = P < 0.01; *** = P < 0.001. 

 

4.3.2 Neuromuscular measures  

Difficulties in the acquisition of iEMG data, mainly due to low signal production during 

muscle contractions of volunteers, entailed data analysis was only available and 

A) B) 
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performed on n = 10 non-frail, n = 4 pre-frail and n = 4 frail. An inadequate amount of 

data was also collected at 40% MVC. Therefore, to increase statistical power, pre-frail 

and frail female’s data were combined for iEMG data analysis at 10% and 25% MVC. 

Therefore, analysis was performed on n = 10 non-frail versus n = 8 pre-frail and frail.  

For MRI data analysis, one non-frail participant’s data was excluded from muscle 

volume and fat fraction analyses due to inadequate image acquisition. Therefore, 

muscle volume and fat fraction analyses were performed on n = 13 non-frail, n = 15 

pre-frail and n = 6 frail participants.  

4.3.2.1 Motor unit potential size, firing rate and firing rate variability in non-frail 

versus the collapsed group of pre-frail and frail females 

At 10% MVC, MUP size in the non-frail females was 772 ± 317 µV.ms-1, which was no 

different to the collapsed group of pre-frail and frail females (Figure 4.23 A). Similarly, 

no differences were observed in motor unit firing rate between non-frail (8.3 ± 1.5 Hz) 

and the collapsed pre-frail and frail group (Figure 4.23 B). Firing rate variability was 

also not different between groups (non-frail = 0.09 ± 0.01 %, combined pre-frail and 

frail = 0.09 ± 0.02 %; Figure 4.23 C) at 10% MVC. 

At 25% MVC, no significant differences were evident between non-frail females and 

the collapsed group of pre-frail and frail females in MUP size (non-frail = 919 ± 341 µV 

.ms, combined pre-frail and frail = 876 ± 420 µV.ms-1; Figure 4.23 A). Likewise, motor 

unit firing rate in the non-frail was 8.2 ± 1.0 Hz, which was no different to the collapsed 

pre-frail and frail group (Figure 4.23 B). Firing rate variability was also no different in 

the non-frail (0.09 ± 0.02 %) versus the collapsed group of pre-frail and frail females 

(Figure 4.23 C) at 25% MVC. 
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Figure 4.23: Motor unit potential size (MUP area; (A)), firing rate (B) and firing rate 
variability (C) in the non-frail versus the collapsed group of pre-frail and frail females 
at 10% and 25% of maximum voluntary contraction (MVC). For each group and 
contraction level, individual means (red and green diamonds), violin plots and box 
plots with overlayed individual recordings and standard deviation are presented. MUP 
area (i.e., MU size) was taken as the total area under the curve within the MUP 

A) 

B) 

C) 
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duration. MU FR was assessed as the rate of MUP occurrences within a MUP 
template, expressed as the number of occurrences per second (measured in Hertz). 
MU FR variability was reported as the CV for the interspike interval (the time between 
subsequent action potentials) displayed as a percentage. 

 

4.3.3 Body composition 

4.3.3.1 Calf and whole leg skeletal muscle volume in non-frail, pre-frail and frail 

females 

BSA corrected muscle volume of the dominant calf was significantly lower in the pre-

frail (736 ± 105 cm3/m2) and frail (667 ± 86 cm3/m2) groups compared to the non-frail 

group (non-frail vs pre-frail: P = 0.036; non-frail vs frail: P = 0.006; Figure 4.24 A). 

However, no differences were evident in BSA corrected dominant calf muscle volume 

between the pre-frail and frail groups (Figure 4.24 A).  

The pre-frail (1979 ± 177 cm3/m2) and frail (1893 ± 169 cm3/m2) females also exhibited 

significantly less BSA corrected muscle volume of the dominant leg compared to the 

non-frail females (non-frail vs pre-frail: P = 0.026; non-frail vs frail: P = 0.011; Figure 

4.24 B). Although, BSA corrected muscle volume of the dominant leg was not different 

between the pre-frail and frail groups (Figure 4.24 B).  

4.3.3.2 Calf and whole leg skeletal muscle volume in non-frail versus the 

collapsed group of pre-frail and frail females 

BSA corrected muscle volume of the dominant calf was significantly lower in the 

collapsed group of pre-frail and frail females compared to the non-frail (840 ± 112 

cm3/m2) group (P = 0.002; Figure 4.24 C). 



188 
 

The collapsed group of pre-frail and frail females also exhibited significantly lower BSA 

corrected muscle volume of the dominant leg versus the non-frail (2162 ± 175 cm3/m2) 

group (P = 0.002; Figure 4.24 D). 

For reference, absolute muscle volume data are presented in Appendix 4.3. 
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Figure 4.24: Body surface area (BSA) corrected muscle volume of dominant calf (A), 
and leg (B) muscles in non-frail, pre-frail and frail females. Dominant calf (C) and leg 
(D) BSA corrected muscle volume in non-frail versus the collapsed group of pre-frail 
and frail females. Values are mean ± standard deviation and individual values. * = P < 
0.05; ** = P < 0.01. 

 

A) B) 

C) D) 
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4.3.3.3 Intra- and inter-muscular fat fraction of the dominant calf and leg muscles 

in non-frail, pre-frail and frail females 

Dominant calf fat fraction in the non-frail group was 5.2 ± 2.2 %, which was no different 

to the pre-frail and frail females (Figure 4.25 A). There were also no significant 

differences in dominant leg fat fraction between non-frail, pre-frail (6.4 ± 2.4 %) and 

frail (7.8 ± 4.7 %) females (Figure 4.25 B).  

4.3.3.4 Intra- and inter-muscular fat fraction of the dominant calf and leg muscles 

in non-frail versus the collapsed group of pre-frail and frail females 

There were no significant differences in dominant calf fat fraction between non-frail 

(5.2 ± 2.2 %) females and the collapsed group of pre-frail and frail females (Figure 

4.25 C). Similarly, dominant leg fat fraction was not different between non-frail females 

and the combined group of pre-frail and frail (7.8 ± 4.7 %) females (Figure 4.25 D).  
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Figure 4.25: Fat fraction (expressed as a percentage of muscle volume) in the 
dominant calf (A) and leg (B) muscles in non-frail, pre-frail and frail females. Fat 
fraction in the dominant calf (C) and leg (D) of non-frail versus the collapsed group of 
pre-frail and frail females. Values are mean ± standard deviation and individual values. 

 

 

A) B) 

C) D) 
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4.3.3.5 Visceral adipose tissue volume in non-frail, pre-frail and frail females 

BSA corrected visceral adipose tissue volume of the abdomen was 547 ± 359 cm3/m2 

in the non-frail group, which was no different to the pre-frail and frail groups (Figure 

4.26 A). There were also no differences between the pre-frail and frail groups (Figure 

4.26 A).  

4.3.3.6 Visceral adipose tissue volume in non-frail versus the collapsed group 

of pre-frail and frail females 

Similarly, when data from the pre-frail and frail groups were collapsed, BSA corrected 

visceral adipose volume was no different between the collapsed pre-frail and frail (628 

± 407 cm3/m2) and non-frail groups (Figure 4.26 B). 

For reference, absolute visceral adipose tissue volume data are presented in 

Appendix 4.4. 
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Figure 4.26: Body surface area (BSA) corrected visceral adipose tissue volume of the 
abdomen in (A) non-frail, pre-frail and frail females, and (B) non-frail versus the 
collapsed group of pre-frail and frail females. Values are mean ± standard deviation 
and individual values. 

 

4.4. Discussion 

The main findings of this Chapter were that pre-frail and frail females exhibited lower 

calf and leg skeletal muscle volume, in addition to lower isometric strength, power 

output functional quality and work output capacity of the knee extensor muscles, 

compared to non-frail counterparts. As such, muscle atrophy may underpin the 

impairments in isometric strength during frailty shown in this study, and previous work 

[54], whilst the findings of lower work output and functional muscle quality are 

indicative of impairments in metabolic quality in pre-frail and frail versus non-frail 

A) B) 
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females. Interestingly though, this study found that this evidence of lower muscle 

metabolic capacity was not underpinned by a greater lipid infiltration of the muscle, 

with no differences in fat fraction of the calf and leg muscles observed between healthy 

and frail states. Furthermore, visceral adiposity, another powerful indicator of 

metabolic health, was no different between groups, reinforcing that greater adipose 

tissue stores may not contribute to impaired metabolic capacity during frailty. This 

study is the first assessment of muscle volume and fat fraction of the calf and thigh 

muscles, and also the first measurement of visceral adiposity, by MRI when comparing 

non-frail, pre-frail and frail individuals, providing the greater insight into body 

composition metrics during pre-frailty and frailty. Moreover, by combining these highly 

accurate body composition measurements with multiple functional assessments 

indicative of strength, power output, neuromuscular control and metabolic quality of 

the muscle, this study provides much needed insight into the physiological 

underpinnings of diminished functional capacity during frailty.  

Several previous studies have quantified whole body lean mass [43, 44] and skeletal 

muscle CSA [49, 52] in frail versus non-frail individuals, providing evidence of lower 

muscle mass during frailty, which is in agreement with the lower muscle volume of the 

dominant calf and leg observed in frail versus non-frail volunteers in the current study 

(Figure 4.24). However, numerous improvements in study design in the present work 

improve the extrapolation of these findings. For example, prior studies have mainly 

adopted mixed sex participant samples [43, 44, 49, 52], which likely imparted variance 

into the data due to sex-related differences in muscle mass [28], whereas the present 

study studied an all-female sample. Furthermore, one report utilised the modified 

physical performance battery to determine frailty status [49], whereas the Physical 

Frailty Phenotype method [17] was adopted herein, which is the current recommended 
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standard [10]. Perhaps the most valid improvement, though, concerns the 

measurement of whole leg muscle volume with MRI in the present study versus 

previous measurements of lean mass and muscle CSA [44, 49]. Lean mass 

estimations are not direct measurements of muscle mass and CSA assessments rely 

on extrapolation of whole muscle area from a partial two-dimensional cross section of 

the muscle of interest. The present study performed direct muscle volume 

measurements of the whole calves and legs using MRI, which also showed low 

analytical variance in the analysis techniques (Table 4.2), thus providing robust and 

reliable evidence of lower skeletal muscle volume as a physiological feature of pre-

frail and frail versus non-frail women. This finding was also reinforced by the lower calf 

and leg muscle volume observed when the pre-frail and frail groups were collapsed to 

increase statistical power (Figure 4.24 C, D).  

Whilst the MRI-derived skeletal muscle volume measurements adopted herein may 

be considered the gold standard quantification of muscle quantity, muscle architecture 

characteristics (e.g., physiological CSA and pennation angle) were not assessed. 

Physiological CSA is defined as the CSA of a muscle when measured perpendicular 

to its fibres. Since the physiological CSA represents the maximal number of muscle 

fibres that can be recruited during contraction, the maximal force generating capacity 

of the muscle is proportional to its physiological CSA. The pennation angle (the angle 

between the deep aponeurosis and the muscle fascicles) also influences the 

physiological CSA, as a greater pennation angle allows more fibres to be arranged in 

parallel, thus increasing physiological CSA and force generation capacity of the 

muscle [336]. As such, pennation angle of the vastus lateralis has been positively 

correlated with knee extensor isometric strength in older adults (r = 0.36; P < 0.05) 

[337], and a smaller pennation angle has been observed in frail versus non-frail adults, 
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although the relationship between pennation angle and functional capacity in frail 

individuals was not measured [338]. Given physiological CSA and pennation angle are 

major determinants of force production within skeletal muscle, further investigations of 

associations between muscle architecture and physical function measurements in frail 

individuals may provide further insight into the underpinnings of the lower knee 

extensor isometric strength and power output observed in frail versus non-frail females 

in the current study.  

In addition to lower muscle volume, markedly lower functional capacity was also 

evident in the pre-frail and frail females compared to non-frail counterparts in this 

study, such as lower handgrip strength (Figure 4.20), slower gait speed (Figure 4.21) 

and lower knee extensor isometric strength (Figure 4.13) and power output (Figure 

4.14). This is in line with previous studies observing lower isometric strength [54] and 

peak torque [339] of the knee extensors, as well as lower handgrip strength and gait 

speed [9, 17] in frail versus non-frail individuals, thus further supporting the evidence 

of functional deterioration as a hallmark characteristic of frailty [9, 340]. The lower 

muscle volume of pre-fail and frail females showcased in this study may contribute to 

this lower functional capacity seen in pre-frail and frail individuals, given diminished 

knee extensor isometric strength and isokinetic peak torque has been correlated with 

the loss of muscle CSA during ageing [341, 342] and studies of frailty demonstrate 

positive correlations between lower limb muscle CSA, strength and power output 

[282]. This would also be consistent with the loss of muscle mass, strength and power 

output evident in sarcopenic individuals [342], due to mechanisms such as atrophy 

and loss of individual muscle fibres [288] leading to attenuated strength and force 

production of the muscle [343]. Furthermore, longitudinal studies have highlighted 

losses of both thigh muscle CSA and knee extension isokinetic strength during ageing 
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[342]. However, longitudinal data regarding the relationship between muscle atrophy 

and functional deterioration during frailty are lacking. Thus, it would be beneficial to 

determine if functional decline is concomitant with muscle atrophy during frailty 

progression in longitudinal studies to provide further insight into skeletal muscle 

atrophy as a potential physiological mechanism of functional deterioration during 

frailty.  

It should be noted that joint angle affects torque production during voluntary 

contractions, with changes in joint angle influencing the moment arm of external force 

and thus torque production. Several studies have demonstrated lower torque at 

shorter and longer muscle lengths (i.e., when the joint angle is either small or large), 

compared to when torque output is measured in the middle of the muscle length [344, 

345]. Therefore, the smaller joint angles at peak torque in the pre-frail and frail groups 

versus the non-frail group in the present study may have contributed to the lower 

isokinetic peak torque values seen in the pre-frail and frail groups (Figure 4.15). To 

remove the influence of joint angle on peak torque during isokinetic contractions, angle 

specific peak torque could have been quantified by identifying the peak torque at a 

given knee angle (e.g., 60°) across groups. Nonetheless, the pattern of the differences 

between groups for knee angle at peak torque data was observed to be similar to the 

majority of other knee extension data. For example, knee angle at peak torque was 

lower in the pre-frail and frail groups versus non-frail group, but no differences were 

observed between pre-frail and frail groups (Figure 4.15), which is a similar pattern 

observed for the group differences in knee extensor isometric strength (Figure 4.13) 

and peak torque (Figure 4.14). Therefore, differences in knee angle at peak torque 

between non-frail and frail states may not have heavily influenced torque production.  
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In the present study, the volume of whole muscles was quantified alongside the 

isometric strength and power output of the knee extensors. A valuable adjunctive 

perspective could have been to determine if force production at the single fibre level 

was also influenced by frailty status. Mechanical properties of individuals muscle 

fibres, such as force production and power output, can be quantified from the 

permeabilised single muscle fibre preparation technique (derived from biopsies), 

which involves inducing contractions in the fibre using a calcium solution. The rationale 

for performing single fibre assessments is to overcome factors that may influence force 

production during measurements performed in vivo, such as differences in 

intramuscular fibre orientation or pennation, potential coactivation of antagonist 

muscles during strength testing, and variations in participant motivation; factors that 

may have influenced force production by participants in the present study. Lower force 

production per unit CSA of single VL muscle fibres has been reported in older versus 

young individuals [346], alongside lower power output of type I fibres in mobility-limited 

older adults compared to middle aged counterparts [347]. Following a 10-week 

resistance training intervention, frail individuals exhibited no changes in force per CSA 

of individual VL muscle fibres despite 17% and 7% increases in knee extension one 

repetition maximum and MVC, respectively [348], which may suggest single fibre 

mechanical characteristics do not influence functional capacity during frailty. However, 

comparisons of single fibre characteristics between frail and non-frail individuals were 

not performed in this previous study and have not been undertaken by others. 

Comparisons of the mechanical properties of individual fibres between non-frail and 

frail individuals would ascertain whether the lower whole muscle force and power 

generation capacity of frail individuals in the present study translates to the single fibre 

level. 
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The lower isometric strength and power output exhibited by the frail females in the 

present study may also contribute to the lower self-reported independence in ADLs in 

the frail group compared to the pre-frail and non-frail groups (Figure 4.22). This notion 

is supported by previous studies demonstrating skeletal muscle power and strength 

are important for the completion of ADLs (e.g. rising from a chair, climbing stairs) in 

older people [349, 350]. Similarly, in frail individuals, negative associations have been 

observed between knee extensor power output and gait speed, whilst positive 

associations have been shown between muscle power and ability to rise from a chair 

[282]. Of course, with the exception of gait speed, ADLs were assessed subjectively 

with a questionnaire in the present study, compared to more robust quantitative 

measurements performed previously [349], which prevents direct comparisons. 

Interestingly, this subjective measure of functional capacity in the present study (the 

NEADL questionnaire) differentiated the groups differently from the majority of other 

measures of physical function, with no differences evident between the non-frail and 

pre-frail groups, and lower independence in the frail versus pre-frail group. This 

suggests that whilst frail individuals perceive their functional capacity to be impaired, 

which is in parallel with their quantitative performance (e.g., isometric strength), pre-

frail individuals perceive their functional performance to be similar to non-frail 

counterparts, but their quantitative performance is not in line with this. This indicates 

that the perception of a loss in functional capacity occurs later in the trajectory of frailty.  

Considering diminished functional capacity during ageing cannot be fully explained by 

a loss of muscle mass [208], this study also assessed the functional quality (i.e., the 

force producing capacity of the knee extensors per unit of muscle volume) and work 

output capacity of the knee extensor muscles to investigate muscle metabolic quality 

during frailty. Lower functional quality and work output of the knee extensors was 
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observed in the pre-frail and frail compared to non-frail females (Figure 4.17), which 

is in agreement with previous work in frail versus non-frail individuals [59]. This earlier 

study adopted DEXA-derived estimates of lean mass, therefore the current work 

consolidates these previous findings with a more robust characterisation of muscle 

functional quality through the assessment of MRI-derived whole muscle volume. By 

highlighting a lower ability to undertake repeated contractions (i.e., lower work output) 

and attenuated force production of the muscle per unit volume, these findings point to 

lower metabolic quality of the skeletal muscle in pre-frail and frail females. 

Physiological underpinnings of this lower metabolic quality may include a loss of 

mitochondrial mass, lower capillary to fibre ratio and great lipid infiltration of the muscle 

[35, 351]. Accordingly, this study quantified a composite measure of intra- and inter-

muscular fat fraction within the thigh and calf muscles. However, no differences in 

muscle fat fraction were noted between non-frail, pre-frail and frail states (Figure 

4.25), suggesting lower muscle metabolic quality during frailty is not underpinned by 

a greater lipid infiltration of the skeletal muscle. This lack of differences in muscle fat 

fraction also contradicts previous studies highlighting greater IMAT content of the thigh 

muscles [49, 57] and fat fraction of the calves [53] in frail versus non-frail individuals. 

Whilst the mixed sex samples adopted in these previous studies may have affected 

the data due to sex-related differences in IMAT in older individuals [58], the main 

difference explaining this disparity possibly relates to the fat fraction assessment 

method used in the present work versus prior studies. The current study quantified the 

fat content of each image voxel within the whole muscle mask (e.g., every voxel of the 

calf muscle mask). Previous studies also utilising MRI methods quantified IMAT from 

a partial cross section of the calves or thighs [49, 53], whereas another study using an 

MRS technique focussed on a 2 cm3 ROI in the mid portion of each quadriceps muscle 
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[57]. It may be deemed therefore that the method of fat fraction quantification used 

herein is a more comprehensive and valid measurement of IMAT than previous 

methods, given its assessment of whole muscles and muscle groups. Further, the low 

analytical variation demonstrated for fat fraction measurements (Table 4.2) reinforces 

the reliability of the analysis technique. However, as noted above, this technique 

encapsulated a composite of both intermuscular as well as intramuscular fat of the 

whole muscle groups, which reinforces the need for further studies with standardised 

measures of IMAT to clarify these findings. 

It is interesting to note that the lack of differences in skeletal muscle fat fraction 

between groups suggests that IMAT is not a physiological driver of the loss of 

metabolic muscle quality during frailty. This may be deemed inconsistent with previous 

studies using CT scanning whereby lower IMAT has been associated with better gait 

kinematics and greater muscle power output in frail individuals [322, 323]. However, 

IMAT was assessed indirectly with CT attenuation measures in these studies, rather 

than the direct assessments of fat fraction volume in the current study. Regarding 

alternative mechanisms that may underpin the loss of muscle metabolic quality in pre-

frail and frail females, previous studies have investigated the role of mitochondrial 

content and respiration (i.e., deconditioning) during ageing and frailty. In older women, 

an index of muscle energetics, derived from a combination of 31P MRS measures of 

the quadriceps muscles and respirometry analysis of VL biopsies, has shown that up 

75% of variation in short physical performance battery scores was explained by lower 

muscle energetics [352], suggesting deconditioning is strongly associated with lower 

functional capacity in older women. In the context of pre-frailty, analysis of VL biopsies 

revealed that mitochondrial content, but not lipid content, was positively correlated with 

functional capacity (i.e., walking speed and timed up and go test performance) in pre-
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frail individuals [265], suggesting mitochondrial content/respiration may be a more 

potent driver of muscle deconditioning, compared to lipid infiltration, during pre-frailty. 

Unfortunately, this study did not include frail participants in analyses, restricting insight 

into frailty. Despite these shortcomings in study design, other studies have evidenced 

impairments in mitochondrial characteristics during frailty, such as lower abundance 

and maximal activity of mitochondrial respiratory complexes [262, 269] and inverse 

associations between mtDNA copy number and polymorphisms in mtDNA [267, 268], 

which reinforces a need for further investigations into alterations in mitochondrial 

characteristics as underpinnings of diminished functional capacity during pre-frailty 

and frailty. In turn, impairments in mitochondrial content/respiration may contribute to 

the findings of greater rates of PCr hydrolysis during exercise [53], and slower rates 

of PCr resynthesis following exercise [262], in frail versus non-frail individuals when 

measured with 31P MRS techniques. Interestingly, Lewsey et al.,  [53] reported greater 

calf fat fraction in frail versus non-frail participants and positive associations between 

fat fraction and PCr hydrolysis rates, which, conversely to the present study, suggests 

greater IMAT may contribute to impaired metabolic muscle quality during frailty. 

However, with CSA measurements of fat fraction adopted in Lewsey et al., [53] further 

research would benefit from measurements of whole muscle IMAT volume, similar to 

the current study. Together these findings stress the need for combined assessments 

of IMAT, mitochondrial content and PCr hydrolysis in conjunction with measures of 

functional capacity to clarify the physiological drivers of impaired muscle metabolic 

quality in pre-frail and frail individuals.  

Knee extensor peak torque at 180°/s was also lower in pre-frail and frail groups versus 

the non-frail group in this study (Figure 4.14). Considering contractions performed at 

this velocity entails a preferential recruitment of fast twitch muscle fibres, this finding 
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demonstrates a loss of force production, perhaps via atrophy, of fast twitch muscle 

fibres during pre-frailty and frailty. This would be in line with the selective atrophy of 

fast twitch muscle fibre types with age [287]. Muscle fibre type analysis was not 

performed herein, although prior work has demonstrated a lower CSA of type IIa and 

type IIx muscle fibres of the VL in pre-frail older adults versus young active adults 

[265]. Although, no differences were observed between the pre-frail group and a group 

of non-frail older adults when assessing fibre type composition and CSA [265], 

suggesting atrophy of fast twitch fibres, or a shift from fast twitch to slow twitch, is not 

evident during pre-frailty compared to normal ageing. Given the absence of a frail 

participant group in St-Jean-Pelletier et al., [265], and the lack of other studies 

assessing fibre type specific characteristics of the skeletal muscle during frailty, further 

study in this area is needed to investigate the drivers of lower peak torque at fast 

contraction speeds shown within pre-frail and frail females in the current study.  

The present study also provided evidence of poorer knee extensor force steadiness 

(i.e., an impaired ability to maintain a constant force with the knee extensors) in the 

collapsed group of pre-frail and frail females compared to non-frail counterparts 

(Figure 4.19). This represents the first report of lower neuromuscular control of the 

knee extensors in frail versus healthy states and further reinforces a deterioration in 

muscle function during frailty. As such, this diminished neuromuscular control may 

contribute to other aspects of lower functional capacity in frail individuals, with poorer 

force steadiness of the quadriceps and calf muscles associated with traits of frailty, 

including poorer walking performance [286] and greater risk of falls [353] in older 

adults. This suggests the ability to exert control over the skeletal muscle may 

contribute to frailty and negative outcomes associated with the syndrome. However, 

based on the iEMG data gathered in this study, poorer force control during pre-frailty 
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and frailty does not seem to be explained by smaller motor unit size, FR or FR 

variability, given no differences were observed between the groups for these 

neuromuscular measures. Considering force steadiness has been reported to be 

mediated by motor unit FR and FR variability [354-356], the physiological 

underpinnings of poorer force steadiness in the current sample of frail females are 

unclear. The most likely explanation for the lack of differences in motor unit 

characteristics, however, relates to the low sample size of pre-frail (n = 4) and frail (n 

= 4) females available for iEMG data analysis. Regarding MU size, this study 

contradicts one other previous report demonstrating smaller MU size in frail versus 

non-frail males [95]. However, this previous study [95] adopted an all-male sample 

which may contribute to discrepancies in findings derived from the all-female sample 

in the present work, as previous reports have demonstrated sex-related differences in 

MU characteristics [96]. Therefore, considering the limited evidence available, it is 

clear further research within larger samples of stratified males and females is needed 

to effectively characterise MU parameters during frailty.  

The lack of differences in neuromuscular characteristics may be attributed to 

participants being unable to fully recruit all motoneurons during voluntary contractions. 

This notion is based on the findings from previous studies indicating that skeletal 

muscle torque produced during voluntary contractions is lower than that produced 

during contractions evoked during electrical stimulation of the muscle (i.e., involuntary 

contractions) [357, 358]. The interpolated twitch technique could have been employed 

in the present study to determine if voluntary skeletal muscle activation is affected by 

frailty status by determining if torque produced during the voluntary knee extensor 

MVCs was different to that produced when the muscles were electrically stimulated 

with surface electrodes. It appears that previous studies have not compared voluntary 
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muscle activation between non-frail and frail states with the interpolated twitch 

technique, which could be explored in future investigations. However, twitch 

interpolation has been applied in a study of frail individuals who underwent 10 weeks 

of resistance training, which reported no changes in voluntary muscle activation 

following the intervention [348]. These findings may point to neuromuscular 

dysfunction in frail individuals, particularly as resistance training has been shown to 

improve muscle activation measured by twitch interpolation in older adults [359].  

This study also found no differences in visceral adipose tissue volume between non-

frail, pre-frail and frail states (Figure 4.26). In contrast, a small number of prior studies 

have evidenced positive associations between frailty and greater visceral adipose 

tissue mass [325, 326] and CSA [327]. A prospective study adopting DEXA 

assessments has also demonstrated that individuals with greater baseline visceral 

adiposity had higher odds of frailty development (odds ratio: 2.47) at 8 year follow up 

[328]. Differential findings may be underpinned by the MRI methods adopted in the 

present study, which is the first assessment of visceral adipose volume and thus may 

be deemed the most direct measurement of visceral adiposity during frailty to date. 

Previous studies assessed visceral adiposity with BIA and DEXA methods, which may 

be deemed less valid measurement techniques. For example, despite these studies 

using DEXA to assess visceral adipose tissue mass in an ROI specific to the abdomen, 

the segmentation methods likely included subcutaneous adipose tissue in analyses 

[328]. Whilst the direct MRI-derived volume measurements in the present study may 

therefore point to a lack of differences in visceral adiposity between healthy and frail 

states, the large variation in values across groups (Figure 4.26) indicates a need for 

further MRI based investigations within larger sample sizes to effectively delineate 

associations between visceral adiposity and frailty. This characterisation is important 
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given greater visceral adiposity is a robust marker of poor metabolic health, associated 

with numerous diseases (e.g., type 2 diabetes [360], coronary heart disease [361]) 

and all-cause mortality [324]. As such, larger amounts of visceral adiposity may 

contribute to the multi-morbidity aspect of frailty [362]. For example, as discussed in 

Chapter One, Section 1.5.5.1, visceral adipose tissue may contribute to the 

proinflammatory environment observed within pre-frail and frail individuals [363], 

through the release of inflammatory cytokines [364, 365]. In turn, these inflammatory 

molecules may influence pathophysiological alterations in other organs and 

physiological systems, such as skeletal muscle atrophy [65] and greater LV mass 

(potentially through a TNF-α induced accumulation of ubiquitinated proteins in the left 

ventricle [199]). Of course, evidence of visceral adipose tissue promoting a heightened 

inflammatory environment is limited, and therefore further research is required to 

support this notion.  

In conclusion, this study demonstrated that pre-frail and frail females exhibit lower 

skeletal muscle volume of the calf and whole leg compared to non-frail females, which 

may underpin the markedly lower performance on functional measures related to 

muscle volume (i.e., isometric strength and muscle power output). Functional muscle 

quality and work output was also lower in the pre-frail and frail groups versus the non-

frail groups, indicating impaired muscle metabolic quality. However, this lower 

metabolic quality did not appear to be underpinned by greater lipid infiltration of the 

muscle or visceral adiposity, with no differences in skeletal muscle fat fraction or 

visceral adipose tissue volume evident between groups. These findings indicate 

deconditioning of the muscle as an alternative driver of impaired muscle quality during 

frailty and future work should further investigate the role of mitochondrial content and 

respiration in frail individuals. Given the marked improvements in measurement 
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techniques, such as the direct MRI-derived assessments of whole muscle volume and 

IMAT, versus earlier work, this study demonstrates powerful evidence of lower muscle 

quantity and quality in pre-frail and frail individuals, thus providing much needed insight 

into the physiological underpinnings of diminished functional capacity during frailty.  
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Chapter Four Appendices  

Appendix 4.1 

Table 4.4: Raw data used to generate coefficient of variation for repeated analysis 
of force steadiness data. 

Force steadiness 
contraction level 

  

Measurement 
#1 

Measurement 
#2 

Measurement 
#3 

10% MVC (% CV) 
 

5.81 5.77 5.55 

25% MVC (% CV) 
 

3.25 3.17 3.05 

40% MVC (% CV) 
 

1.92 1.94 2.04 

 

Table 4.5: Raw data used to generate coefficient of variation for repeated analysis of 
skeletal muscle volume and fat fraction data form mDIXON images. 

Parameter 
 

Measurement 
#1 

Measurement 
#2 

Measurement 
#3 

Left calf skeletal muscle volume 
(cm3) 
 

1165.0 1149.5 1169.0 

Right calf skeletal muscle volume 
(cm3) 
 

1083.4 1114.5 1104.8 

Left leg skeletal muscle volume 
(cm3) 
 

3119.6 3122.9 3055.5 

Right leg skeletal muscle volume 
(cm3) 
 

2955.4 2990.6 2946.8 

Left calf fat fraction (%) 
 

3.96 3.99 3.97 

Right calf fat fraction (%) 
 

4.16 4.15 4.17 

Left leg fat fraction (%) 
 

4.21 4.26 4.24 

Right leg fat fracion (%) 
 

3.97 3.99 4.01 
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Table 4.6: Raw data used to generate coefficient of variation for repeated analysis 
of visceral adipose tissue volume from mDIXON images. 

Parameter 
  

Measurement 
#1 
 

Measurement 
#2 

Measurement 
#3 

Visceral adipose tissue 

volume (cm3) 

 

712.7 716.4 734.3 
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Appendix 4.2 

Absolute knee extensor functional muscle quality in non-frail, pre-frail and frail 

females 

Pre-frail (0.040 ± 0.009 Nm/cm3) and frail (0.033 ± 0.003 Nm/cm3) females exhibited 

significantly lower absolute muscle functional quality compared to non-frail females 

(non-frail vs pre-frail: P = 0.028; non-frail vs frail: P = 0.002; Figure 4.27 A). However, 

functional muscle quality was not different between pre-frail and frail groups (Figure 

4.27 A). 

Absolute knee extensor functional quality in the collapsed group of pre-frail and frail 

females was also significantly lower versus the non-frail (0.049 ± 0.008 Nm/cm3) 

females (P = 0.001; Figure 4.27 B). 
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Figure 4.27: Absolute functional quality of the knee extensor muscles of the dominant 
leg in non-frail, pre-frail and frail females (A). Knee extensor functional quality in non-
frail versus the collapsed group of pre-frail and frail females (B). Computed by dividing 
knee extensor isometric strength (measured in Newton metres (Nm)) by thigh muscle 
volume (in cm3). Values are mean ± standard deviation and individual values. * = P < 
0.05; ** = P < 0.01.  
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Appendix 4.3 

Absolute calf and leg skeletal muscle volume in non-frail, pre-frail and frail 

females 

Absolute muscle volume of the dominant calf was significantly lower in the frail (1066 

± 228 cm3) compared to non-frail group (P = 0.017; Figure 4.28 A). There was also a 

trend (P = 0.092) for lower absolute dominant calf muscle volume in the pre-frail (1185 

± 165 cm3) versus the non-frail. However, no differences were evident in left calf 

muscle volume between the pre-frail and frail groups (Figure 4.28 A).  

There was a trend (P = 0.073) for smaller absolute muscle volume of the dominant leg 

in the frail (3019 ± 555 cm3) versus non-frail groups (Figure 4.28 B), whereas no 

differences were apparent when comparing absolute muscle volume of the dominant 

leg in the pre-frail females (3203 ± 345 cm3) to the non-frail and frail females (Figure 

4.28 B).  

Absolute calf and leg skeletal muscle volume in non-frail versus the collapsed 

group of pre-frail and frail females 

The collapsed group of pre-frail and frail females also exhibited significantly (P = 

0.008) lower absolute muscle volume of the dominant calf compared to the non-frail 

group (1342 ± 202 cm3; Figure 4.28 C). Similarly, significantly (P = 0.033) smaller 

absolute muscle volume of the dominant leg was also evident in the collapsed pre-frail 

and frail group versus the non-frail group (3454 ± 345 cm3; Figure 4.28 D).  
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Figure 4.28: Absolute muscle volume of the dominant calf (A) and leg (B) in non-frail, 
pre-frail and frail females. Absolute muscle volume of the dominant calf (C) and leg 
(D) in non-frail versus the collapsed group of pre-frail and frail females. Values are 
mean ± standard deviation and individual values. * = P < 0.05; ** = P < 0.01. 

 

P = 0.073 
A) B) 

C) D) 

P = 0.092 
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Appendix 4.4 

Absolute visceral adipose tissue volume in non-frail, pre-frail and frail females 

Absolute visceral adipose tissue volume of the abdomen was 875 ± 592 cm3 in the 

non-frail group, which was no different to the pre-frail and frail groups (Figure 4.29 A). 

There were also no differences between the pre-frail and frail groups (Figure 4.29 A).  

Absolute visceral adipose tissue volume in non-frail versus the collapsed group 

of pre-frail and frail females 

Similarly, when data from the pre-frail and frail groups were collapsed, absolute 

visceral adipose volume was no different between the collapsed pre-frail and frail 

(1052 ± 777 cm3) and non-frail groups (Figure 4.29 B). 

 

Figure 4.29: Absolute visceral adipose tissue volume of the abdomen in (A) non-frail, 
pre-frail and frail females, and (B) non-frail versus the collapsed group of pre-frail and 
frail females. Values are mean ± standard deviation and individual values. 

 

A) B) 
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Chapter Five: Brain Morphometry, Haemodynamics and 

Oxygenation in Non-frail, Pre-frail and Frail Females 

5.1 Introduction  

Associations between frailty status and brain structural and haemodynamic 

parameters were outlined in Chapter One – Section 1.5. In summary, studies have 

largely focussed on brain structural parameters of morphometry which have 

highlighted lower global brain volume [118, 119] and greater white matter 

hyperintensity (WMH) volume [143, 144] in frail versus non-frail individuals. The most 

robust evidence to date was derived from a study using the UK Biobank data in over 

40,000 adults aged 44-82 (mean 64 ± 8 years). This study reported frailty severity was 

negatively associated with GMV in 75 brain regions (Cohen’s d = 0.027 – 0.082, P < 

0.01), and confirmed a positive association between WMH volume and frailty severity 

(Cohen’s d = 0.084, P < 0.0001) [123].  

Whilst there is growing evidence of lower global and regional GMVs with frailty, there 

appears to be no comparisons of regional white matter volumes between non-frail and 

frail states. Lower white matter volume in numerous brain regions, such as the 

hippocampus (t = 3.72, P < 0.001) and precentral gyrus (t = 3.36, P < 0.001), has been 

associated with older age [124]. However, it is unknown if frailty is associated with this 

loss of regional white matter volume compared to normal ageing. Previous studies of 

frailty have instead adopted measures related to white matter integrity from DTI (an 

MRI technique which assesses the direction of water diffusion in white matter axonal 

fibres). DTI studies have revealed lower white matter microstructural integrity in frail 

versus non-frail individuals [146, 366]. For example, greater mean diffusivity (MD, 

indicating lower structural integrity of white matter tracts that prevent undirected water 
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diffusion) within the prefrontal cortex has been observed in frail compared to non-frail 

individuals [151]. Since studies in older versus young individuals have highlighted that 

age-related impairments of white matter microstructural integrity from DTI can be 

explained by the loss of white matter volume [367], it is predicted that regional white 

matter volumes will also be lower in frailty.  

To date, there are no previous reports of regional grey matter cortical surface 

measures such as gyrification (the degree of folding of gyri on the cortical surface) and 

sulcus depth (the distance between the cortical surface and the cerebral hull) in frail 

individuals. Studies have demonstrated an inverse association between age and 

gyrification in brain regions such as the pre-frontal cortex (r = -0.13; P = 0.0004) and 

negative associations between regional gyrification and cognitive function (r = -0.13; 

P < 0.0003) [135]. Similarly, a reduction in sulcus depth of the parieto-occipital brain 

region has been observed in a 5 year longitudinal study of older adults [136] and lower 

sulcus depth has been observed in cognitively impaired older individuals versus 

healthy controls [137]. Therefore, given the higher prevalence of cognitive impairment 

in frail versus non-frail individuals [138], frailty may be related to changes in gyrification 

and sulcus depth.  

Brain morphometry differences in frail versus non-frail individuals, such as regional 

differences in GMV, have also been explored in relation to functional traits of frailty, 

such as low handgrip strength and slow walking speed [116, 125]. For example, GMV 

in several brain regions, such as the hippocampus, have been negatively associated 

with handgrip strength (t = 4.0, P < 0.001) and walking speed (t = 5.0, P < 0.001) in a 

study of non-frail, pre-frail and frail individuals [125]. However, regional volume 

relationships are currently limited to GMV, leaving associations between other 

structural indices of the brain, such as white matter volume and cortical thickness, and 
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functional capacity in frail individuals to be explored. These investigations are 

important as atrophy of white matter in a 2.5 year longitudinal study of older adults has 

been associated with greater decline in gait speed (regression coefficient: = 0.25, P < 

0.001) [126], suggesting white matter atrophy may be related to functional 

deterioration in frail individuals. Furthermore, in addition to studies associating brain 

measures with handgrip strength and walking speed, it would be insightful to 

investigate associations between brain structure and measures of skeletal muscle 

strength and fatigability, functional measures also shown to be negatively impacted by 

frailty [54].   

As well as brain structural measures, MRI provides brain functional measures 

including haemodynamic parameters, such as CBF, and measures of oxygenation, 

such as OEF, which can be studied in frail individuals. Lower resting CBF [110, 152] 

and cerebral oxygenation [111] has been demonstrated in older versus young 

individuals. Furthermore, lower CBF and oxygenation in older versus young individuals 

has been associated with lower cognitive function (R2 = 0.46, P = 0.008) [152], and 

lower cerebral oxygenation has been observed in Alzheimer’s Disease patients versus 

healthy counterparts [153]. Previous work has shown an inverse correlation between 

frailty severity and cognitive function (r = -0.58; P < 0.05) [154] and a higher prevalence 

of neurodegenerative diseases in frail versus healthy individuals (40.02 % vs 11.27 %; 

P < 0.0001) [155]. However, studies assessing haemodynamic and functional 

measures of the brain in frail individuals are scarce. One study adopting NIRS 

assessments noted no differences in resting cerebral oxygenation between non-frail, 

pre-frail and frail states [157]. NIRS has a limited sampling range of 2 cm beneath the 

skull [158], therefore measurements may not be indicative of whole brain cerebral 

oxygenation, and this technique does not permit assessments of cerebral oxygen 
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utilisation. In contrast, TRUST MRI (see Chapter Two, Section 2.8.8) assesses venous 

oxygenation through the superior sagittal sinus to provide measures of global cerebral 

OEF and CMRO2, but these measures have not been utilised in studies of frailty. 

Likewise, measurements of CBF using PC-MRI within the carotid and basilar arteries 

have also not been employed in frailty studies. Studies of ageing employing TRUST 

and PC-MRI have revealed lower CBF [152, 159] and a greater CMRO2 [159, 160] at 

rest in older compared with younger individuals. However, these relationships have 

not yet been explored in frail versus non-frail individuals.  

Overall, further insight into the physiological characteristics of the brain in frail 

individuals which can be addressed using MRI is needed. In particular, insight into 

regional white matter volumes and cortical surface measures, cerebral haemodynamic 

and oxygenation parameters, and the relationships between regional brain structure 

and physical function. The aim of this current Chapter was to address these gaps, by 

investigating global and regional brain morphometric measures and WMH volume, 

haemodynamic and oxygenation measures in the brain, and relationships between 

brain morphometry indices and physical function measures in non-frail, pre-frail and 

frail females.  

It was hypothesised that frail participants would exhibit lower global and regional grey 

matter volumes, and these differences in brain morphometry would relate to physical 

function parameters, including handgrip strength, walking speed, and skeletal muscle 

strength and fatigability (measures detailed in Chapter Four). Given the lack of 

investigations into cerebral haemodynamic parameters in frail individuals, functional 

measurements of CBF, and global cerebral venous oxygenation, OEF, and CMRO2 

were also collected in non-frail, pre-frail and frail females to bring further novel insight 

into the frailty phenotype.   
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5.2 Methods 

Participant demographics were described in Chapter Two – Table 2.1. Structural and 

functional parameters of the brain were assessed using different MRI sequences. The 

full MRI scan protocol was outlined in Chapter Two – Figure 2.6, with scan parameters 

for all brain MRI sequences described in Chapter Two, Section 2.8. The following 

section outlines the post-processing methods used for the brain MRI analysis to 

quantify brain global and regional morphometry, and cerebral haemodynamic and 

fractional oxygen extraction parameters in non-frail, pre-frail and frail female 

volunteers. All abbreviations used in this Chapter are outlined on pages 13-17. 

5.2.1 Brain morphometry  

5.2.1.1 Voxel-based morphometry (global and regional brain volumes; VBM) 

VBM is an automated analysis method used to quantify structural brain parameters on 

a voxel-by-voxel basis by statistical parametric mapping [368]. During VBM analysis 

the high-resolution T1-weighted MPRAGE image undergoes a series of processing 

steps, including spatial normalisation and segmentation, prior to data smoothing and 

later statistical parametric mapping [368]. This method provides metrics of global GMV, 

WMV, CSF volume, which has been shown to allow the delineation of small-scale 

regional differences in GMV and WMV between experimental groups [369]. In this 

work, VBM was used to quantify GMV, WMV and CSF volume for non-frail, pre-frail 

and frail group comparisons.  

Pre-processing for VBM was conducted in Computational Anatomy Toolbox (version 

12.6 r1450; http://www.neuro.uni-jena.de/cat/; CAT12) within Statistical Parametric 

Mapping (version 7771; http://www.fil.ion.ucl.ac.uk/spm/softw are/spm12/; SPM12) 

using MATLAB version 9.7 (R2022a, MathWorks). This included bias-field and noise 

http://www.neuro.uni-jena.de/cat/
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removal, skull stripping, segmentation into grey and white matter, and normalisation 

to MNI space using DARTEL to a 1.5 mm isotropic adult template within the CAT12 

toolbox. Intensity modulation of the normalised tissue segments accounts for both 

global affine transformations and local warping. Image data quality was assessed in 

all individual images and included basic image properties, noise and geometric 

distortions (e.g., due to motion) with an image quality rating of 84% (1.5% SD), 

representing good image quality. GM and WM segments were spatially smoothed 

using a 12 mm FWHM Gaussian smoothing kernel, and edge effects between tissue 

types avoided by excluding all voxels with values < 0.1 (absolute threshold masking). 

Example images of WM, GM and CSF segmentations are shown in Figure 5.1. The 

resulting global volumes of GM, WM, CSF were saved for offline statistical analysis. 

Of relevance in VBM analysis is the confounding factor of head size, i.e., TIV. To 

overcome this issue, the global volumes of each tissue type (GM, WM, CSF) were 

normalised to the TIV. 

 

Figure 5.1: Example MPRAGE segmentation into grey matter (GM) (A), white matter 
(WM) (B) and cerebrospinal fluid (CSF) (C) and the Total Intracranial Volume (TIV) 
shown in green using CAT12. 

 

A B C 
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Following analysis of global brain volumes, a first level analysis was performed to 

assess regional differences in GM, WM and CSF volumes using a GLM implemented 

in SPM12. For this analysis, data from the pre-frail and the frail groups were collapsed 

into one group (as the sample size of the frail group alone was too low to meet the 

requirements for statistical analysis using SPM12). An independent t-test was 

performed to evaluate differences in regional GM, WM and CSF volume between the 

non-frail group and the collapsed pre-frail and frail group. In this VBM analysis, TIV 

and age were included as normalised covariates of no interest in the GLM remove the 

variations in brain size and age.  

Statistical inferences were deduced using nonparametric permutations (set to 5,000), 

and a Threshold-Free Cluster Enhancement Correction was applied to the t-statistic 

maps (https://www.fil.ion.ucl.ac.uk/spm/ext/#TFCE). Uncorrected analyses were 

performed at P < 0.01 and P < 0.001, with cluster size set to k > 50. The value of k 

represents the number of voxels (i.e., the tissue volume) within each brain region 

exhibiting significant differences between the non-frail group and collapsed pre-frail 

and frail group. For this analysis, exact P-values of significant differences, except in 

instances of P < 0.001, are tabulated.  

Analysis of global and regional brain volume data with CAT12 in SPM12 software was 

fully automated, therefore CV data were not generated for this analysis. Prior studies 

have shown a very high Pearson’s correlation coefficient (0.99) and very low percent 

volume difference (<1%) of GM and WM volumes from scan-rescan MPRAGE data 

analysed using SPM12 [370]. Further, scan-rescan data has been shown to have has 

excellent intra-scanner repeatability (<1% CV) and inter-scanner reproducibility (<5% 

CV) [371] in GM, WM and whole brain volume segmentation using SPM12.  
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5.2.1.2 Surface based morphometry (SBM) 

SBM of MPRAGE data was used to construct and analyse cortical surfaces. The 

preprocessing steps and masks generated from VBM segmentation in CAT12 acted 

as pre-requisites for SBM analyses. SBM was used to quantify cortical thickness (the 

width of cortical grey matter), gyrification index and sulcus depth (measures of grey 

matter folding).  

For cortical thickness analysis, MPRAGE images underwent tissue segmentation to 

estimate white matter distance, i.e., projection-based thickness [372], which handles 

partial volume information, sulcal blurring, and asymmetries, and topological 

correction performed based on a spherical harmonics approach [373]. Spherical 

registration was used to adapt the volume-based diffeomorphic DARTEL algorithm to 

the cortical surface [374]. Finally, to increase processing speed, all scans were 

resampled to a higher-resolution 164,000 mesh compatible with FreeSurfer data, 

followed by smoothing with a gaussian kernel of 15 mm FWHM.  

Sulcus depth was quantified based on the Euclidean distance between the central 

surface and its convex hull (measured in mm). Gyrification was extracted based on 

the amount of cortical folding relative to the absolute mean curvature of the grey matter 

(measured in degrees). Both of these measures underwent the same processing steps 

as cortical thickness analysis with the exception of smoothing with a gaussian kernel 

of 20 mm FWHM.  

Surface maps of mean cortical thickness, gyrification index and sulcus depth were 

generated, with regional differences in these parameters assessed with an 

independent T test within a GLM (as used for regional grey and white matter volume 

analyses) between the non-frail group and collapsed pre-frail and frail group.   
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Analysis of repeat scan data using CAT12 has shown a very low percentage 

differences (1.9%) and high intraclass correlation coefficient values (0.83) for cortical 

thickness quantification [375] and high intraclass correlation coefficient [376]. 

5.2.1.3 Regression analyses of VBM and SBM measures against physical 

function measures 

A GLM within SPM12 was also used to determine the relationship between regional 

brain volume measures derived from VBM (GM and WM volumes) and surface-based 

measures derived from SBM (cortical thickness, gyrification index, sulcus depth), with 

physical function measures (handgrip strength, walking speed, knee extensor 

isometric strength and knee extensor work output at 60°/s, as outlined in Chapter 

Four). TIV and age were included as normalised covariates of no interest in the GLM 

to remove the variations in head size. The magnitude of associations between 

measures was determined by the T-statistic, calculated by dividing the correlation 

coefficient (r value) by its standard error which represents how many standard errors 

the r value is away from zero (zero representing no correlation). Higher T-statistic 

values (greater than 0) represent stronger associations between two variables, with a 

value of 2 or greater considered to be a strong correlation between two variables. For 

this analysis, exact P values are tabulated for significant differences, except in 

instances of P < 0.001.  

5.2.1.4 White Matter Hyperintensity (WMH) volume  

WMH volume was quantified from the T2-FLAIR sequence using FSL’s BIANCA tool. 

BIANCA is a fully automated method of WMH detection using the k-nearest neighbour 

algorithm, which classifies objects (or tissue) based on the feature space of 

neighbouring objects [377]. BIANCA utilises feature space information of individual 
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voxels, such as intensity and spatial properties, to delineate WMHs from WM tissue. 

Delineation in the BIANCA tool is reliant on a training set of previous images whereby 

tissue has been segmented into WMH and non-WMH classes. The BIANCA algorithm 

was used to generate masks of WMHs from T2-FLAIR images (shown in red in Figure 

5.2). The masks were then run through an in-house MATLAB code to generate WMH 

volume, and statistical analysis was performed on the mean WMH volume across 

groups. WMH values are presented as absolute volume and WMH volume normalised 

to TIV. 

 

Figure 5.2: Example T2-FLAIR image and resultant WMH output from the BIANCA 
tool. Image from the MRI scanner (left) showing WMHs appearing in white. WMH 
masks (right, shown in red) overlaid on the T2-FLAIR image from which WMH volume 
is computed.  

 

Analysis of WMH volume data with the BIANCA algorithm was fully automated, 

therefore CV data were not generated for this analysis. Previous work has shown 
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excellent scan-rescan reproducibility of T2-FLAIR derived WMH volume measures 

from BIANCA, with intraclass correlation coefficient values reported of 0.99 [377]. 

5.2.2 Brain haemodynamics and oxygenation 

5.2.2.1 Cerebral artery blood flow  

PC-MRI 2D-QFLOW data were processed using cvi42 software (Circle Cardiovascular 

Imaging Inc; version 5.14.2). An ROI was drawn around the walls of the internal carotid 

arteries and the basilar artery using the magnitude image. The ROI was then 

propagated across all phases in the cardiac cycle and manually checked and edited 

to optimise fitting (Figure 5.3). The magnitude image was cross-referenced with the 

phase data to ensure no phase aliasing. The phase data was then used to calculate 

the mean blood velocity (cm/s), mean flow rate (ml/min) and CSA (mm2) in each of the 

cerebral arteries. Mean blood velocity was estimated from computing the mean across 

all three blood vessels. The mean flow rate across each of the internal carotid arteries 

and the basilar artery were summed to compute global cerebral blood flow (CBFglobal). 

CBF was also normalised to GMV (estimated from MRPAGE data, as detailed in 

Section 5.2.1.1) to give CBFgm (in units of ml/100g grey matter/min) which accounts 

for structural atrophy. CBFgm is computed, as derived in [152], from:   

𝐶𝐵𝐹𝑔𝑚 =
𝐶𝐵𝐹𝑔𝑙𝑜𝑏𝑎𝑙

𝑟 × (𝐺𝑀𝑉 + 𝑊𝑀𝑉) × 𝜌
 × 100000 

where r is taken to be 1.4 and represents the assumption that white matter flow is 

approximately 40% that of grey matter and so CBFglobal = 1.4 CBFgm, whilst  is the 

mass density of tissue (assumed = 1.06 g/ml). CBFglobal is measured in ml/min, GMV 

and WMV are tissue volumes measured in ml.  
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Figure 5.3: Example PC-MRI 2D-QFLOW analysis performed in cvi42 software. ROIs 
drawn around basilar and internal carotid arteries shown on the magnitude image 
(left). Corresponding phase image shown on the right.  

 

The intra-rater CV calculated to determine the reliabilty of the contour analyses of 2D-

QFLOW images. For CV calculations, three repeat measures were performed on 1 

participant’s set of 2D-QFLOW images using the cvi42 software. All were less than 3% 

(Table 5.1). Raw data for CV calculations are presented in Appendix 5.1 – Table 5.10. 

Table 5.1: Coefficient of variance (CV) results for repeated analysis of 2D-QFLOW 
images. 

2D-QFLOW parameter CV (%) 

Left carotid CSA (mm2) 1.6% 

Right carotid CSA (mm2) 2.1% 

Basilar CSA (mm2) 2.3% 

Mean blood velocity (cm/s) 0.3% 

CBFglobal (ml/min) 1.2 % 

CBFgm (ml/100g grey matter/min) 1.2 % 
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5.2.2.2 Cerebral arterial oxygenation and oxygen metabolism  

TRUST data were analysed using in-house MATLAB code as described in [296]. 

Venous blood signal in the superior sagittal sinus (SSS) was computed from the 

pairwise subtraction of label and control images to obtain difference images for each 

effective echo time. In the resultant difference images, an ROI was superimposed onto 

the four voxels with the highest difference signal to create a mask for spatial averaging 

of the signal. Blood T2 relaxation was then calculated within the SSS ROI by fitting to 

the mono-exponential signal decay (Figure 5.4). The blood T2 relaxation time in the 

SSS was then converted into venous oxygenation, Yv, using the calibration plot [378] 

shown in Figure 5.5.  

Arterial oxygenation, Ya, was calculated as described by Peng et al., [295] 

                                𝑌𝑎=99.77−0.036 ×𝑎𝑔𝑒−1.235 ×𝑠𝑒𝑥+0.021 ×𝑎𝑔𝑒 ×𝑠𝑒𝑥               

where age is in years and sex is defined as 0 for females and 1 for males [297]. 

 𝑂𝐸𝐹=𝑌𝑎−𝑌𝑣       

Global CMRO2 (gCMRO2_global) was calculated as described by Liu et al [379] 

𝐶𝑀𝑅𝑂2_global = 𝐶𝐵𝐹global × (𝑌𝑎−𝑌𝑣) × 𝐶ℎ 

where CBFglobal is the global cerebral blood flow, and 𝐶ℎ is the capacity of blood to 

transport oxygen. Since individual haematocrit data was unavailable, 𝐶ℎ was 

estimated for each subject by adjusting the literature value of (8.34 mmol/L or 

~13.4g/dL haemoglobin at an age of 20 years) for age assuming a decline rate of 𝐶ℎ 

of 0.0079 mmol/L per year [380]. Grey matter CMRO2 (CMRO2_gm) was computed, 

corrected for brain atrophy to account for any disease or age-related loss of grey and 

white matter, which could differ between groups [160] using CBFgm computed above. 
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𝐶𝑀𝑅𝑂2_gm = 𝐶𝐵𝐹gm × (𝑌𝑎−𝑌𝑣) × 𝐶ℎ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: TRUST analysis. (A) Label and control images acquired at 4 effective echo 
times (TE) of 1, 40, 80 and 160 ms. A difference image is created by the pairwise 
subtraction of the label from the control images at each TE to isolate the signal in the 
sagittal sinus. (B)  Four voxels in the sagittal sinus with the highest signal intensity 
(highlighted in red) are interrogated and (C) fit to a T2 decay curve to estimate the T2 
of venous blood. 

A 

B C 

A 
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Figure 5.5: TRUST calibration plots used to convert the venous blood T2 to venous 
oxygenation, Yv [378].  
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Analysis of TRUST data was fully automated, therefore CV data were not generated 

for this analysis. Prior work has demonstrated a <4% CV for scan-rescan repeatability 

measurements of venous oxygenation, oxygen extraction fraction and CMRO2 using 

TRUST MRI at 3T [379]. Intra-session (repeating without repositioning participant) and 

inter-session (scan repeated on separate day after repositioning participant in 

scanner) reproducibility CVs have also been shown to be 3.3% and 6.8%, respectively, 

for OEF measurements in a previous TRUST study at 3T [381].  

5.2.3 Statistical analysis 

In addition to the post-processing methods outlined above, several methods generated 

data that were analysed offline using statistical analysis methods that were described 

in Chapter Two – Section 2.9. These methods included global brain volumes and 

cortical thickness (Section 5.2.1.1), WMH volume (Section 5.2.1.4), CBF, gmCBF, 

mean blood velocity and CSA of carotid and bailar arteries (Section 5.2.2.1), venous 

oxygenation, oxygen extraction fraction and gmCMRO2 (Section 5.2.2.2). Data 

normality testing revealed non-normal distributions of GM volume, cortical thickness 

(2 group comparisons), absolute and TIV corrected WMH volumes (2 and 3 group 

comparisons), mean blood velocity of the cerebral arteries (2 group comparisons). For 

non-normally distributed data, P values are derived from the Kruskall-Wallis test (for 3 

group comparisons) and Mann-Whitney U test (for 2 group comparisons). The 

regression analysis of GM and WM volume and surface based measures (described 

in section 5.2.1.3) represented a multiple linear regression. Values in the text, Tables 

and Figures represents mean ± standard deviation.   

5.3 Results 

Results are presented for brain morphometry (MPRAGE derived measures of global 

whole brain, GM, WM and CSF volume, and cortical thickness, gyrification index and 



231 
 

sulcus depth) differences between groups, WMH volume (derived from T2-FLAIR), 

CBFglobal, CBFgm, mean blood velocity and CSA of the carotid and basilar arteries 

(derived from PC-MRI 2D-QFLOW), and for venous oxygenation and CMRO2_gm 

(derived from TRUST). Comparisons are made between the non-frail, pre-frail and frail 

groups, and the non-frail group versus the collapsed group of pre-frail and frail to allow 

further scrutiny. One frail participant was withdrawn from the brain MRI protocol after 

collection of the MPRAGE scan due to thoracic and cervical kyphosis causing 

discomfort with the head coil, and so only MPRAGE brain data was available for this 

participant. One pre-frail and one non-frail participant’s PC-MRI 2D-QFLOW data were 

excluded from analysis due to poor image quality. Two non-frail participant’s TRUST 

data were excluded from analysis due to poor image quality. 

5.3.1 Brain morphometry parameters 

5.3.1.1 Global brain volumes and cortical thickness in non-frail, pre-frail and 

frail females 

No differences in whole brain volume were evident between non-frail, pre-frail and frail 

females (Figure 5.6 A). Frail females exhibited significantly smaller GM volume 

compared to non-frail females (36 ± 5.5 % vs 40.0 ± 1.8 %; P = 0.029). No differences 

were apparent when comparing the pre-frail group to the non-frail and frail groups 

(Figure 5.6 B). WM volume was significantly lower in the frail (29.6 ± 3.4 %) and the 

pre-frail (31.8 ± 2.3 %) females when compared with the non-frail females (P = 0.002 

and P = 0.045, respectively). However, WM volume was not different between pre-frail 

and frail females (Figure 5.6 C). Frail females also exhibited significantly greater CSF 

volume in comparison to non-frail counterparts (33.2 ± 8.3 % vs 25.8 ± 3.6 %; P = 

0.009). CSF volume in the pre-frail group was no different to the non-frail and fail 



232 
 

groups (Figure 5.6 D). Cortical thickness was no different between non-frail, pre-frail 

and frail groups (Figure 5.6 E). 

5.3.1.2 Global brain volumes and cortical thickness in non-frail versus the 

collapsed group of pre-frail and frail females 

There were no differences in whole brain volume between the non-frail group and the 

collapsed pre-frail and frail group (Figure 5.7 A). GM volume in the collapsed pre-frail 

and frail group (37.7 ± 3.6 %) was smaller than in the non-frail group (P = 0.021; Figure 

5.7 B). Similarly, the collapsed pre-frail and frail group exhibited a smaller WM volume 

in comparison to the non-frail group (31.1 ± 2.8 % vs 34.1 ± 2.1 %; P = 0.006; Figure 

5.7 C). CSF volume was also greater in the collapsed pre-frail and frail group than the 

non-frail group (30.3 ± 5.6 % vs 25.8 ± 3.6 %; P = 0.012; Figure 5.7 D). A smaller 

cortical thickness was evident in the collapsed pre-frail and frail group when compared 

to the non-frail group (2.44 ± 0.15 mm vs 2.52 ± 0.06 mm; P = 0.009; Figure 5.7 E). 
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Figure 5.6: Global brain morphometry results derived from MPRAGE scans in non-
frail, pre-frail and frail females. A) Whole brain volume, B) Grey matter volume, C) 
White matter volume, D) Cerebrospinal fluid volume, E) Cortical thickness. Values are 
mean ± standard deviation and individual values. * = P < 0.05; ** = P < 0.01. 

A) B) 

C) D) 

E) 
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Figure 5.7: Global brain morphometry results derived from MPRAGE scans in non-
frail versus the collapsed group of pre-frail and frail females. A) Whole brain volume, 
B) Grey matter volume, C) White matter volume, D) Cerebrospinal fluid volume, E) 
Cortical thickness. Values are mean ± standard deviation and individual values. * = P 
< 0.05; ** = P < 0.01. 

A) B) 

C) D) 

E) 
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5.3.1.3 Regional brain volumes in non-frail versus the collapsed group of pre-

frail and frail females 

For regional volume analysis, data from the pre-frail and the frail groups were 

collapsed given the sample size requirements for statistical analysis using SPM12. 

5.3.1.3.1 Regional brain grey matter volumes in non-frail versus the collapsed 

group of pre-frail and frail females 

13 brain regions exhibited significantly lower GM volume in the collapsed pre-frail and 

frail group versus the non-frail group as shown in Figure 5.8 and Table 5.2. Regions 

showing the greatest significant difference included the postcentral gyrus, middle 

frontal gyrus, frontal pole, angular gyrus, subcallosal cortex, occipital fusiform gyrus 

and lateral occipital cortex (P < 0.001; Table 5.2). No brain regions showed greater 

GM volume in the collapsed pre-frail and frail group compared to the non-frail group. 
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Figure 5.8: Brain regions (yellow-red clusters) exhibiting significantly (P < 0.01) lower 
grey matter volume in the collapsed pre-frail and frail group compared to the non-frail 
group. Brain regions and associated P values listed in Table 5.2. 

 

 

 

Grey Matter Volume: Non-frail > Pre-frail+Frail 
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Table 5.2: Regions of lower grey matter volume in the collapsed pre-frail and frail 
group versus the non-frail group. X, Y and Z coordinates refer to Harvard-Oxford 
Atlas. k denotes the number of voxels (i.e., the volume) exhibiting lower grey matter 
volume in the collapsed pre-frail and frail group. L = left, R = right hemisphere.  

Brain region X (mm) Y (mm) Z (mm) k  P value 

R postcentral gyrus 34 -24 46 323 P < 0.001 

L middle frontal gyrus -26 36 27 187 P < 0.001 

R frontal pole 16 63 3 375 P < 0.001 

L frontal pole -12 45 38 84 P < 0.001 

L angular gyrus -44 -58 32 336 P < 0.001 

L postcentral gyrus -32 -32 57 270 P < 0.001 

R subcallosal cortex  4 28 -22 119 P < 0.001 

L occipital fusiform gyrus -30 -63 -12 111 P < 0.001 

R lateral occipital cortex 45 -60 12 127 P < 0.001 

L precuneus cortex -6 -68 32 615 P = 0.001 

L occipital pole -6 -90 20 211 P = 0.001 

R temporal fusiform 34 -18 -33 91 P = 0.003 

R precuneus cortex  18 -52 18 84 P = 0.005 

 

 

 

 

 

 



238 
 

5.3.1.3.2 Brain regional white matter volumes in non-frail versus the collapsed 

group of pre-frail and frail females 

In the collapsed group of pre-frail and frail group, significantly lower WM volume was 

observed in 18 brain regions compared to the non-frail group as shown in Figure 5.9 

and Table 5.3. Regions with the greatest statistical significance included the occipital 

fusiform gyrus, superior frontal gyrus, lateral occipital cortex, frontal pole and 

postcentral gyrus (P < 0.001; Table 5.3). No brain regions showed significantly greater 

WM volume in the collapsed pre-frail and frail group compared to the non-frail group. 
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Figure 5.9: Brain regions (yellow-red clusters) exhibiting significantly (P < 0.01) lower 
white matter volume in the collapsed pre-frail and frail group versus the non-frail group. 
Brain regions and associated P values listed in Table 5.3. 

 

 

 

White Matter Volume: Non-frail > Pre-frail+Frail 
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Table 5.3: Regions of lower white matter volume in the collapsed pre-frail and frail 
group compared to the non-frail group. X, Y and Z coordinates refer to Harvard-
Oxford Atlas. k denotes the number of voxels (i.e. the volume) exhibiting lower white 
matter volume in the collapsed pre-frail and frail group. L = left, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) k P value 

L occipital fusiform gyrus -40 -68 -12 253 P < 0.001 

L superior frontal gyrus -18 32 34 242 P < 0.001 

R lateral occipital cortex 32 -64 27 187 P < 0.001 

R frontal pole 36 44 24 165 P < 0.001 

R postcentral gyrus 44 -28 46 267 P < 0.001 

L angular gyrus -33 -63 24 596 P = 0.001 

R middle temporal gyrus, 

posterior division 

68 -36 0 127 P = 0.001 

L lingual gyrus -3 -81 -14 248 P = 0.001 

R middle temporal gyrus, 

temporooccipital part 

50 -58 -2 594 P = 0.001 

R intracalcarine cortex 6 -66 10 258 P = 0.001 

L precuneus cortex -12 -60 26 524 P = 0.001 

L occipital pole -14 -99 18 285 P = 0.001 

R temporal fusiform 

cortex 

36 -12 -26 327 P = 0.001 

R superior frontal gyrus  21 22 45 446 P = 0.001 

R subcallosal cortex 9  8  -16 179 P = 0.001 

R temporal pole 39 21 -34 318 P = 0.002 

L middle frontal gyrus  -33 15 28 72 P = 0.003 

L temporal pole -39 14 -21 50 P = 0.007 

 



241 
 

5.3.1.4 Surface based morphometry 

5.3.1.4.1 Brain regional cortical thickness in non-frail versus the collapsed 

group of pre-frail and frail females 

Mean maps of cortical thickness in the non-frail group and collapsed pre-frail and frail 

group are presented in Figure 5.10 A (left hemisphere) and Figure 5.10 B (right 

hemisphere). Maps represent cortical thickness measured in all regions of the cerebral 

cortex. In the collapsed pre-frail and frail group, significantly greater cortical thickness 

(P = 0.002) was observed in the left hemisphere paracingulate gyrus, compared to the 

non-frail group (Table 5.4). No differences were observed in cortical thickness of any 

brain region within the right hemisphere. 
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Figure 5.10: Mean maps of cortical thickness in the left (A) and right (B) hemispheres 
of the non-frail group and collapsed pre-frail and frail group. Scale bar denotes cortical 
thickness in mm.  

 

 

 

Non-frail Pre-frail+Frail 

A) Left hemisphere 

B) Right hemisphere 

Non-frail Pre-frail+Frail 
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Table 5.4: Regions of greater cortical thickness in the collapsed pre-frail and frail 
group versus the non-frail group. k denotes the number of voxels (i.e. the volume) 
exhibiting greater cortical thickness in the collapsed pre-frail and frail group. X, Y 
and Z coordinates refer to Harvard-Oxford Atlas. L = left hemisphere. 

Brain region X (mm)  Y (mm)  Z (mm)  k P value 

L paracingulate gyrus -11 42 -5 69 P = 0.002 
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5.3.1.4.2 Brain regional gyrification in non-frail versus the collapsed group of 

pre-frail and frail  

Mean maps of gyrification (degree of folding of sulci and gyri on the cortical surface 

relative to the absolute mean curvature of the grey matter) in the non-frail group and 

collapsed pre-frail and frail group are presented in Figure 5.11 A (left hemisphere) and 

Figure 5.11 B (right hemisphere). Maps represent gyrification measured in all regions 

of the cerebral cortex. In the collapsed pre-frail and frail group, significantly greater 

gyrification was observed in the left angular gyrus (P = 0.001), superior parietal lobule 

(P = 0.002), middle temporal gyrus (P = 0.005) and right operculum cortex (P = 0.002) 

compared to the non-frail group (Table 5.5). In the non-frail group, significantly greater 

gyrification was observed in left parahippocampal gyrus (P = 0.002) and right frontal 

medial cortex (P = 0.002) compared to the collapsed pre-frail and frail group (Table 

5.6). 
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Figure 5.11: Mean maps of gyrification in the left (A) and right (B) hemispheres of 
the non-frail group and collapsed pre-frail and frail group. Scale bar represents the 
amount of cortical folding relative to the absolute mean curvature of the grey matter 
(measured in degrees). 
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A) Left hemisphere 

B) Right hemisphere 

Non-frail Pre-frail+Frail 
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Table 5.5: Regions of greater gyrification in the collapsed pre-frail and frail group 
versus the non-frail group. X, Y and Z coordinates refer to Harvard-Oxford Atlas. k 
denotes the number of voxels (i.e. the volume) exhibiting greater gyrification in the 
collapsed group of pre-frail and frail.  L = left, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) k P value 

L angular gyrus -46 -58 42 162 P = 0.001 

L superior parietal lobule  -28 -57 41 154 P = 0.002 

L middle temporal gyrus  -50 -42 1 79 P = 0.005 

R parietal operculum  49 -30 27 72 P = 0.002 
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Table 5.6: Regions of greater gyrification in the non-frail group versus collapsed pre-
frail and frail group. X, Y and Z coordinates refer to Harvard-Oxford Atlas. k denotes 
the number of voxels (i.e. the volume) exhibiting greater gyrification in the non-frail 
group. L = left hemisphere, R = right hemisphere. 

Brain region X (mm)  Y (mm) Z (mm) k P value 

L parahippocampal gyrus -19 -34 -17 165 P = 0.002 

R frontal medial cortex 8 34 -12 58 P = 0.002 
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5.3.1.4.3 Brain regional sulcus depth in non-frail and the collapsed group of 

pre-frail and frail females 

Mean maps of sulcus depth (distance between the cortical surface and the cerebral 

hull) in the non-frail group and collapsed pre-frail and frail group are presented in 

Figure 5.12 A (left hemisphere) and Figure 5.12 B (right hemisphere). Maps represent 

sulcus depth measured in all regions of the cerebral cortex. Scale bar denotes sulcus 

depth (measured in mm).  In the collapsed pre-frail and frail group, significantly greater 

sulcus depth was observed in the left frontal operculum cortex (P = 0.001) and middle 

temporal gyrus (P = 0.002) compared to the non-frail group (Table 5.7). In the non-

frail group, significantly greater sulcus depth was observed in the left supramarginal 

gyrus (P = 0.003), precuneus cortex (P = 0.004) and middle frontal gyrus (P = 0.004), 

and right precentral gyrus (P = 0.001), postcentral gyrus (P = 0.001), parietal 

operculum cortex (P = 0.003), central operculum cortex (P = 0.009) and cingulate 

gyrus (P = 0.009) compared to the collapsed group of pre-frail and frail females (Table 

5.8). 
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Figure 5.12: Mean maps of sulcus depth in the left (A) and right (B) hemispheres of 
the non-frail group and collapsed group of pre-frail and frail females. Scale bar 
represents the distance between the cortical surface and the cerebral hull in mm. 
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Table 5.7: Regions of greater sulcus depth in the collapsed pre-frail and frail group 
versus the non-frail group. X, Y and Z coordinates refer to Harvard-Oxford Atlas. k 
denotes the number of voxels (i.e. the volume) exhibiting greater sulcus depth in 
the collapsed pre-frail and frail group. L = left hemisphere. 

Brain region X (mm) Y (mm) Z (mm) k P value 

L frontal operculum cortex -31 62 35 56 P = 0.001 

 

L middle temporal gyrus   -43 12 -1 87 P = 0.002 
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Table 5.8: Regions of greater sulcus depth in the non-frail group versus collapsed 
pre-frail and frail group. X, Y and Z coordinates refer to Harvard-Oxford Atlas. k 
denotes the number of voxels (i.e. the volume) exhibiting greater sulcus depth in the 
non-frail group. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) k P value 

L supramarginal gyrus -52 -46 38 137 P = 0.003 

L precuneus cortex -8 -53 15 175 P = 0.004 

L middle frontal gyrus  -43 -4 62 138 P = 0.004 

R precentral gyrus  45 -7 49 1114 P = 0.001 

R postcentral gyrus  20 -42 71 188 P = 0.001 

R parietal operculum  41 -35 26 122 P = 0.003 

R central operculum cortex 49 -17 21 6 P = 0.009 

R cingulate gyrus  9  -48 32 3 P = 0.009 
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5.3.1.5 Associations between regional brain volumes and physical function  

The following section assesses the results of multiple linear regression analyses 

between regional brain morphometry and physical function measures. The Tables for 

GM volume, WM volume, cortical gyrification and sulcus depth associations with 

physical function along with atlas coordinates, T values, k and P values, are provided 

in Appendix 5.2. No significant associations were observed between regional cortical 

thickness and any physical function measures. 

5.3.1.5.1 Associations between regional grey matter volumes and physical 

function  

Brain regions exhibiting positive and negative associations between GM volume and 

each physical function measure are displayed on brain templates in Figure 5.13, with 

tables of significant associations provided in Appendix 5.2.1.  

5.3.1.5.1.1 Associations between regional grey matter volumes and handgrip 

strength 

Handgrip strength was significantly positively associated with GM volume in 12 brain 

regions (Table 5.11), with the strongest associations observed in the right superior 

frontal gyrus (T = 4.57, P < 0.001; Table 5.11), a brain region proposed to be 

responsible for control of skeletal muscle movement, such as hand motor control [382, 

383]. There were no significant negative associations between regional GM volume 

and handgrip strength.  

5.3.1.5.1.2 Associations between regional grey matter volumes and time taken 

to complete the 4.57m walk test 
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Time taken to complete the 4.57m walk test was significantly positively associated with 

GM volume in 5 brain regions (Table 5.12), with the strongest association evident in 

the right hemisphere angular gyrus (T = 3.58, P = 0.001; Table 5.12), a brain region 

responsible for number processing and reading comprehension [384]. Time taken to 

complete the 4.57m walk test was significantly negatively associated with GM volume 

in 19 brain regions (Table 5.13), with the strongest negative association observed in 

the left hemisphere lateral occipital cortex (T = 5.54, P < 0.001; Table 5.13), an area 

involved in object and face recognition [385, 386].   

5.3.1.5.1.3 Associations between regional grey matter volumes and knee 

extensor isometric strength 

Knee extensor isometric strength was significantly positively associated with GM 

volume in 12 brain regions (Table 5.14), with the strongest association apparent in the 

left hemisphere frontal pole (T = 4.51, P < 0.001; Table 5.14), a region activated during 

cognitive functions such as planning future actions and analogical reasoning [387, 

388].  

Knee extensor isometric strength was significantly and negatively associated with GM 

volume in 7 brain regions (Table 5.15), with the strongest negative association being 

in the left hemisphere inferior frontal gyrus (T = 3.66, P = 0.001; Table 5.15), an area 

implicated in inhibition of inappropriate motor responses to stimuli [389].  

5.3.1.5.1.4 Associations between regional grey matter volumes and knee 

extensor work output (60°/s) 

Knee extensor work output was significantly positively associated with GM volume in 

11 brain regions (Table 5.16), the strongest positive association being in the right 



254 
 

hemisphere lateral occipital cortex (T = 4.74, P < 0.001; Table 5.16), which is known 

to be involved in object and face recognition [385, 386].   

Knee extensor work output was significantly negatively associated with GM volume in 

3 brain regions (Table 5.17), with the strongest negative association observed in the 

right hemisphere precentral gyrus (T = 3.88, P < 0.001; Table 5.17), which is involved 

in the control of voluntary movement, such as walking [390], knee extension [391] and 

finger abduction [392].  
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Figure 5.13: Template brains (in the sagittal, coronal and axial views) highlighting the 
regions of brain grey matter volume exhibiting significant associations with physical 
function measures (regions shown with black clusters). Figure shows positive and 
negative associations between grey matter volume and A) handgrip strength, B) time 
taken to complete the 4.57m walk, C) knee extensor isometric strength and D) knee 
extensor work output. Kg = kilograms, s = seconds, Nm = Newton-metres, J = joules.  

5.3.1.5.2 Associations between regional white matter volumes and physical 

function parameters 

The brain regions exhibiting positive and negative associations between WM volume 

and physical function measures are displayed on brain templates in Figure 5.14. and 

detailed in Appendix 5.2.2. 

5.3.1.5.2.1 Associations between regional white matter volumes and handgrip 

strength 

Handgrip strength was significantly positively associated with WM volume in 12 brain 

regions (Table 5.18), the strongest positive association observed in the left 

hemisphere inferior temporal gyrus (T = 5.72, P < 0.001; Table 5.18), an area 

proposed to be involved in visual perception [393]. Handgrip strength was significantly 

negatively associated with WM volume in the left hemisphere inferior temporal gyrus 

(T = 3.92, P < 0.001; Table 5.19).  

5.3.1.5.2.2 Associations between regional white matter volumes and time taken 

to complete the 4.57m walk test 

There were no significant positive associations between the time taken to complete 

the 4.57m walk test and regional WM volume, whilst significant negatively associations 

with WM volume were seen in 15 brain regions (Table 5.20). The strongest negative 

association was in right hemisphere middle temporal gyrus (T = 5.63, P < 0.001; Table 

5.20), an area involved in language processing and object perception [394, 395]. 
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5.3.1.5.2.3 Associations between regional white matter volumes and knee 

extensor isometric strength 

Knee extensor isometric strength was significantly positively associated with WM 

volume in 13 brain regions (Table 5.21), with the strongest positive association 

apparent in the right hemisphere postcentral gyrus (T = 4.49, P < 0.001; Table 5.21), 

which is responsible for perception of somatosensory signals (i.e., proprioception) 

[396]. 

Knee extensor isometric strength was significantly negatively associated with WM 

volume in 6 brain regions (Table 5.22), with the strongest negative association 

observed in the left hemisphere inferior frontal gyrus (T = 3.66, P = 0.001; Table 5.22), 

which is implicated in inhibition of inappropriate motor responses to stimuli [389].  

5.3.1.5.2.4 Associations between regional white matter volumes and knee 

extensor work output (60°/s) 

Knee extensor work output was significantly positively associated with WM volume in 

8 brain regions (Table 5.23), with the strongest association apparent in the right 

hemisphere cingulate gyrus (T = 4.05, P < 0.001; Table 5.23), an area associated with 

perception of risk [397] and attention [398]. Knee extensor work output was 

significantly negatively associated with WM volume in 3 brain regions (Table 5.24), 

with the strongest negative association observed in the left hemisphere cingulate 

gyrus (T = 4.84, P < 0.001; Table 5.24), an area involved in motor control and attention 

[398]. 
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Figure 5.14: Template brains (in the sagittal, coronal and axial views) highlighting the 
regions of brain white matter volume exhibiting significant associations with physical 
function measures (regions shown with black clusters). Figure shows positive and 
negative associations between white matter volume and A) handgrip strength, B) time 
taken to complete the 4.57m walk, C) knee extensor isometric strength and D) knee 
extensor work output. Kg = kilograms, s = seconds, Nm = Newton-metres, J = joules. 

5.3.1.5.3 Associations between regional gyrification and physical function 

parameters 

The brain regions exhibiting positive and negative associations between gyrification 

and each physical function measure are displayed on brain templates in Figure 5.15. 

All brain regions exhibiting significant positive and negative associations are detailed 

in Appendix 5.2.3.  

5.3.1.5.3.1 Associations between regional gyrification and handgrip strength 

Handgrip strength was significantly positively associated with gyrification in 6 brain 

regions (Table 5.25), the strongest association observed in the right hemisphere 

postcentral gyrus (T = 3.67, P < 0.001; Table 5.25), an area responsible for perception 

of somatosensory signals (i.e., proprioception) [396]. Handgrip strength was 

significantly negatively associated with gyrification in 3 brain regions (Table 5.26), with 

the strongest association also observed in the right hemisphere postcentral gyrus (T 

= 5.37, P < 0.001; Table 5.26).  

5.3.1.5.3.2 Associations between regional gyrification and time taken to 

complete the 4.57m walk test 

Time taken to complete the 4.57m walk test was significantly and positively associated 

with gyrification in 2 brain regions (Table 5.27), with the strongest association evident 

in the left hemisphere inferior frontal gyrus (T = 3.19, P = 0.002; Table 5.27), a region 

implicated in inhibition of inappropriate motor responses to stimuli [389]. Time taken 

to complete the 4.57m walk test was significantly negatively associated with 
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gyrification in the right hemisphere cingulate gyrus only (T = 3.00, P = 0.003; Table 

5.28), which is associated with perception of risk [397] and attention [398]. 

5.3.1.5.3.3 Associations between regional gyrification and knee extensor 

isometric strength 

There were no significant positive associations between knee extensor isometric 

strength and regional gyrification.  Knee extensor isometric strength was significantly 

negatively associated with gyrification in the right hemisphere postcentral gyrus only 

(T = 3.25, P = 0.002; Table 5.29), which is responsible for perception of 

somatosensory signals (i.e., proprioception) [396]. 

5.3.1.5.3.4 Associations between regional gyrification and knee extensor work 

output (60°/s) 

There were no significant positive associations between regional gyrification and knee 

extensor work output. Knee extensor work output was significantly and negatively 

associated with gyrification in 7 brain regions (Table 5.30), with the strongest negative 

association evident in the right hemisphere precentral gyrus (T = 4.03, P < 0.001; 

Table 5.30), a region involved in voluntary movement, such as walking [390], knee 

extension [391] and finger abduction [392].  
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Figure 5.15: Template brains (in views of the left and right hemisphere) highlighting 
the regions of cortical gyrification exhibiting significant associations with physical 
function measures (regions shown with yellow clusters). Figure shows positive and 
negative associations between gyrification and A) handgrip strength, B) time taken to 
complete the 4.57m walk, C) knee extensor isometric strength and D) knee extensor 
work output. Kg = kilograms, s = seconds, Nm = Newton-metres, J = joules. 

5.3.1.5.4 Associations between regional sulcus depth and physical function 

parameters 

The brain regions exhibiting positive and negative associations between sulcus depth 

and physical function measures are displayed on brain templates in Figure 5.16 and 

detailed in Appendix 5.2.4. 

5.3.1.5.4.1 Associations between regional sulcus depth and handgrip strength 

Handgrip strength was significantly positively associated with sulcus depth in 3 brain 

regions (Table 5.31), with the strongest association being in left parietal operculum 

cortex (T = 3.30, P = 0.001; Table 5.31), a brain region involved in processing 

somatosensory information such as the perception of touch [399, 400]. There were no 

significant negative associations between handgrip strength and sulcus depth.  

5.3.1.5.4.2 Associations between regional sulcus depth and time taken to 

complete the 4.57m walk test 

There were no significant negative associations between the time taken to complete 

the 4.57m walk and sulcus depth. Time taken to complete the 4.57m walk test was 

significantly negatively associated with sulcus depth in 12 brain regions (Table 5.32), 

with the strongest association evident in the right hemisphere superior frontal gyrus (T 

= 4.48, P < 0.001; Table 5.32), which is involved in control of skeletal muscle 

movement, such as motor control of the hand [382, 383].  
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5.3.1.5.4.3 Associations between regional sulcus depth and knee extensor 

isometric strength 

Knee extensor isometric strength was significantly positively associated with sulcus 

depth in 5 brain regions (Table 5.33), with the strongest observed in the right 

hemisphere lateral occipital cortex (T = 3.96, P < 0.001; Table 5.33), which is involved 

in object and face recognition [385, 386].  Knee extensor isometric strength was 

significantly negatively associated with gyrification in the left hemisphere angular gyrus 

only (T = 3.68, P = 0.001; Table 5.34), which is responsible for visual processing [384]. 

5.3.1.5.4.4 Associations between regional sulcus depth and knee extensor work 

output (60°/s) 

Knee extensor work output was significantly positively associated with sulcus depth in 

7 brain regions (Table 5.35), with the strongest association evident in the left 

hemisphere supramarginal gyrus (T = 4.06, P < 0.001; Table 5.35), which is involved 

in word processing [401]. There were no significant negative associations between 

knee extensor work output and regional sulcus depth. 
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Figure 5.16: Template brains (in views of the left and right hemisphere) highlighting 
the regions of sulcus depth exhibiting significant associations with physical function 
measures (regions shown with yellow clusters). Figure shows positive and negative 
associations between sulcus depth and A) handgrip strength, B) time taken to 
complete the 4.57m walk, C) knee extensor isometric strength and D) knee extensor 
work output. Kg = kilograms, s = seconds, Nm = Newton-metres, J = joules. 

5.3.1.6 White matter hyperintensity (WMH) volume in non-frail, pre-frail and 

frail females 

Absolute WMH volume was significantly greater in the pre-frail (13.1 ± 15.8 cm3) and 

frail (24.4 ± 19.2 cm3) volunteers versus the non-frail volunteers (P = 0.024 and P = 

0.017, respectively). No differences were apparent when comparing pre-frail and frail 

females (Figure 5.17 A). Relative WMH volume (normalised to TIV) was also 

significantly greater in the pre-frail (0.99 ± 1.21 %) and frail (1.84 ± 1.43 %) females in 

comparison to non-frail counterparts (P = 0.031 and P = 0.013, respectively). No 

differences were observed between the pre-frail and frail groups (Figure 5.17 B).  

5.3.1.7 White matter hyperintensity volume in non-frail versus the collapsed 

group of pre-frail and frail females 

The collapsed group of pre-frail and frail females also exhibited significantly greater 

absolute WMH volume compared to the non-frail group (16.0 ± 17.0 cm3 vs 3.3 ± 2.1 

cm3; P < 0.001; Figure 5.17 C). Similarly, significantly greater relative WMH volume 

was also observed in the collapsed group of pre-frail and frail females versus the non-

frail group (1.20 ± 1.29 % vs 0.25 ± 0.15 %; P < 0.001; Figure 5.17 D). 
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Figure 5.17: Absolute (A) and relative (normalised to TIV; B) white matter 
hyperintensity (WMH) volume in non-frail versus the collapsed group of pre-frail and 
frail females. Absolute (C) and relative (D) WMH volume in non-frail versus the 
collapsed group of pre-frail and frail females. Values are mean ± standard deviation 
and individual values. * = P < 0.05; *** = P < 0.001. 

A) B) 

C) D) 
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5.3.2 Resting state functional measures of brain vascular haemodynamics and 

fractional oxygen extraction 

5.3.2.1 Cerebral artery cross-sectional area (CSA) in non-frail, pre-frail and frail 

females and in the non-frail versus the collapsed group of pre-frail and frail 

females 

There were no significant differences in CSA of any cerebral artery when comparing 

non-frail, pre-frail and frail females, or when comparing non-frail to the collapsed group 

of pre-frail and frail females (Table 5.9).  

Table 5.9: Cross-sectional area (CSA) of the left and right carotid and basilar 
arteries in non-frail, pre-frail, frail and collapsed group of pre-frail and frail females. 
No significant differences evident in cerebral artery CSA between groups. 

Cerebral artery Non-frail Pre-frail Frail Pre-frail + Frail 

Left carotid CSA (mm2) 13.0 ± 3.5 11.1 ± 3.9 12.5 ± 2.1 11.5 ± 3.6 

Right carotid CSA (mm2) 12.1 ± 2.9 12.7 ± 4.8 14.1 ± 2.6 13.1 ± 4.3 

Basilar CSA (mm2) 5.9 ± 2.0 6.6 ± 2.6 6.9 ± 2.3 6.7 ± 2.5 

 

5.3.2.2 Cerebral artery blood velocity and flow in non-frail, pre-frail and frail 

females 

There were no significant differences in mean blood velocity between non-frail (22.3 ± 

5.2 cm/s), pre-frail (19.6 ± 5.4 cm/s) and frail (18.0 ± 4.3 cm/s) volunteers (Figure 5.18 

A). No differences were evident between non-frail (401 ± 115 ml/min), pre-frail (339 ± 

96 ml/min) and frail (363 ± 80 ml/min) females in resting state cerebral blood flow 

(Figure 5.18 B). Similarly, the rate of gmCBF was no different between non-frail (42.4 

± 13.8 ml/100g/min), pre-frail (36.9 ± 10.2 ml/100g/min) and frail (42.5 ± 7.5 

ml/100g/min) volunteers at rest (Figure 5.18 C)  
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5.3.2.3 Cerebral artery blood velocity and flow in non-frail versus the collapsed 

group of pre-frail and frail females 

There was a trend for greater mean blood velocity in the non-frail group versus the 

collapsed group of pre-frail and frail volunteers (22.3 ± 5.2 cm/s vs 19.2 ± 5.1 cm/s; P 

= 0.053; Figure 5.19 A). However, there were no differences in resting state cerebral 

blood flow when comparing the non-frail group and collapsed group of pre-frail and 

frail females (Figure 5.19 B). The rate of gmCBF was also no different between the 

non-frail group and the collapsed group of pre-frail and frail females at rest (Figure 

5.19 C).  
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Figure 5.18: Mean blood velocity (A), cerebral blood flow (B) and grey matter 
corrected cerebral blood flow (C) of cerebral arteries in non-frail, pre-frail and frail 
females. Values are mean ± standard deviation and individual values. 

A) B) 

C) 
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Figure 5.19: Mean blood velocity (A), cerebral blood flow (B) and grey matter 
corrected cerebral blood flow (C) of cerebral arteries in non-frail versus the collapsed 
group of pre-frail and frail females. Values are mean ± standard deviation and 
individual values. 

A) B) 
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5.3.2.4 Resting state venous oxygenation, cerebral oxygen extraction fraction 

and metabolic rate of oxygen in non-frail, pre-frail and frail females 

Venous oxygenation was not different between non-frail (57.9 ± 5.4 %), pre-frail (54.9 

± 7.3 %) and frail (54.0 ± 2.5 %; Figure 5.20 A). Similarly, there were no differences 

in OEF between non-frail (39.3 ± 5.5 %), pre-frail (42.1 ± 7.3%) and frail (43.0 ± 2.6 

%) volunteers (Figure 5.20 B). There were also no significant differences in 

gmCMRO2 between non-frail (142 ± 39 µmol/g/min), pre-frail (129 ± 35 µmol/g/min) 

and frail (153 ± 35 µmol/g/min) volunteers (Figure 5.20 C). 

5.3.2.5 Resting state venous oxygenation, cerebral oxygen extraction fraction 

and metabolic rate of oxygen in non-frail, pre-frail and frail females 

No differences in venous oxygenation were evident between the non-frail group (57.9 

± 5.4 %) and the collapsed group of pre-frail and frail females (54.7 ± 6.4 %; Figure 

5.21 A). OEF was also no different when comparing the non-frail group (39.3 ± 5.5 %) 

and the collapsed group of pre-frail and frail females (42.3 ± 6.4 %; Figure 5.21 B). 

Similarly, there were no significant differences in CMRO2 between the non-frail group 

(142 ± 39 µmol/g/min) and the collapsed group of pre-frail and frail females (136 ± 35 

µmol/g/min; Figure 5.21 C). 
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Figure 5.20: Venous oxygenation (A), oxygen extraction fraction (OEF) (B) and grey 
matter corrected cerebral metabolic rate of oxygen (gmCMRO2) (C) in non-frail, pre-
frail and frail females. Values are mean ± standard deviation and individual values. 

A) B) 
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Figure 5.21: Venous oxygenation (A), oxygen extraction fraction (OEF) (B) and grey 
matter corrected cerebral metabolic rate of oxygen (gmCMRO2) (C) in non-frail versus 
the collapsed group of pre-frail and frail females. Values are mean ± standard deviation 
and individual values. 

A) B) 

C) 
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5.4 Discussion  

This study shows that lower global and regional GM volumes and greater WMH 

volume is observed in frail compared to non-frail individuals [118, 123, 143]. However, 

this study also provides novel evidence of lower regional WM volumes and differences 

in regional gyrification and sulcus depth in pre-frail and frail versus non-frail females, 

indicating WM atrophy and changes in the cortical surface are features of the frailty 

phenotype. Furthermore, these differences in brain morphometry were significantly 

associated with handgrip strength, walking speed, and knee extensor strength and 

work output (fatigability), suggesting changes in brain morphometry during the 

trajectory to frailty are linked to the deficits in physical function that manifest. Finally, 

despite a trend for lower cerebral artery blood velocity in the collapsed pre-frail and 

frail group, CBF, OEF and CMRO2 were found to be no different between non-frail, 

pre-frail, frail and the collapsed pre-frail and frail groups, indicating frailty is not 

associated with differences in cerebral haemodynamics. 

5.4.1 Global brain volumes and WMH volume 

The findings of lower global GM volume (Figure 5.6 B) and greater WMH volume 

(Figure 5.17) in frail compared to non-frail females are in agreement with previous 

literature [118, 123], reinforcing that GM atrophy and greater volume of WM lesions 

are features of the frailty phenotype. The present study observed lower global WM 

volume in the pre-frail and frail groups versus the non-frail group (Figure 5.6 C), whilst 

published research has reported no differences between non-frail, pre-frail and frail 

states [116, 118]. One reason for this discrepancy could be the mixed sex sample 

adopted in prior published studies, which may have increased data variance 

associated with sex-related differences in global brain volumes [122].  
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5.4.2 Regional grey matter and white matter volume 

When considering the collapsed group of pre-frail and frail females versus the non-

frail volunteers, lower GM volume was observed in 13 brain regions (Table 5.2) and 

lower WM volume was evident in 18 brain regions (Table 5.3). These findings point to 

regional atrophy of GM and WM as features of the frailty phenotype. The greatest 

differences in GM and WM volume between groups were observed in the postcentral 

gyrus, frontal pole, occipital fusiform gyrus and lateral occipital cortex (P < 0.001). In 

keeping with these observations, negative associations between frailty severity and 

GM volume were identified in 75 brain regions, including some of the same brain 

regions as the present study, such as the postcentral gyrus (Cohen’s d = -0.049; P < 

0.001) and occipital fusiform gyrus (Cohen’s d = -0.043; P < 0.001), in a sample of 

over 40,000 individuals in the UK Biobank [123].  

In the present study, the collapsed group of pre-frail and frail females exhibited lower 

GM and WM volume in several regions involved in cognition, such as the frontal pole 

and lateral occipital cortex, compared to the non-frail group (Table 5.2, Table 5.3). The 

frontal pole is an area important for cognitive functions such as attention and memory 

[402], and the lateral occipital cortex is important for face and object recognition, 

through the processing of visual information [403]. In a 3-year longitudinal study, older 

individuals who experienced cognitive decline in this period also exhibited greater GM 

atrophy of the frontal pole (t = 3.99; P < 0.04) compared to counterparts who 

experienced no cognitive decline [404]. Further, lower GM volume of the lateral 

occipital cortex has been shown to be associated with cognitive impairment (t = 5.95; 

P < 0.05) in Parkinson’s Disease patients [405]. Interestingly, lower GM volume in the 

lateral occipital cortex was also associated with greater frailty severity (t = 4.2; P < 

0.05) in this prior study [405]. Taken together, these findings suggest that GM atrophy 
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of the frontal pole and lateral occipital cortex may be related to cognitive impairment 

in frailty. 

The findings of lower GM and WM volume of the postcentral gyrus in the collapsed 

pre-frail and frail group (Table 5.2, Table 5.3) are important as this region is 

responsible for the processing of somatosensory signals (i.e., proprioception) [406]. 

Previous work has reported a negative correlation between GM volume of the 

postcentral gyrus and time taken to complete the Four Square Step Test (r = -0.40; P 

< 0.05) in older individuals [407]. The Four-Square Step Test is a measure of balance 

and proprioception, with lower scores reflecting better performance, suggesting 

greater postcentral gyrus GM volume is associated with better proprioception and 

balance. Therefore, the atrophy of the postcentral gyrus in the collapsed pre-frail and 

frail group versus the non-frail group evidenced in the present study may be related to 

lower proprioceptive performance. In this way, lower performance on measures of 

proprioception has been demonstrated in frail versus non-frail adults in previous 

studies [408]. However, the associations between proprioceptive performance and 

GM/WM volume of the postcentral gyrus have not been explored [408], and this may 

be an interesting area for further research. A potential mechanism by which atrophy of 

the postcentral gyrus contributes to lower proprioception is through the loss of 

dopamine receptors and lower dopamine transmission. Dopamine is a key 

neurotransmitter involved in chemical signalling within the brain and studies have 

reported lower dopamine receptor availability of the postcentral gyrus in older versus 

young adults [409]. Furthermore, lower synaptic dopamine transmission in the ventral 

striatum has been associated with greater anterior-posterior body sway (indicating 

poorer balance and proprioception) (R2 = 0.25; P < 0.01) in older adults [410].   
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This is the first study to assess WM regional volumes in the context of frailty. WM is 

primarily composed of myelinated axons which are fundamental for the transmission 

of electrical signals across different brain regions [120]. Therefore, lower regional WM 

volumes in the collapsed pre-frail and frail group (Table 5.3) may reflect important 

differences in structural and neurological function. WM atrophy has been linked to 

cognitive impairment, as individuals with lower WM volume have been shown to exhibit 

poorer performance in a processing speed task (a measure of cognitive ability 

quantifying how quickly an individual executes cognitive tasks) compared to 

individuals with greater WM volume [411]. Performance on processing speed tasks 

has also been shown to be worse in pre-frail and frail versus non-frail individuals [138], 

which may therefore be related to lower WM volume, particularly as the present study 

demonstrated differences in WM volume in brain regions responsible for cognitive 

processes, such as the frontal pole and lateral occipital cortex, in pre-frail and frail 

volunteers versus non-frail individuals (Table 5.3). Furthermore, WM volume has been 

correlated with measures of WM microstructure, such as fractional anisotropy (F > 

19.96; P < 0.05), and the loss of WM microstructural integrity during ageing may (at 

least partially) be explained by loss of WM volume [367]. Therefore, the evidenced 

regional WM atrophy in the collapsed pre-frail and frail group versus the non-frail group 

in the present study may indicate a loss of WM microstructural integrity. Impaired WM 

microstructural integrity has been shown in frail versus non-frail individuals in previous 

studies using DTI measures [151, 366], however the influence of WM volume 

differences within these relationships has not been explored. As outlined in Chapter 

Two – Section 2.8.9, DTI measures were acquired in the present study to assess WM 

microstructure properties, but were not analysed in this thesis. Therefore, future 
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analysis of DTI WM microstructural integrity will provide insight into these 

relationships.  

The causes of lower regional GM and WM volumes in frail versus non-frail individuals 

are poorly understood. However, some insight into mechanisms of regional brain 

atrophy can be inferred from studies of ageing. In previous work adopting 

assessments of regional brain blood flow, age has been negatively correlated with 

CBF in several brain regions, including the middle frontal gyrus (r = -0.56; P < 0.01) 

[412], which is a brain region that also exhibited lower GM and WM volumes in the 

collapsed pre-frail and frail group versus the non-frail group in the present study (Table 

5.3). Lower regional CBF following bilateral occlusion of the cerebral arteries in rats 

has been associated with increased protein expression of encephalitogenic peptide, a 

demyelination marker [413]. Another mechanism may be related to lower elasticity of 

arteries within the brain. Using MRI and diffuse optical tomography, Chiarelli et al., 

[414] demonstrated lower regional cortical volume and arterial elasticity in older versus 

younger individuals, and the brain regions exhibiting lower cortical volume were 

positively correlated with regions of lower arterial elasticity (r = 0.33; P = 0.017). 

Whether regional differences in CBF and/or arterial elasticity contribute to regional 

brain atrophy in frailty is yet to be determined.  

5.4.3 Regional cortical thickness, gyrification and sulcus depth 

Greater cortical thickness in the paracingulate gyrus was found in the collapsed group 

of pre-frail and frail volunteers versus the non-frail participants in this study (Table 5.4). 

In contrast, a previous report has shown lower cortical thickness in the frontal lobe (the 

area of the brain in which the paracingulate gyrus is located) of pre-frail versus non-

frail individuals [132]. However, this prior work did not perform analysis of sub-
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structures within the frontal lobe to quantify cortical thickness of the paracingulate 

gyrus specifically [132]. This point aside, the paracingulate gyrus is part of the anterior 

cingulate cortex, which is considered to be responsible for cognitive processes such 

as decision making and motivation [415, 416], and regional cortical thinning has been 

linked with cognitive decline, in an 8 year longitudinal study [131]. These authors 

reported greater cortical thinning in cognitively impaired older adults in regions such 

as the parahippocampal gyrus (t = 3.99; P < 0.0001) and insula (t = 4.31; P < 0.0001) 

when compared to healthy controls [131], which differs from the greater cortical 

thickness in the paracingulate gyrus in the collapsed group of pre-frail and frail females 

of this study. However, the paracingulate gyrus has been shown to exhibit a high 

degree of morphological interindividual variability in size [417], with previous research 

reporting that the length of this region can vary between < 20 mm in some individuals 

and > 40 mm in others [418]. These interindividual differences may contribute to the 

divergence in findings reported here.  

This study represents the first investigation of cortical gyrification and sulcus depth in 

the trajectory to frailty. Gyrification refers to the amount cortical surface folding, which 

is proposed to occur to increase the cortical surface area within the confines of the 

skull, thus increasing the number of neurons and neuronal connectivity [133]. As such, 

gyrification has been strongly correlated with cortical surface area (r = 0.92; P < 0.001) 

[134]. Studies have demonstrated an inverse association between age and regional 

gyrification in regions such as the pre-frontal cortex (r = -0.13; P = 0.0004) and 

negative associations between regional gyrification and cognitive function (r = -0.13; 

P < 0.0003) [135]. Lower gyrification was observed in the parahippocampal gyrus and 

frontal medial cortex in the collapsed pre-frail and frail volunteers versus the non-frail 

volunteers in the present study (Table 5.6), which are brain regions involved in 
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memory and cognition. Whilst these findings may reflect impaired cognitive ability in 

frail individuals [138], associations between cognitive function and gyrification have 

not been fully explored in the context of frailty. Interestingly, greater gyrification was 

observed in the angular and middle temporal gyrus of the collapsed pre-frail and frail 

volunteers versus the non-frail volunteers in the current study (Table 5.5), which may 

reflect greater cortical surface area in this region. Given global and regional gyrification 

has been reported to decline with age [419], these findings of greater regional 

gyrification may seem difficult to rationalise. However, greater gyrification in regions 

such as the prefrontal cortex, despite lower gyrification in other brain regions, has been 

reported in older versus young individuals [419] and may be related to the greater rate 

of WM versus GM atrophy in older adults [420].  In essence, given the majority of WM 

is evident in subcortical regions, greater atrophy of WM may cause the cortical surface 

(i.e., the GM) to buckle and thus increase gyrification.  

Studies of ageing have highlighted lower sulcus depth (i.e., shallower sulci) in older 

versus middle aged individuals in cross-sectional studies [421], and a reduction in 

sulcus depth of the parieto-occipital region in a 5-year longitudinal study of older adults 

[136]. Similarly to gyrification, deeper sulci are postulated to improve neuronal 

connectivity through increased cortical surface area [133]. In the present study, lower 

sulcus depth was observed in several brain regions in the collapsed pre-frail and frail 

group versus the non-frail group, with the greatest differences in sulcal depth observed 

in the postcentral and precentral gyrus (Table 5.8). The postcentral gyrus contains the 

primary somatosensory cortex which is responsible for processing proprioceptive 

signals [396] and the precentral gyrus is the location of the primary motor cortex and 

the origin of several motor pathways such as the corticospinal tract [422]. Shallowing 

of sulci may therefore relate to lower proprioception [408] and motor function 
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performance [423] in frail individuals. However, there is scarce evidence in the 

literature investigating relationships between sulcus depth and motor function, 

particularly in longitudinal study designs. Studies have however shown that sulcus 

depth is related to cognitive impairment by demonstrating lower sulcus depth in 

cognitively impaired individuals versus healthy controls [137]. Therefore, the lower 

sulcus depth in brain regions associated with cognitive function, such as the 

supramarginal gyrus (Table 5.8), observed in the pre-frail and frail group in this study 

may be related to cognitive impairment in frail individuals.  

The mechanisms underlying changes in gyrification and sulcus depth are poorly 

established. The “axon tension” theory is one proposed explanation of age-related 

changes in gyrification [424], which postulates that tension within axons of the WM 

pulls of the walls of the cortex to create folds (i.e., gyrification) and that damage to 

axons could lead to reduced tension and decreased gyrification. Evidence for this 

theory is provided by in vivo animal models demonstrating that neurons generate 

tension [425] and when tension is relaxed, neurons retract [426]. Consequently, 

damage of WM microstructure (which is made up of axons) during ageing [427] has 

been theorised contribute to reduced gyrification. As such, WM microstructure damage 

has been highlighted by greater mean diffusivity in frail versus non-frail individuals 

[119], which may contribute to lower gyrification through the loss of axonal tension.  

Regarding mechanism of lower sulcus depth, a positive correlation between cortical 

thickness and sulcus depth (r = 0.67; P < 0.01) has been demonstrated in older adults 

[428], suggesting that cortical thinning may contribute to shallowing of sulci. This 

theory is plausible as sulcus depth is measured as the difference from the cortical 

surface and the cerebral hull, thus thinning of the cortex would logically lead to 

shallower sulci. As such, this study noted lower cortical thickness in the collapsed pre-
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frail and frail volunteers versus the non-frail group (Figure 5.7 E), which may therefore 

underpin the lower sulcus depth in the pre-frail and frail volunteers. 

5.4.4 Associations between brain structure and physical function measures 

This study observed numerous positive and negative associations between physical 

function measures and GM volume, WM volume, gyrification and sulcus depth (Table 

5.11 - Table 5.35). The positive associations between regional GM volume and 

handgrip strength (Table 5.11), and the negative associations between regional GM 

volume and time taken to complete the 4.57m walk test (i.e., slower walking speed) 

(Table 5.13), are in line with a previous study showcasing associations between lower 

GM and lower handgrip strength and walking speed [116]. This study demonstrates 

that regional WM volume and cortical surface measures (i.e., gyrification and sulcus 

depth) are also associated with functional performance across the progression to 

frailty. Furthermore, this study demonstrated knee extensor isometric strength and 

work output are related to brain structure parameters in the transition to frailty.  

5.4.4.1 Handgrip strength 

GM volume in the superior frontal gyrus (T = 4.57; P < 0.001; Table 5.11) and WM 

volume in the inferior temporal gyrus (T = 5.72; P < 0.001; Table 5.18) exhibited the 

strongest positive associations with handgrip strength. Interestingly, in a four-year 

longitudinal study, decline in knee extensor peak torque was positively correlated with 

decline in GM volume of the superior frontal gyrus (r = 0.49; P = 0.01) and the inferior 

temporal gyrus (r = 0.50; P = 0.011) in older adults [429]. These findings reinforce that 

atrophy of these brain regions may be associated with poorer physical function in frail 

individuals. Gyrification within the postcentral gyrus was also positively associated with 

handgrip strength in the present study (T = 3.67; P < 0.001; Table 5.25). Given the 
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postcentral gyrus is the location of the somatosensory cortex and is responsible for 

processing sensorimotor signals (i.e., proprioception) [406], this association is 

perhaps not unexpected, particularly as greater gyrification is postulated to increased 

neuronal connectivity through a greater amount of cortical surface area [134]. In 

keeping with this, individuals with greater functional connectivity between the motor 

cortex and postcentral gyrus have been shown to exhibit greater handgrip strength 

[430], suggesting greater processing of proprioceptive signals may underpin the 

positive association between gyrification and handgrip strength in the present study.  

5.4.4.2 Time taken to complete the 4.57m walk test 

GM volume in the lateral occipital cortex (T = 5.54; P < 0.001; Table 5.13) and WM 

volume in the middle temporal gyrus (T = 5.63; P < 0.001; Table 5.20) showed the 

strongest negative associations with time taken to complete the 4.57m walk test, 

suggesting atrophy in these regions is associated with slower walking speed. These 

brain regions are involved in cognitive processes such as object recognition and 

language processing [385, 386, 394, 395], which indicates that cognition may be 

related to slower walking speed in frail individuals. Similarly, gait variability has been 

negatively associated with GM volume in the middle temporal gyrus in older individuals 

with mild cognitive impairment [431] and a previous study in frailty has observed 

negative associations between GMV volume in several brain regions involved in 

cognitive processes, such as medial pre-frontal cortex, and walking speed [125]. 

Impaired cognition is thought to be related to walking performance due to declines in 

attention and awareness of surroundings [432]. For example, lower performance on 

cognitive measures of attention have been associated with disrupted gait and balance 

[433, 434]. Therefore, lower brain volumes in regions involved in cognitive processes 
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may contribute to slower walking speed in frail individuals through negative effects on 

attention and awareness during walking.  

Assessments of cognitive function would have been useful to further investigate the 

potential relationships between physical function and brain volumes in regions 

responsible for cognition in frail individuals. For example, regression analysis could 

have been expanded to determine associations between GM and WM volumes and 

scores from cognitive tests, and subsequently to investigate if the brain volumes in 

regions exhibiting significant associations with physical function were also associated 

with cognitive function scores. This analysis would help elucidate the potential impact 

of cognition on physical function in frail individuals. Participants in this study underwent 

cognitive function testing with the Montreal Cognitive Assessment (MoCA) 

questionnaire. However, due to the significant allocation of time and resources to the 

analyses of the large body of physiological and physical function data gathered, the 

MoCA data were not analysed for inclusion in this thesis. These data have been 

archived and present an interesting area for further research to determine the 

associations between brain volumes, physical function and cognition in frail 

individuals.  

5.4.4.3 Knee extensor isometric strength and work output 

Several strong positive associations were observed between regional brain structure 

parameters and knee extensor measures. GM volume in the frontal pole (T = 4.51; P 

< 0.001; Table 5.14) and WM volume in the postcentral gyrus (T = 4.49; P < 0.001; 

Table 5.21) showed the strongest positive associations with knee extensor isometric 

strength, whilst GM volume in the lateral occipital cortex (T = 4.74; P < 0.001; Table 

5.16) and precentral gyrus (T = 4.49; P < 0.001; Table 5.16) exhibited the strongest 
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positive associations with knee extensor work output. These findings suggest that 

greater brain volumes in several regions are associated with greater strength and 

lower fatigability of the knee extensors. The positive association between GM volume 

in the precentral gyrus and knee extensor work output is interesting as this brain region 

contains the primary motor cortex and is the origin of several motor pathways such as 

the corticospinal tract [422]. Therefore, the atrophy of this region may contribute to 

lower work output in frail individuals by disrupting neural connections in motor 

pathways. The mechanisms by which this may occur are poorly understood. However, 

previous studies of frailty have reported negative associations between GMV in motor 

related areas of the brain, such as the cerebellum (T = 4.40; P < 0.05) [116] and slower 

walking speed, and a previous longitudinal study has highlighted that atrophy of the 

primary motor cortex is associated with declines in walking speed (regression 

coefficient: 0.121; P = 0.003) in older adults [435]. These findings reinforce that 

atrophy within motor related areas of the brain may contribute to functional decline 

during frailty.  

5.4.5 Cerebral blood flow 

This study found no differences in resting CBF between non-frail, pre-frail and frail 

states (Figure 5.18 B) or between the collapsed pre-frail and frail group and non-frail 

group (Figure 5.19 B), indicating that frailty is not associated with changes in resting 

CBF measured in the supine state. Considering the lack of previous CBF 

measurements in the frailty literature, comparisons are difficult to make. A previous 

report demonstrated no differences in global grey matter perfusion in non-frail, pre-

frail and frail individuals when assessed with ASL MRI [143]. ASL MRI measurements 

quantify whole brain blood perfusion by magnetically labelling and tracing arterial 

blood across the whole brain, which differs from the PC-MRI measurements of CBF 
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within the cerebral arteries adopted in the present study, but these measures are 

directly related. The lack of differences in cerebral perfusion between healthy and frail 

states reported by Kant et al., [143] reinforces that resting cerebral haemodynamics 

are not altered in frailty. CBF has been shown to be linearly related to cardiac output. 

For example, both CBF and cardiac output has been shown to decrease when 

standing up [436] and increase following albumin infusion [437]. Meng et al., [438] 

collated data from 5 studies and demonstrated that changes in cardiac output and 

CBF are linearly correlated (R2 = 0.89). Cardiac index was no different between non-

frail, pre-frail and frail females in the present study (Chapter Three – Figure 3.6 E), 

which may therefore underpin the lack of differences observed in CBF across these 

groups.  

There was a trend for lower cerebral artery blood velocity in the collapsed group of 

pre-frail and frail females compared to the non-frail group in this study (Figure 5.19 

A). This may be deemed consistent with a prior study highlighting lower mean blood 

flow velocity of the cerebral arteries in frail versus non-frail individuals when assessed 

by transcranial Doppler ultrasound [156]. A meta-analysis of 28 studies revealed that 

patients with mild cognitive impairment exhibited lower cerebral artery blood velocity 

compared to healthy controls (mean difference: -3.79 cm/s; P < 0.001) [439]. 

Therefore, lower cerebral artery blood velocity may be related to cognitive impairment 

in frail individuals [440]. One mechanism potentially contributing to lower cerebral 

artery blood velocity in frail individuals is greater amounts of sedentary time. In a study 

measuring sedentary behaviour with accelerometry over 7 days in older adults, daily 

sedentary time was negatively correlated with CBF in medial frontal regions of the 

brain, including the middle frontal gyrus (regression coefficient: -0.63; P < 0.01) [441]. 

Over a more acute timeframe, middle aged adults subjected to 4 hours of 
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uninterrupted sitting exhibited a decline in cerebral artery blood velocity relative to 

baseline, whereas counterparts performing 2 minutes of physical activity at 30-minute 

intervals over 4 hours did not exhibit any changes in cerebral artery blood velocity 

[163]. The greater amount of sedentary behaviour exhibited by frail versus non-frail 

individuals [69] may contribute to lower velocity of blood in the cerebral arteries.   

5.4.6 Cerebral venous oxygenation, oxygen extraction fraction and metabolic 

rate of oxygen 

Following the novel application of TRUST MRI, cerebral venous oxygenation, oxygen 

extraction fraction and metabolic rate of oxygen was found to be no different between 

the non-frail, pre-frail, frail and collapsed pre-frail and frail groups in the current work 

(Figure 5.22, Figure 5.23). This is in line with a previous study demonstrating no 

differences in cerebral oxygen saturation between non-frail, pre-frail and frail 

individuals [157]. In this previous study, cerebral oxygenation was determined with 

NIRS measurements which were limited to the left frontal lobe of the brain [157] and 

therefore may be deemed regional assessments of oxygenation. Therefore, the 

assessments of global cerebral oxygenation, permitted with the TRUST MRI method 

adopted herein, furthers insight by indicating that whole brain cerebral oxygenation is 

not altered in pre-frail and frail individuals at rest. Given the lack of differences between 

healthy and frail states in CBF (Figure 5.18) and cardiac output (Chapter Three – 

Figure 3.6 E), in the present study, the lack of differences in cerebral haemodynamic 

parameters such as OEF and CMRO2 seems logical. Furthermore, lower cerebral 

oxygenation [442] and CMRO2 [443] has been shown in Alzheimer's Disease patients 

compared to healthy controls, suggesting neurodegenerative disease may contribute 

to haemodynamic changes in the brain. The volunteers in this study did not present 

any neurodegenerative diseases (Chapter Two – Table 2.1), thus were not susceptible 
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to the potential influence of neurodegenerative disease on haemodynamic 

parameters. Taken together, these findings provide strong evidence that resting 

cerebral oxygenation, OEF and CMRO2 are not associated with frailty.  

It is important to note that volunteers in the current study were assessed at rest and in 

a supine position. An interesting area for further research may be performing similar 

cerebral haemodynamic measurements during conditions of physiological stress, such 

as exercise. A physiological stress stimulus may induce physiological changes 

differently in healthy versus frail individuals, particularly as frailty is defined by a 

disruption in homeostasis [252]. In this way, similar CBF velocity between young and 

older individuals has been observed at rest, but during exercise a blunted elevation in 

the older versus young participants was seen [444]. Furthermore, cerebral oxygen 

saturation has been found to be similar at rest in non-frail, pre-frail and frail individuals, 

however following orthostasis a negative association between frailty severity and 

cerebral oxygen saturation was observed (t = -2.77; P < 0.05) [157]. Therefore, 

differences in cerebral haemodynamics between healthy and frail individuals may be 

manifested better under conditions of physiological stress.  

5.4.7 Conclusion 

This study evidenced multiple morphological differences within the brain across the 

frailty trajectory, including lower global GM and WM volumes, and greater global WMH 

volume. In regional analyses, lower GM and WM volume was observed in multiple 

regions of the brain in a collapsed group of pre-frail and frail volunteers compared to 

non-frail volunteers. The greatest differences in GM and WM volume were evident in 

the postcentral gyrus, frontal pole and lateral occipital cortex, which are brain regions 

responsible for proprioception and cognitive functions, therefore atrophy of these 



289 
 

regions may be related to proprioceptive and cognitive performance in frail individuals. 

In regression analyses, GM and WM volumes in numerous brain regions related to 

motor function and cognition were strongly associated with physical function 

measures, including knee extensor isometric strength and work output, which may 

present as physiological underpinnings of functional deterioration during frailty. This 

study is the first to quantify CBF, OEF and CMRO2 in pre-frail and frail individuals with 

MRI, and revealed no differences in these haemodynamic parameters across healthy 

and frail states, suggesting differences in cerebral haemodynamics do not differentiate 

healthy and frail phenotypes, at least when measured in a resting supine state.  
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Chapter Five Appendices 

Appendix 5.1 - Calculations of coefficient of variation of cerebral artery 2D-

QFLOW parameters 

Table 5.10: Data used to generate coefficient of variation for repeated analysis of 
2D-QFLOW data. 

Parameter Measurement  
#1 

Measurement  
#2 

Measurement  
#3 

Left carotid CSA (mm2) 7.1 7.1 6.9 

Right carotid CSA (mm2) 8.8 9.1 8.8 

Basilar CSA (mm2) 2.5 2.5 2.4 

Mean blood velocity (cm/s) 20.6 20.6 20.5 

Cerebral blood flow (ml/min) 251 252 247 

Grey matter cerebral blood 

flow (ml/min/g) 

24.1 24.2 23.7 
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Appendix 5.2 – Regression analyses of VBM and SBM measures against 

physical function measures 

Appendix 5.2.1 Grey matter 

Positive associations between regional grey matter volumes and handgrip 

strength  

Table 5.11: Regions of grey matter volume exhibiting positive associations with 
handgrip strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The T value 
denotes the magnitude of association, with greater values reflecting stronger 
associations. k denotes the number of voxels (i.e., the volume) of grey matter 
exhibiting the association. L = left hemisphere, R = right hemisphere. 
Brain region X (mm) Y (mm) Z (mm) T  k P value 

R superior frontal gyrus 9 32 54 4.57 1056 P < 0.001 

L middle frontal gyrus  -26 34 24 4.17 321 P < 0.001 

L parahippocampal gyrus -33 -4 -28 4.03 559 P < 0.001 

L frontal orbital gyrus -26 21 -16 3.80 822 P < 0.001 

L occipital fusiform -32 -58 -10 3.88 525 P < 0.001 

L supramarginal gyrus -40 -52 15 3.44 995 P < 0.001 

R parietal lobe  34 -38 44 3.72 126 P < 0.001 

R postcentral gyrus -12 -40 58 3.72 618 P < 0.001 

L postcentral gyrus -21 -30 66 3.59 308 P = 0.001 

L precentral gyrus -36 -22 50 3.56 244 P = 0.001 

R Posterior cingulate  0  -3 39 3.54 521 P = 0.001 

R lateral occipital cortex 42 -63 27 3.38 270 P = 0.001 
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Negative associations between regional grey matter volumes and handgrip 

strength  

No significant negative associations between regional grey matter volumes and 

handgrip strength were observed. 
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Positive associations between regional grey matter volumes and the time 

taken to complete the 4.57m walk test 

Table 5.12: Regions of grey matter volume exhibiting positive associations with 
the time taken to complete the 4.57m walk. X, Y and Z coordinates refer to Harvard-
Oxford Atlas. The T value denotes the magnitude of association, with greater 
values reflecting stronger associations. k denotes the number of voxels (i.e., the 
volume) of grey matter exhibiting the association. L = left hemisphere, R = right 
hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

R angular gyrus 66 -46 26 3.58 179 P = 0.001 

R frontal pole 40 58 -12 3.40 118 P = 0.001 

R postcentral gyrus 10 -34 70 3.22 99 P = 0.002 

L inferior frontal gyrus -58 22 10 3.17 163 P = 0.002 

L insular cortex -32 -21 2 3.07 176 P = 0.002 
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Negative associations between regional grey matter volumes and the time 

taken to complete the 4.57m walk test 

Table 5.13: Regions of grey matter volume exhibiting negative associations with the time 
taken to complete the 4.57m walk. X, Y and Z coordinates refer to Harvard-Oxford Atlas. 
The T value denotes the magnitude of association, with greater values reflecting stronger 
associations. k denotes the number of voxels (i.e., the volume) of grey matter exhibiting 
the association.  L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

L lateral occipital cortex -39 -75 18 5.54 541 P < 0.001 

L parahippocampal gyrus -24 -24 -20 5.52 21180 P < 0.001 

L middle temporal gyrus -40 -52 14 5.27 2337 P < 0.001 

R postcentral gyrus  50 -16 36 4.80 713 P < 0.001 

L middle frontal gyrus  -51 10 38 4.65 1542 P < 0.001 

L cingulate gyrus  -10 -22 40 4.59 2797 P < 0.001 

L frontal pole  -14 50 27 4.33 618 P < 0.001 

R lateral occipital cortex  30 -66 54 3.98 337 P < 0.001 

R occipital fusiform gyrus 18 -74 -8 4.42 183 P < 0.001 

L cuneal cortex -8  -87 14 4.38 188 P < 0.001 

L occipital pole -24 -96 -8  4.05 109 P < 0.001 

L supramarginal gyrus  -57 -48 9 3.83 52 P < 0.001 

L precuneus cortex  -9 -54 9 3.75 131 P < 0.001 

L juxtapositional lobule 

cortex 

-9 -2 45 3.30 66 P < 0.001 

R superior frontal gyrus 6 50 42 3.54 840 P = 0.001 

R frontal medial cortex 4 32 -22 3.40 391 P = 0.001 

L inferior temporal gyrus -50 -45 -16 3.17 79 P = 0.002 

R precentral gyrus 54 2 33 2.87 223 P = 0.004 
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R central opercular cortex 63 0 6 2.83 268 P = 0.004 
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Positive associations between regional grey matter volumes and knee 

extensor isometric strength 

Table 5.14: Regions of grey matter volume exhibiting positive associations with knee 
extensor isometric strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. 
The T value denotes the magnitude of association, with greater values reflecting 
stronger associations. k denotes the number of voxels (i.e., the volume) of grey 
matter exhibiting the association.  L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

L frontal pole -33 56 22 4.51 66 P < 0.001 

R postcentral gyrus 45 -20 51 4.49 457 P < 0.001 

R occipital cortex 28 -57 56 3.83 340 P < 0.001 

R precentral gyrus 57 2 44 3.67 231 P = 0.001 

L middle frontal gyrus  -48 22 32 3.61 207 P = 0.001 

L precentral gyrus  -42 -10 46 3.52 267 P = 0.001 

L frontal pole -20 48 44 3.49 599 P = 0.001 

R occipital gyrus  42 -66 4 3.45 99 P = 0.001 

R anterior cingulate  6 32 15 3.41 985 P = 0.001 

L superior parietal lobe -38 -39 57 3.39 216 P = 0.001 

L angular gyrus  -54 -57 24 3.37 363 P = 0.001 

L parahippocampal 

gyrus  

-26 -28 -15 3.36 812 P = 0.001 
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Negative associations between regional grey matter volumes and knee 

extensor isometric strength 

Table 5.15: Regions of grey matter volume exhibiting negative associations with knee 
extensor isometric strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The 
T value denotes the magnitude of association, with greater values reflecting stronger 
associations. k denotes the number of voxels (i.e., the volume) of grey matter exhibiting 
the association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm)  Z (mm) T k P value 

L inferior frontal gyrus  -51 24 3 3.66 270 P = 0.001 

L insular cortex -27 26 10 3.36 129 P = 0.001 

R precentral gyrus  16  -20 80 3.25 115 P = 0.002 

L inferior temporal gyrus  -63 -24 -30 3.10 55 P = 0.002 

L lateral occipital cortex -30 -78 22 3.01 91 P = 0.003 

R insular cortex 36 -2 12 2.71 50 P = 0.006 

R postcentral gyrus 4 -38 74 2.68 53 P = 0.006 

 

 

 

 

 

 

 

 

 

 



298 
 

Positive associations between regional grey matter volumes and knee 

extensor work output (60°/s) 

Table 5.16: Regions of grey matter volume exhibiting positive associations with knee 
extensor work output at 60 °/s. X, Y and Z coordinates refer to Harvard-Oxford Atlas. 
The T value denotes the magnitude of association, with greater values reflecting 
stronger associations. k denotes the number of voxels (i.e., the volume) of grey matter 
exhibiting the association.  L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

R lateral occipital cortex 24 -58 54 4.74 326 P < 0.001 

R precentral gyrus  57 0 44 4.49 658 P < 0.001 

R superior frontal gyrus  15 34 44 4.25 303 P < 0.001 

L planum temporale -52 -40 14 4.02 500 P < 0.001 

R juxtapositional lobule 

cortex 

12 -2 51 3.85 113 P < 0.001 

L middle frontal gyrus  -46 22 33 3.70 321 P = 0.001 

L paracingulate gyrus -9 12 44 3.48 154 P = 0.001 

R lingual gyrus 8 -74 3 3.46 201 P = 0.001 

L precentral gyrus  -54 3 8 3.44 925 P = 0.001 

R insular cortex 33 24 2 3.40 290 P = 0.001 

L frontal pole -18 45 36 3.40 403 P = 0.001 
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Negative associations between regional grey matter volumes and knee 

extensor work output (60°/s) 

Table 5.17: Regions of grey matter volume exhibiting negative associations with 
knee extensor work output at 60 °/s. X, Y and Z coordinates refer to Harvard-Oxford 
Atlas. The T value denotes the magnitude of association, with greater values 
reflecting stronger associations. k denotes the number of voxels (i.e., the volume) of 
grey matter exhibiting the association.  L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

R precentral gyrus 9  -16 69 3.88 583 P < 0.001 

L frontal pole -9 56 -26 3.52 63 P = 0.001 

L superior parietal lobe -33 -56 45 3.01 68 P = 0.003 
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Appendix 5.2.2 White matter 

Positive associations between regional white matter volumes and handgrip 

strength  

Table 5.18: Regions of white matter volume exhibiting positive associations with 
handgrip strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The T value 
denotes the magnitude of association, with greater values reflecting stronger 
associations. k denotes the number of voxels (i.e., the volume) of white matter 
exhibiting the association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

L inferior temporal gyrus -44 -58 -12 5.72 560 P < 0.001 

R lateral occipital cortex 33 -78 6 4.58 192 P < 0.001 

R lingual gyrus 32` -54 2 4.12 68 P < 0.001 

L middle temporal gyrus -56 -33 -4 3.98 57 P < 0.001 

L frontal pole  -33 46 -9 3.96 58 P < 0.001 

L parahippocampal gyrus  -24 -34 -15 3.75 75 P < 0.001 

R superior parietal lobule  14 -51 60 3.65 228 P < 0.001 

R postcentral gyrus  36 -30 50  3.22 75 P = 0.002 

R intracalcarine cortex 4 -69 10 3.15 54 P = 0.002 

L frontal orbital cortex -12 22 -21 2.91 111 P = 0.003 

L middle frontal gyrus  -36 22 36 2.72 68 P = 0.005 

R cingulate gyrus  14 -40 3 2.70 260 P = 0.006 
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Negative associations between regional white matter volumes and handgrip 

strength  

Table 5.19: Regions of white matter volume exhibiting negative associations with 
handgrip strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The T value 
denotes the magnitude of association, with greater values reflecting stronger 
associations. k denotes the number of voxels (i.e., the volume) of white matter exhibiting 
the association.  L = left hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

L inferior temporal gyrus -50 20 8 3.92 173 P < 0.001 
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Positive associations between regional white matter volumes and the time 

taken to complete the 4.57m walk test 

No significant positive associations between regional white matter volumes and the 

time taken to complete the 4.57m walk were observed. 
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Negative associations between regional white matter volumes and the time 

taken to complete the 4.57m walk test 

Table 5.20: Regions of white matter volume exhibiting negative associations with the 
time taken to complete the 4.57m walk. X, Y and Z coordinates refer to Harvard-Oxford 
Atlas. The T value denotes the magnitude of association, with greater values reflecting 
stronger associations. k denotes the number of voxels (i.e., the volume) of white matter 
exhibiting the association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

R middle temporal gyrus  40 -56 2 5.63 396 P < 0.001 

L frontal pole -26 40 21 5.04 2751 P < 0.001 

L occipital fusiform gyrus  -38 -69 10 4.97 102 P < 0.001 

L occipital pole  -12 -98 -8 4.69 89 P < 0.001 

L lateral occipital cortex -39 -70 28 4.67 168 P < 0.001 

R lingual gyrus 16 -70 0 4.64 760 P < 0.001 

R superior frontal gyrus  12 51 20 4.39 172 P < 0.001 

R precuneus cortex 10 -58 22 4.38 287 P < 0.001 

R frontal operculum cortex  34 22 12 4.17 392 P < 0.001 

R temporal occipital fusiform 

cortex 

45 -44 -16 4.12 50 P < 0.001 

R parahippocampal gyrus  27 -26 -8 4.11 127 P < 0.001 

L cingulate gyrus  -4 -32 40 3.79 712 P < 0.001 

L inferior temporal gyrus  -44 -51 -15 3.73 681 P < 0.001 

L supramarginal gyrus  -46 -48 30 2.91 205 P = 0.003 

R temporal pole  45 12 -32 2.91 52 P = 0.003 
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Positive associations between regional white matter volumes and knee 

extensor isometric strength 

Table 5.21: Regions of white matter volume exhibiting positive associations with knee 
extensor isometric strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The 
T value denotes the magnitude of association, with greater values reflecting stronger 
associations. k denotes the number of voxels (i.e., the volume) of white matter 
exhibiting the association.  L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

R postcentral gyrus  45 -20 51  4.49 61 P < 0.001 

L frontal pole  -33 56 22 4.51 66 P < 0.001 

R lateral occipital cortex  28 -57 56 3.83 340 P < 0.001 

R precentral gyrus  57 2 44 3.67 231 P = 0.001 

L middle frontal gyrus  -48 22 32 3.61 207 P = 0.001 

R cingulate gyrus  6 32 15 3.41 985 P = 0.001 

L superior parietal lobe  -38 -39 57 3.39 216 P = 0.001 

L angular gyrus  -54 -57 24 3.37 363 P = 0.001 

L parahippocampal gyrus  -26 -28 -15 3.36 812 P = 0.001 

R occipital pole  0 -92 -9 3.27 120 P = 0.002 

L planum temporale  -64 -28 16 3.24 108 P = 0.002 

L superior temporal gyrus  -54 -39 12 3.23 73 P = 0.002 

L frontal orbital cortex  -20 24 -14 3.14 99 P = 0.002 
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Negative associations between regional white matter volumes and knee 

extensor isometric strength 

Table 5.22: Regions of white matter volume exhibiting negative associations with 
knee extensor isometric strength. X, Y and Z coordinates refer to Harvard-Oxford 
Atlas. The T value denotes the magnitude of association, with greater values 
reflecting stronger associations. k denotes the number of voxels (i.e., the volume) 
of white matter exhibiting the association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

L inferior frontal gyrus  -51 24 3 3.66 270 P = 0.001 

L insular cortex  -27 26 10 3.36 129 P = 0.001 

L inferior temporal gyrus  -63 -24 -30 3.10 55 P = 0.002 

R precentral gyrus  16 -20 80 3.25 115 P = 0.002 

L lateral occipital cortex  -30 -78 22 3.01 91 P = 0.003 

R postcentral gyrus  4 -38 74 2.68 53 P = 0.006 
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Positive associations between regional white matter volumes and knee 

extensor work output (60°/s) 

Table 5.23: Regions of white matter volume exhibiting positive associations with knee 
extensor work output (60 °/s). X, Y and Z coordinates refer to Harvard-Oxford Atlas. 
The T value denotes the magnitude of association, with greater values reflecting 
stronger associations. k denotes the number of voxels (i.e., the volume) of white matter 
exhibiting the association.  L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

R cingulate gyrus  12 33 14 4.05 167 P < 0.001 

R postcentral gyrus 38 -27 40 3.95 295 P < 0.001 

R supramarginal gyrus  58 -42 22 3.57 131 P = 0.001 

L preceuneus cortex -16 -62 27 3.38 302 P = 0.001 

R superior parietal lobe  26 -48 45 3.36 1264 P = 0.001` 

L lingual gyrus  -15 -81 -2 3.13 130 P = 0.002 

R frontal pole 20 38 38 2.75 50 P = 0.005 

L planum temporale -45 -36 8  2.68 82 P = 0.006 
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Negative associations between regional white matter volumes and knee 

extensor work output (60°/s) 

Table 5.24: Regions of white matter volume exhibiting negative associations with knee 
extensor work output (60 °/s). X, Y and Z coordinates refer to Harvard-Oxford Atlas. 
The T value denotes the magnitude of association, with greater values reflecting 
stronger associations. k denotes the number of voxels (i.e., the volume) of white matter 
exhibiting the association.  L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

L cingulate gyrus  -54 -24 -28 4.84 133 P < 0.001 

L inferior temporal gyrus  -34 -27 62 3.97 57 P < 0.001 

R frontal orbital cortex  42 32 -15 3.26 82 P = 0.002 
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Appendix 5.2.3 Gyrification  

Positive associations between regional gyrification and handgrip strength  

Table 5.25: Regions of gyrification exhibiting positive associations with handgrip 
strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The T value denotes 
the magnitude of association, with greater values reflecting stronger associations. 
k denotes the number of voxels (i.e., the volume) of gyrification exhibiting the 
association.  L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

R postcentral gyrus  32 -25 47 3.67 109 P < 0.001 

R superior frontal gyrus  10 21 71 3.39 236 P = 0.001 

L postcentral gyrus  -55 -20 26 3.28 118 P = 0.001 

R preceneus cortex  10 -58 21 3.15 173 P = 0.002 

R supramarginal gyrus  48 -42 32 2.98 66 P = 0.003 

L superior parietal lobule -15 -57 66 2.96 63 P = 0.003 
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Negative associations between regional gyrification and handgrip strength  

Table 5.26: Regions of gyrification exhibiting negative associations with handgrip 
strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The T value denotes 
the magnitude of association, with greater values reflecting stronger associations. k 
denotes the number of voxels (i.e., the volume) of gyrification exhibiting the 
association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

R postcentral gyrus  55 -19 40 5.37 373 P < 0.001 

L middle frontal gyrus  -44 26 44 3.91 201 P < 0.001 

R middle temporal gyrus  46 -41 5 2.84 89 P = 0.004 
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Positive associations between regional gyrification and the time taken to 

complete the 4.57m walk test 

Table 5.27: Regions of gyrification exhibiting positive associations with the time taken 
to complete the 4.57m walk. X, Y and Z coordinates refer to Harvard-Oxford Atlas. 
The T value denotes the magnitude of association, with greater values reflecting 
stronger associations. k denotes the number of voxels (i.e., the volume) of gyrification 
exhibiting the association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

L inferior frontal gyrus  -38 14 23 3.19 59 P = 0.002 

R superior parietal lobule 22 -46 65 3.08 115 P = 0.002 
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Negative associations between regional gyrification and the time taken to 

complete the 4.57m walk test 

Table 5.28: Regions of gyrification exhibiting negative associations with the time 
taken to complete the 4.57m walk. X, Y and Z coordinates refer to Harvard-
Oxford Atlas. The T value denotes the magnitude of association, with greater 
values reflecting stronger associations. k denotes the number of voxels (i.e., the 
volume) of gyrification exhibiting the association. L = left hemisphere, R = right 
hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

R cingulate gyrus  3 -36 37 3.0 258 P = 0.003 
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Positive associations between regional gyrification and knee extensor 

isometric strength 

No significant positive associations between regional gyrification index and knee 

extensor isometric strength were observed. 
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Negative associations between regional gyrification and knee extensor 

isometric strength 

Table 5.29: Regions of gyrification exhibiting negative associations with knee 
extensor isometric strength. X, Y and Z coordinates refer to Harvard-Oxford 
Atlas. The T value denotes the magnitude of association, with greater values 
reflecting stronger associations. k denotes the number of voxels (i.e., the 
volume) of gyrification exhibiting the association. L = left hemisphere, R = right 
hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

R postcentral gyrus  32 -26 48 3.25 220 P = 0.002 
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Positive associations between regional gyrification and knee extensor work 

output (60 °/s) 

No significant positive associations between regional gyrification index and knee 

extensor work output were observed. 
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Negative associations between regional gyrification and knee extensor work 

output (60 °/s) 

Table 5.30: Regions of gyrification exhibiting negative associations with knee 
extensor work output (60°/s). X, Y and Z coordinates refer to Harvard-Oxford Atlas. 
The T value denotes the magnitude of association, with greater values reflecting 
stronger associations. k denotes the number of voxels (i.e., the volume) of 
gyrification exhibiting the association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

R precentral gyrus  13 -30 62 4.03 166 P < 0.001 

R superior parietal lobe 24 -50 66 3.93 182 P < 0.001 

L precentral gyrus  -7 -27 74 3.80 56 P < 0.001 

R superior frontal gyrus  18 -12 83 3.64 175 P = 0.001 

L postcentral gyrus  -41 -24 69 3.40 184 P = 0.001 

R frontal orbital cortex  30 27 -2 3.19 102 P = 0.002 

L frontal pole -28 61 12 3.04 56 P = 0.003 
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Appendix 5.2.4 Sulcus depth 

Positive associations between regional sulcus depth and handgrip strength  

Table 5.31: Regions of sulcus depth exhibiting positive associations with handgrip 
strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The T value denotes the 
magnitude of association, with greater values reflecting stronger associations. k denotes 
the number of voxels (i.e., the volume) of sulcus depth exhibiting the association. L = left 
hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

L parietal operculum cortex -43 -39 26 3.30 122 P = 0.001 

R postcentral gyrus 36 -30 48 3.15 169 P = 0.002 

L precentral gyrus  -59 -5 48 2.81 71 P = 0.004 
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Negative associations between regional sulcus depth and handgrip strength  

No significant negative associations between regional sulcus depth and handgrip 

strength were observed. 
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Positive associations between regional sulcus depth and the time taken to 

complete the 4.57m walk test 

No significant positive associations between regional sulcus depth and the time 

taken to complete the 4.57m walk were observed. 
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Negative associations between regional sulcus depth and the time taken to 

complete the 4.57m walk test 

Table 5.32: Regions of sulcus depth exhibiting negative associations with the time taken 
to complete the 4.57m walk. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The 
T value denotes the magnitude of association, with greater values reflecting stronger 
associations. k denotes the number of voxels (i.e., the volume) of sulcus depth exhibiting 
the association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T k P value 

R superior frontal gyrus  11 27 52 4.48 238 P < 0.001 

R central operculum cortex  47 -15 23 4.36 174 P < 0.001 

R middle frontal gyrus  37 32 32 4.28 323 P < 0.001 

R superior parietal lobule  27 -45 65 4.09 418 P < 0.001 

L cingulate gyrus  -10 -33 41 3.91 94 P < 0.001 

L precentral gyrus  -6 -21 64 3.83 208 P < 0.001 

L superior frontal gyrus -8 5 64 3.75 121 P < 0.001 

R precuneus cortex  18 -50 37 3.73 136 P < 0.001 

L postcentral gyrus  -11 -45 65 3.24 158 P = 0.001 

R precentral gyrus  11 -21 52 3.20 375 P =0.002  

L middle frontal gyrus  -36 31 44 3.07 52 P = 0.002 

R inferior frontal gyrus  32 30 9 2.82 72 P = 0.004 
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Positive associations between regional sulcus depth and knee extensor 

isometric strength 

Table 5.33: Regions of sulcus depth exhibiting positive associations with knee extensor 
isometric strength. X, Y and Z coordinates refer to Harvard-Oxford Atlas. The T value 
denotes the magnitude of association, with greater values reflecting stronger 
associations. k denotes the number of voxels (i.e., the volume) of sulcus depth exhibiting 
the association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

R lateral occipital cortex 31 -58 71 3.96 153 P < 0.001 

L superior parietal lobule  -21 -44 -42 3.68 59 P < 0.001 

L lateral occipital cortex  -44 -62 49 3.39 73 P = 0.001 

R postcentral gyrus  49 -29 65 3.00 316 P = 0.003 

L superior frontal gyrus  -20 30 56 2.89 89 P = 0.004 
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Negative associations between regional sulcus depth and knee extensor 

isometric strength 

Table 5.34: Regions of sulcus depth exhibiting negative associations with 
knee extensor isometric strength. X, Y and Z coordinates refer to Harvard-
Oxford Atlas. The T value denotes the magnitude of association, with greater 
values reflecting stronger associations. k denotes the number of voxels (i.e., 
the volume) of sulcus depth exhibiting the association. L = left hemisphere, 
R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

L angular gyrus  -49 -56 36 3.68 113 P = 0.001 
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Positive associations between regional sulcus depth and knee extensor work 

output (60°/s) 

Table 5.35: Regions of sulcus depth exhibiting positive associations with knee 
extensor work output (60°/s). X, Y and Z coordinates refer to Harvard-Oxford Atlas. 
The T value denotes the magnitude of association, with greater values reflecting 
stronger associations. k denotes the number of voxels (i.e., the volume) of sulcus 
depth exhibiting the association. L = left hemisphere, R = right hemisphere. 

Brain region X (mm) Y (mm) Z (mm) T  k P value 

L supramarginal gyrus  -50 -49 41 4.06 103 P < 0.001 

L lateral occipital cortex  -27 -69 36 3.95 77 P < 0.001 

L postcentral gyrus  -28 -29 71 3.70 364 P = 0.001 

L superior parietal lobule  -32 -45 53 3.63 228 P = 0.001 

L cuneal cortex  -5 -80 23 2.86 55 P = 0.004 

R postcentral gyrus  4 -32 79  5.05 566 P < 0.001 

R parietal operculum cortex  54 -30 29 4.74 70 P < 0.001 
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Negative associations between regional sulcus depth and knee extensor work 

output (60°/s) 

No significant negative associations between regional sulcus depth and knee 

extensor work output were observed. 
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Chapter Six: Data integration to further insight of the 

physiological phenotype of frailty 

6.1 Introduction 

The experimental Chapters of this thesis have primarily focused on characteristics of 

physiological systems in isolation within the context of human frailty (e.g., the heart, 

skeletal muscle, adipose tissue or brain). Differences in physiological traits, such as 

skeletal muscle volume (Chapter Four) and brain volumes (Chapter Five), between 

non-frail and frail individuals have been identified, some of which are novel and others 

directly in line with previous studies assessing similar characteristics of individual 

organs in frail individuals. However, as outlined in Chapter One – Section 1.5.6, focus 

on individual organs does not seem optimal for characterising the physiological 

phenotype of frailty which manifests at the whole-body level. Indeed, the syndrome is 

likely driven by the simultaneous dysregulation within, and interactions between, 

multiple physiological systems. For example, Fried et al., [245] assessed blood 

biomarker and functional measures in six physiological systems (anaemia, 

inflammation, endocrine, micronutrients, adiposity, and fine motor speed) and 

highlighted that abnormal values in five systems increased frailty risk by 26-fold 

(compared to zero abnormal systems). Adopting alternate measures of physiological 

systems to those assessed by Fried et al., [245], other research groups have also 

demonstrated multisystem dysregulation as a feature of frailty [180, 249]. Despite the 

improved insight provided by these investigations into multisystem dysregulation, 

studies in this area have adopted indirect measures to investigate organ structure and 

function, such as blood biomarkers. Therefore, there is large potential for improving 

insight into the frailty phenotype with direct measures of organ structure and function. 
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In addition to the imprecise measurements adopted in previous studies, the small 

number of outcome measures assessed may be deemed a superficial characterisation 

of the whole body frailty phenotype. For example, most studies have assessed 

multisystem dysregulation in frail individuals on the basis of abnormal values within six 

systems (systems being defined differently each time) [180, 245, 249]. As outlined in 

Chapter One – Section 1.4, the term “phenotype” has been defined as “the observable 

traits of the organism,” which encompasses a wide range of characteristics such as 

morphology, physiology, and behaviour [26]. Therefore the small number of systems 

investigated in previous studies should be expanded to include more measures of 

physiological traits and thus further insight into the frailty phenotype. Moreover, further 

investigation into how different organs and physiological processes interact and affect 

each other is needed to provide greater granularity and thus identify physiological 

targets for longitudinal studies aiming to uncover mechanisms of frailty progression. 

Together, the caveats outlined above provided the rationale for this thesis, and the 

overarching aim was to provide novel insight into the physiological phenotype of frailty 

with the application of robust multi-organ assessment techniques. Therefore, the aim 

of this Chapter was to integrate the structural and functional data gathered in a number 

of organ systems in this thesis to bring further novel insight into the physiological 

phenotype of frailty. 

6.2 Methods 

Correlation analysis was used to determine associations between organ structural and 

functional data and physical function end-point measurements performed in this thesis 

(analysis method detailed in Chapter Two – Section 2.9). Pearson’s linear correlation 

was performed on 25 variables using GraphPad Prism V.9 (GraphPad Software, 

Boston, Massachusetts, USA). Generated r and P values between all variables were 
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then ran through a custom in-house MATLAB code to identify significant positive and 

negative associations between (and within) physiological systems and physical 

function characteristics within matrices. One matrix was created to present P values 

of associations and another matrix was created to present r values, which were 

grouped into: r = >0.35, r = <-0.35 and 0.35< r <-0.35. Variables were grouped into 

physical function characteristics and metrics within four physiological systems: body 

composition, cardiac, brain morphometry, and brain haemodynamics and 

oxygenation. Group comparisons (i.e., non-frail, pre-frail, frail) of all metrics presented 

in this Chapter were outlined in Chapters Three, Four and Five.  

6.3 Results and Discussion 

Results are presented in correlation matrices in Figure 6.1 (showing correlation P 

values) and Figure 6.2 (showing correlation r values).  
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Figure 6.1: Matrix showing P values of correlations between physical function and 
physiological measures collected in this thesis. Colours within small white dashed 
boxes denote P values of correlations between individual parameters. Large white 
dashed boxes are used to guide the comparison of correlation P values between the 
grouped physical function measures (A) and physiological measures grouped by 
specific organs: (B) body composition, (C) cardiac, (D) brain morphometry and (E) 
brain haemodynamics and oxygenation.  BSA; body surface area, CI; cardiac index, 
EF; ejection fraction, gmCBF; grey matter corrected cerebral blood flow, gmCMRO2; 
grey matter cerebral metabolic rate of oxygen, LVMi; left ventricular mass index, OEF; 
oxygen extraction fraction, SVi; stroke volume index. 
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Figure 6.2: Correlation matrix showing r values of correlations between physical 
function and physiological measures collected in this thesis. Colours within small white 
dashed boxes denote r values of correlations between individual parameters. Large 
white dashed boxes are used to guide the comparison of correlation r values between 
the grouped physical function measures (A) and physiological measures grouped by 
specific organs: (B) body composition, (C) cardiac, (D) brain morphometry and (E) 
brain haemodynamics and oxygenation.  BSA; body surface area, CI; cardiac index, 
EF; ejection fraction, gmCBF; grey matter corrected cerebral blood flow, gmCMRO2; 
grey matter cerebral metabolic rate of oxygen, LVMi; left ventricular mass index, OEF; 
oxygen extraction fraction, SVi; stroke volume index. 

 

6.3.1 Associations between physical function and physiological systems 

characteristics 

Considering measures of physical function are currently the most robust end-point 

measures associated with frailty, particular attention should be given to the 

associations between physical function and physiological metrics highlighted in Figure 

6.1 and Figure 6.2. Interestingly, physical function measures (A) were significantly 

related to several body composition (B), cardiac (C) and brain morphometry 

parameters (D). For example, dominant leg fat fraction showed a significant negative 

correlation with knee extensor work output at 180°/s (r < -0.35; P < 0.05), pointing to 

an association between muscle work capability during repeated contractions and 

muscle fat infiltration. A previous study of frail individuals has similarly reported 

significant negative correlations between calf muscle fat fraction and plantar flexion 

exercise duration (r = -0.36; P < 0.05) and maximal oxidative capacity (r = -0.63; P < 

0.001), suggesting greater intramuscular fat may be related to exercise intolerance in 

frail individuals [53]. These findings also support the notions outlined in Chapter Four, 

in that changes in body composition may contribute to functional decline during frailty.  

Whether these association are attributable to reduced physical activity levels or 

positive energy balance is unclear, but given visceral adiposity (the primary site of lipid 
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deposition) was no different between groups it points to a larger role for physical 

inactivity.  

A significant negative association was also observed between global brain WMH 

volume and knee extensor work output at 60°/s (r < -0.35; P < 0.05), highlighting 

potential interactions between brain morphometry and functional decline during frailty. 

Previous studies have demonstrated significant associations between regional brain 

morphometry parameters (e.g., grey matter volume) and physical function measures 

of handgrip strength and walking speed in frail individuals [116, 125]. Similar findings 

were reported in Chapter Five, which outlined strong associations between several 

physical function and regional brain morphometry measures, such as positive 

associations between handgrip strength and GM volume in the superior frontal gyrus 

(T = 4.57; P < 0.001; Chapter Five Appendices, Table 5.11) and WM volume in the 

inferior temporal gyrus (T = 5.72; P < 0.001, Chapter Five Appendices, Table 5.18). 

However, when combining the associations between global brain morphometry and 

physical function outlined in Figure 6.1 and Figure 6.2 with the multiple associations 

between regional GM and WM volume and physical function parameters outlined in 

Chapter Five, this thesis provided evidence that both global and regional alterations in 

brain morphometry may be associated with functional decline in frail individuals. Such 

granularity at a global and regional level of the brain has not been achieved in previous 

studies of frailty, which reinforces the deep phenotyping approach adopted in this 

thesis to provide powerful physiological insight into frailty. Whether or not these are 

causal associations should be a focus of future research. Providing some insight were 

the findings presented in Chapter Five, which demonstrated significant positive 

associations between WM volume in the postcentral and precentral gyri and knee 

extensor isometric strength (Chapter Five appendices, Table 5.21). These brain 
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regions contain the primary motor cortex and are the origin of several motor pathways, 

such as the corticospinal tract [422]. Therefore, atrophy of these regions may 

contribute to lower work output in frail individuals by affecting neural connections in 

motor pathways. 

From a broader perspective, the significant associations depicted in Figure 6.1 and 

Figure 6.2 highlight that physiological traits across several organs are associated with 

functional decline in frailty. For example, in addition to the significant associations 

between physiological system and physical function characteristics outlined above, 

handgrip strength was significantly and negatively associated with myocardial T1 time 

(r < -0.35; P < 0.01) and calf muscle fat fraction (r < -0.35; P < 0.05). These findings 

stress the need for whole body phenotyping investigations when exploring the 

physiological underpinnings and aetiology of human frailty, and that single organ 

assessments represent a reductionist approach to characterising a multifactorial 

syndrome. Future research should investigate physiological traits across multiple 

organs alongside physical function measures in longitudinal study designs. If 

functional decline occurs in tandem with deterioration in physiological characteristics 

(e.g., loss of muscle mass and brain atrophy) over time then these physiological traits 

may be viewed as targets for interventions aiming to improve functional capacity and 

mitigate frailty development in older individuals.  

6.3.2 Brain-Muscle axis 

The correlation matrices highlight significant associations between global brain 

morphometry parameters and body composition measures (groupings B and D in 

Figure 6.1 and Figure 6.2). For example, global GM and WM volume exhibited 

significant positive correlations (r > 0.35; P < 0.01), and global CSF volume showed 
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significant negative correlations (r < -0.35; P < 0.01), with leg skeletal muscle volume. 

This suggests atrophy of skeletal muscle and the brain occurs in tandem in the decline 

into frailty. Previous ageing research has similarly reported positive associations 

between global brain volumes and muscle mass [445], reinforcing that phenotypic 

traits of ageing and frailty may include interactions between the skeletal muscle and 

the brain. Of course, mechanistic insight into these relationships is lacking and 

whether such association is mediated by interactions between these organs requires 

closer scrutiny.  

6.3.3 Cardiovascular and brain haemodynamic traits  

Interestingly, there were no significant associations between cardiac and brain 

haemodynamic metrics (groupings C and E in Figure 6.1 and Figure 6.2). This may 

be surprising as cardiovascular and brain haemodynamic measures, such as CBF, are 

closely correlated. For example, using collated data from 5 studies, Meng et al., [438] 

demonstrated that changes in cardiac output and CBF during exercise are strongly 

correlated (R2 = 0.89). However, the lack of associations between cardiac and brain 

haemodynamic measurements in the current study may be attributed to assessments 

being performed at rest and in a volunteer cohort free from overt disease, thus these 

phenotypic traits may not have been manifested due to the absence of physiological 

perturbation. A limited number of studies have utilised a physiological stressor to study 

cardiovascular and brain haemodynamic responses in frail individuals. NIRS 

assessments have revealed similar cerebral oxygen saturation values at rest in non-

frail, pre-frail and frail individuals, however following orthostasis a negative association 

between frailty severity and cerebral oxygen saturation was observed (t = -2.77; P < 

0.05) [157]. Furthermore, a previous study demonstrated that heart rate 
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measurements performed during walking exercise exhibited stronger associations 

with frailty status compared to resting-state measures [318]. Whilst these studies 

indicate a physiological stress stimulus may better manifest phenotypic traits than 

resting state measures, NIRS does not permit whole brain oxygenation measurements 

and measurements of heart rate could be expanded to other cardiovascular metrics 

(e.g., SV, EF) to improve insight. These considerations provide a strong rationale for 

further research in frail individuals adopting protocols of exercise within an MRI 

scanner with MR compatible ergometers, during which a comprehensive battery of 

MRI scans quantifying dynamic parameters of the heart and whole brain 

haemodynamics would provide powerful insight into the phenotypic traits of frailty.  

6.3.4 Visceral adiposity 

It is perhaps surprising to note that, with the exception of a significant positive 

correlation between EF and visceral adipose tissue volume (r > 0.35; P < 0.05; Figure 

6.1, Figure 6.2), there were no significant associations observed between visceral 

adiposity and any other physiological system measure (grouping B, Figure 6.1, Figure 

6.2). Greater visceral adiposity is a robust marker of poor metabolic health, associated 

with comorbidities across several organs (e.g., type 2 diabetes [360], coronary heart 

disease [361]), which may contribute to the to the multi-morbidity aspect of frailty [362]. 

However, the lack of associations between visceral adiposity and other endpoint 

measures outlined herein (Figure 6.1, Figure 6.2) do not support this theory. Perhaps 

underpinning the lack of associations between adiposity and other endpoint measures 

may have been the low incidence of obesity and diabetes that were observed in the 

participant cohort of this study (Chapter Two, Table 2.1). Of course, the small sample 

size of frail individuals recruited (n = 6) may have contributed to the low incidence of 
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these comorbidities, and larger sample sizes in future studies may provide greater 

insight into relationships between adiposity and other physiological and physical 

function endpoints.  

6.3.5 Novel insight into the frailty phenotype gained by integrating data within 

this thesis 

Perhaps the greatest novel insight into the frailty phenotype shown in this thesis comes 

from the direct measurements of organ structural and functional characteristics. 

Previous studies have mostly adopted imprecise metrics to characterise 

organs/physiological systems. For example, adiposity has been assessed with crude 

BMI and skinfold thickness measures previously [180, 245], whereas the present study 

directly quantified visceral adipose tissue volume with MRI. This improved accuracy in 

measurement techniques provides greater validity to the findings of altered phenotypic 

traits in frail versus non-frail individuals. Another strength of the present study was the 

number of physiological metrics assessed within the whole body phenotype. Previous 

studies have typically adopted metrics to define six physiological systems to determine 

multisystem dysregulation in frailty studies [180, 245, 249] whereas the present study 

assessed 25 variables (Figure 6.1, Figure 6.2). Despite these measures being 

grouped into five systems (i.e., physical function, body composition, cardiac, brain 

morphometry, brain haemodynamics and oxygenation) for some comparisons, 

associations between individual variables were quantified, which produced greater 

granularity regarding how specific measures of organ structure and function are 

interrelated within the frailty phenotype. Of course, a comprehensive characterisation 

of the frailty phenotype would require further expanding of physiological 

measurements across organs and physiological systems. Furthermore, the smaller 
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sample size of the present study (n = 35) versus previous studies (e.g., n = 1754 [249], 

n = 704 [245]) should be considered when interpreting the findings. Nonetheless, the 

insight gained by the current study could be used in future phenotyping studies 

adopting similar multi-organ measurement techniques to more comprehensively 

characterise the phenotype of frailty.  

6.3.6 Conclusion 

The findings of this Chapter demonstrate that the physiological phenotype of frailty is 

primarily characterised by alterations and interactions within the skeletal muscle and 

brain, which may contribute to physical function decline in frail individuals. Alterations 

within the cardiovascular and brain haemodynamic systems do not appear to be 

phenotypic traits of frailty, although this may be due to measurement being made in 

the resting state. In-bore exercise protocols within the MRI scanner may provide 

greater insight into if these metrics present within the phenotype following a stress 

stimulus. By adopting robust assessments of organ structure and function, alongside 

a greater number of associations between physiological variables than previous 

studies, this Chapter has provided novel insight into the multi-organ phenotype of 

frailty and identified several physiological targets for future studies aiming to explore 

interactions between physiological traits of several organs and physical function in frail 

individuals. 
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Chapter Seven: General Discussion 

7.1 Thesis rationale and aims 

Frailty is an age-related syndrome characterised by an increased vulnerability to 

adverse health outcomes and death when compared to the non-frail state [3]. Despite 

considerable knowledge of the negative outcomes associated with this syndrome, the 

physiological characteristics and mechanistic drivers (i.e., the physiological 

phenotype) of frailty are poorly understood. As such, frailty is at present entirely 

operationally defined by way of clinical symptoms and physical functional 

assessments (e.g., handgrip strength), which restricts the identification of 

physiological traits that can be targeted with treatments and interventions to mitigate 

frailty progression. Research studies aiming to improve understanding by investigating 

the phenotypic traits of frail versus non-frail individuals have largely focussed 

investigations on single organs in the human body with imprecise physiological 

measurement techniques, and results have reported conflicting findings. Furthermore, 

some authors have purported that investigations of single organs represent a 

reductionist approach to a syndrome that likely has a complex and multifactorial 

aetiology, and that a multi-organ perspective is more appropriate to illuminate the 

physiological phenotype of frailty [180, 245]. Empirical evidence reinforcing these 

notions has highlighted that frailty is likely concomitant with simultaneous decline in 

numerous physiological systems [249]. For example, in a seminal study of older 

women, Fried et al., [245] assessed blood biomarker and functional measures in six 

physiological systems (anaemia, inflammation, endocrine, micronutrients, adiposity, 

and fine motor speed) and highlighted that abnormal values in five systems increased 

frailty risk by 26-fold (compared to zero abnormal systems). However, current findings 
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from these studies assessing multisystem dysregulation may be compromised by 

imprecise measurements of organ structure and function (e.g., blood biomarkers). 

Therefore, there is large potential for improving insight into the phenotype of frailty with 

the application of robust multi-organ physiological techniques in studies of frail 

individuals. 

The aim of this thesis was to provide novel insight into the physiological phenotype of 

frailty by employing multi-organ assessment techniques and measures of physical 

function in older human volunteers. Particular focus was applied to investigations of 

the heart, skeletal muscle, adipose tissue, neuromuscular system and brain, as these 

systems have been shown to be key mediators of age-related physiological change 

and have been implicated within the frailty phenotype. This multi-organ approach 

aimed to highlight distinct physiological characteristics of frailty, which may be viewed 

as areas for further research into mechanisms of frailty development and targets for 

future interventions aiming to mitigate the syndrome’s development.  

7.2 Summary of main findings  

7.2.1 Cardiac structure and function in pre-frailty and frailty 

In Chapter Three, resting cardiac MRI revealed no differences in structural (e.g., left 

ventricular mass, aortic CSA) or functional (e.g., stroke volume, cardiac output) 

cardiac parameters between non-frail, pre-frail and frail females, indicating structural 

and functional differences within the cardiovascular system do not differentiate the frail 

versus non-frail phenotypes when measured in a supine state at rest. Novelty in this 

Chapter was presented through the first study of MRI techniques to quantify cardiac 

metrics in pre-frail and frail individuals, which improves the validity of findings 

compared to previous studies adopting echocardiography protocols, given MRI is less 
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prone to patient- and operator-related variance [183-185]. Furthermore, the majority 

of previous studies have adopted mixed sex participant samples, which likely 

introduced variance to the data due to sex differences in cardiac morphology and 

function [299]. As such, with the application of MRI within an all-female group, the 

present study provides greater insight into cardiac characteristics in pre-frail and frail 

individuals.  

7.2.2 Body composition, neuromuscular characteristics and muscle function in 

pre-frailty and frailty 

Chapter Four detailed investigations into body composition, neuromuscular, and 

physical function characteristics in non-frail, pre-frail and frail females. The main 

findings included lower skeletal muscle volume of the dominant leg and lower 

functional quality, isometric strength, work output and neuromuscular control of the 

knee extensors in pre-frail and frail versus non-frail females, but no differences in 

intramuscular or visceral adipose tissue volume between groups. The lower skeletal 

muscle volume observed in the pre-frail and frail groups likely underpinned the lower 

isometric strength exhibited by these groups, as these functional measures are 

dictated by muscle mass. Interestingly though, the lack of differences in intramuscular 

and visceral adipose tissue volume between groups suggests greater adiposity is not 

underpinning the lower muscle metabolic quality observed (i.e., lower knee extensor 

functional quality and work output capacity) in pre-frailty and frailty, and points to 

deconditioning of the muscle as an alternate driver of reduced muscle quality in frailty. 

A loss of mitochondrial content and/or function may underpin this deconditioning of the 

muscle, which should be explored in future research. The finding of poorer 

neuromuscular control of the knee extensors in the pre-frail and frail groups also 
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provides insight into functional impairments during frailty, as poorer neuromuscular 

control has been linked to slower walking speed [286] and greater risk of falls [353]. 

By combining robust MRI-derived body composition measurements with multiple 

functional assessments indicative of skeletal muscle strength, neuromuscular control 

and metabolic quality, this study provides insight into the physiological underpinnings 

of diminished functional capacity during frailty. 

7.2.3 Brain morphometry, haemodynamics and oxygenation in pre-frailty and 

frailty 

In Chapter Five structural and resting haemodynamic measures of the brain were 

investigated in non-frail, pre-frail and frail using MRI, with several novel findings 

reported. Lower regional grey and white matter volumes and differences in cortical 

folding were observed in frail compared to non-frail volunteers. The greatest 

differences in regional grey and white matter volume were evident in the postcentral 

gyrus, frontal pole and lateral occipital cortex, and atrophy of these regions may be 

related to reduced proprioceptive and cognitive performance in frail individuals. In 

regression analyses, grey and white matter volumes in numerous brain regions related 

to motor function and cognition were strongly associated with physical function 

measures, including knee extensor isometric strength and work output. Interestingly, 

this indicates that, in conjunction with motor processes, cognitive processes may also 

be related to functional decline in frailty. Finally, the MRI measures of functional and 

haemodynamic measures of the brain including CBF, OEF and CMRO2, revealed a 

lack of differences between groups, suggesting frailty is not characterised by 

differences in resting cerebral blood flow and oxygen utilisation compared to the non-

frail state in the supine resting state. By combining assessments of multiple global and 
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regional structural and functional parameters of the brain, this Chapter provided more 

comprehensive insight into the physiological characteristics of the brain in frailty 

compared to previous studies focusing on individual structural parameters (e.g., grey 

matter volume).   

7.2.4 Data integration to further insight of the physiological phenotype of frailty 

By integrating the physiological and physical function data presented in the 

experimental Chapters of this thesis, Chapter Six revealed numerous significant 

associations between measures of physical function and organ structure and function 

traits. Physical function characteristics were significantly associated with several body 

composition, cardiac and brain morphometry parameters. These findings indicate that 

functional decline, the hallmark characteristic of frailty, may be underpinned by 

deterioration in physiological characteristics across multiple organs. Significant 

associations were also observed between skeletal muscle volume and brain 

morphometry parameters, indicating interactions between these organs may be key 

contributors to the physiological phenotype of frailty. Given the direct assessments of 

organ structure and function with MRI, alongside a greater number of associations 

between physiological variables than previous studies, this Chapter provided novel 

insight into the multi-organ phenotype of frailty, thus identifying several targets for 

future studies aiming to further explore interactions between physiological traits as 

features of the frailty phenotype. 

7.3 Strengths of this research  

The main strength of this thesis was the multi-organ approach adopted to investigate 

the phenotype of frailty, this involved MRI-derived physiological assessments of 

multiple organs alongside measurements of neuromuscular and physical function. 
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This approach has provided greater insight compared to the majority of previous frailty 

studies focusing investigations on single organs (e.g., the heart or skeletal muscle). 

For example, lower skeletal muscle volume was observed alongside lower isometric 

strength of the knee extensors in pre-frail and frail versus non-frail females (evidenced 

in Chapter Four), indicating that skeletal muscle atrophy may underpin functional 

impairments during frailty. Similarly, in Chapter Five, grey and white matter volumes 

were strongly associated with physical function measures, which suggests that 

atrophy of the brain may also contribute to functional impairments in frail individuals. 

Furthermore, the direct measurements of organ structure and function utilised herein 

provide greater validity to findings from previous studies that have adopted imprecise 

measurements of organ characteristics (e.g., blood biomarkers) to investigate 

multisystem dysregulation during frailty [245]. The present study therefore provides 

novel and valid evidence that frailty is associated with physiological differences in the 

skeletal muscle and brain compared to the non-frail state.  

The use of MRI in this study provides greater validity compared to previous studies of 

frailty assessing cardiac and skeletal muscle characteristics. MRI is considered the 

gold standard modality for assessment of cardiac structure and function, and Chapter 

Three provides greater validity of findings compared to the majority of previous studies 

of frailty that have assessed cardiac parameters with echocardiography [179, 181]. 

Measurements of skeletal muscle volume with MRI are also considered the gold 

standard, due to the method’s excellent accuracy compared with cadaver analysis (r 

= 0.99) [46]. The use of MRI to quantify whole muscle and IMAT volume of the lower 

limbs in Chapter Four improves insight compared to previous frailty studies performing 

body composition assessments with less precise DEXA and BIA measurements of 
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lean mass [42, 43], and estimations of skeletal muscle and IMAT CSA with imaging 

techniques [49, 53].  

The all-female sample of participants adopted in the present study is a strength 

considering many of the physiological parameters are reportedly influenced by sex, 

such as skeletal muscle volume [28], cardiac structure and function measures [299] 

and brain volume [122]. This reinforces that sex stratification of participants prior to 

analyses is a key consideration when designing physiological research studies with 

frail participants. The all-female sample adopted herein is an improvement in study 

design compared to the majority of previous studies, for example two previous studies 

assessing similar cardiac parameters as the present study used a mixed sex sample 

with the proportion of males with frailty of 51% [179] and 30% [180]. The combination 

of sexes potentially imparts variation into these data, and limits comparisons between 

studies due to potential differences in the magnitude of sex-related variance.  

7.4 Reflective considerations  

The low number of frail individuals recruited in the present study (n = 6) should be 

considered. The low statistical power in the frail group may have contributed to the 

larger variance observed in some of the physiological parameters assessed (e.g., 

aortic blood flow; Figure 3.9). It is possible that a greater sample size would have 

reduced this variance and therefore different outcomes for these metrics. Recruitment 

of frail individuals in this study proved difficult, perhaps due to the recruitment setting 

of outpatient clinics. It became clear during recruitment that frail older people do not 

often present to in-person clinics, with many consultations occurring over the phone 

due to difficulties in patient mobility and feasibility of transportation to the hospital. 

Recruitment from a community setting (e.g., local general practitioners and care 
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homes) may have been more appropriate to access individuals living with frailty that 

were not able to attend hospital clinics. Although transport to the laboratory and 

performance of physiological testing may be difficult in care home residents with very 

low functional capacity, which makes physiological research using specialist 

equipment (e.g., MRI scanners) difficult. Of course, recruitment of frail individuals 

remains a difficulty for many other research studies, with reports of low enrolment and 

high drop-out rates of frail older individuals in research studies [446, 447]. Further, 

previous physiological research studies note a much lower number of frail versus non-

frail individuals in participant samples. For example, in a study of 484 older individuals, 

only 12 were identified as frail [132], and in a study assessing frailty within the UK 

Biobank data, 4% of individuals were classified as frail [123], which reinforces the 

difficulty of recruiting large sample sizes of frail individuals, despite the increasing 

prevalence of frailty in the UK ageing population [448]. Considering frailty is associated 

with a wide and varying array of presentations, many factors could potentially act as 

barriers to participation. In studies exploring these barriers, a lack of perceived benefit, 

poor health and mobility problems have all been identified as reasons for lower 

recruitment of frail individual to research studies [449]. Indeed, during recruitment for 

the present study, mobility limitations and poor health were acknowledged by many 

potential participants as reasons not to participate, with individuals expressing an 

inability to perform the functional assessments (e.g., knee extension strength and 

iEMG testing), apprehension in transportation to the laboratory setting, and 

manoeuvring into the MRI scanner, as reasons for refusal to participate. The current 

study was also observational in nature, which may have been viewed as little benefit 

to potential participants. From the perspective of physiological research, recruitment 

of frail individuals into studies employing multi-organ assessments may also be 
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hindered by the high prevalence of comorbidities in this demographic [362]. Individuals 

with certain comorbidities are likely to be excluded due to the potential effects of these 

existing conditions influencing physiological parameters separately to frailty. 

Nonetheless, this study showed that in-depth multi-organ physiological assessments 

are feasible within the frailty demographic, and the fact that significant differences 

were observed between non-frail and frail groups for several metrics suggests 

adequate power was achieved. Previous studies have also highlighted strategies to 

improve recruitment and retention of frail individuals in research studies, which include 

establishing a partnership with staff that participants know and trust [449]. This calls 

for greater collaboration between clinical staff, that are known to potential participants, 

and research staff to make the patient feel at ease with participation.  

The demographic characteristics of the sample adopted in this study may be deemed 

somewhat atypical of the wider ageing population in the UK. For example, in the ELSA 

cohort of 5,087 older females (mean age: 66 years), 46% presented with hypertension 

and 44% with arthritis [359]. In the current study, hypertension was reported in 29-33% 

and arthritis in 20-21% of non-frail and pre-frail females (Chapter Two – Table 2.1). 

The lower rates of hypertension in females in the current study versus the ELSA cohort 

suggest the current sample were relatively robust regarding cardiovascular function, 

which may have contributed to the lack of differences in cardiovascular characteristics 

between non-frail and frail states detailed in Chapter Three. Furthermore, BMI values 

in the non-frail and frail females in the present study (mean: 23.3 kg/m2; Chapter Two 

– Table 2.1) were lower than those observed in a sample of 265,988 older females in 

the UK Biobank (27.0 kg/m2) [450], which may have underpinned the similar IMAT and 

visceral adipose volume values observed between groups in Chapter Five. Of course, 

the lower sample size (n = 35) of the current study versus these previous population-
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based cohorts likely contributed to these discrepancies in demographic 

characteristics, and greater recruitment would have likely reduced this variance. 

Whilst the all-female sample in the present study was a strength in terms of variance, 

male individuals and the physiological phenotype of frailty in males was not studied. 

Frailty is more prevalent in females than males [251], and this may be underpinned by 

differences in physiological presentations and mechanisms causing frailty 

progression. Ideally, future studies should assess male and female participants 

separately in analyses to overcome potential sex-related variance in the data. Whilst 

accounting for both males and females may make the already difficult task of recruiting 

adequate numbers of frail individuals into research studies more difficult, it is a 

fundamental consideration to ensure validity of findings by reducing variance external 

to frailty.  

One consideration of the present study concerns the cross-sectional study design. 

Functional and physiological phenotyping assessments were performed only once, 

providing associational evidence with little insight into whether the physiological 

differences observed between healthy and frail states are indeed related to frailty 

progression over time. A longitudinal study design would have been required to provide 

this insight. It should be noted that a longitudinal study was outside the scope of this 

thesis, and studies gathering physiological data within longitudinal study designs are 

rare within the context of frailty research. This is perhaps due to the vulnerable nature 

of frail individuals and the fact that this demographic may be approaching the end of 

life. Promisingly, large scale research databases such as the UK Biobank [451] contain 

longitudinal data regarding frailty status, which has been used to investigate 

associations between frailty severity and structural brain parameters (e.g., grey matter 
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volume) derived from MRI [123]. Furthermore, prospective studies using baseline 

physiological measurements have been used to provide associations between 

differences in structural brain measures (e.g., greater WMH volume and lower cortical 

thickness) and incidence of frailty when assessed at follow up [132, 146]. Whilst these 

studies are limited by prospective designs (i.e., physiological assessments performed 

only at baseline), they indicate that longitudinal investigations are possible with frail 

volunteers.  

Importantly, the present study provides several physiological end-point measures that 

should be investigated in future longitudinal studies of frailty. For example, given the 

observations of lower skeletal muscle volume in the pre-frail and frail versus non-frail 

volunteers in this study, future studies should determine if skeletal muscle volume 

declines in tandem with frailty progression over time. If so, loss of skeletal muscle 

volume may be deemed a contributing factor towards frailty progression and 

subsequent interventions could be designed to increase muscle volume and 

potentially mitigate frailty development. The temporal relationship between frailty and 

changes in brain structure parameters should also be investigated further in 

longitudinal studies, considering the findings of lower grey and white matter volumes 

and greater WMH volume in pre-frail and frail versus non-frail volunteers in the present 

study. Ideally, future longitudinal investigations should perform multi-organ 

phenotyping assessments in frail individuals, similarly to the present study, to provide 

insight into which tissues are key mediators of physiological decline and therefore 

important targets for interventions. 

In Chapter Five, regression analyses were performed to determine associations 

between regional brain volumes and handgrip strength and walking speed, which 
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revealed strong associations between these physical function measures and GM and 

WM volumes in several brain regions. It should be noted that low handgrip strength 

and walking speed were used to define frailty status, as proposed by the Fried Physical 

Frailty Phenotype [17]. Therefore, the likelihood of handgrip strength and walking 

speed being associated with brain volumes in frail individuals may have been 

increased as the groups were primarily defined using these physical function 

measures. Nonetheless, strong associations were also observed between regional 

GM and WM volumes and other physical function measures that were not utilised to 

define frailty (i.e., knee extensor isometric strength and work output), reinforcing the 

conclusion that lower brain volumes may be related to diminished physical function in 

frail individuals.  

7.5 Future directions 

7.5.1 Additional measures for multi-organ phenotyping 

A logical next step for research is the inclusion of other physiological systems into 

multi-organ investigations of the frailty phenotype. As outlined in Chapter Two, Section 

2.8.9, this study collected data from several MRI sequences to quantify metrics such 

as cerebral perfusion and white matter microstructural integrity from DTI, but these 

were not analysed for inclusion in this thesis. Therefore, in future adding these 

measures will provide a more comprehensive characterisation of the physiological 

characteristics of the brain in frail individuals. Furthermore, whilst this study 

purposefully focussed on major organs associated with physiological changes during 

ageing, alterations within other organs may also contribute to the frailty phenotype. 

Whole body MRI scanners allow multiple organs to be studied in a single ~1 hour scan 

session and the choice of organs could be expanded. Other research groups have 
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also started to explore the physiological characteristics of frailty using multi-organ MRI, 

with preliminary data highlighting interstitial fibrosis within the liver and skeletal muscle 

in frailty [303]. Similar metrics of organ size and volume can in future be analysed 

using the data gathered in this study, as well as measures of liver T1 mapping to 

similarly investigate fibrosis. This reinforces that MRI is well suited to investigate multi-

organ physiology in studies of frailty, given the wide range of measures available to 

this modality, and can be adopted to investigate other organs that may contribute to 

the frailty phenotype.  

7.5.2 Physiological modelling 

In tandem with this expansion of MRI measures, physiological modelling approaches 

are likely to provide greater insight into the physiological phenotype of frailty. These 

approaches utilise physiological data gathered from several organs to create a 

statistical model by which interactions between organ characteristics can be 

quantified. This modelling approach would provide greater insight than investigations 

of single organs and tissues, which have been adopted in the majority of frailty studies 

to date, in conjunction with providing much greater physiological insight than studies 

assessing multisystem dysregulation by inferring complex organ physiology from 

imprecise blood biomarkers.  

7.5.3 Investigations performed during conditions of physiological stress 

The lack of differences in cardiac (Chapter Three) and cerebral (Chapter Five) 

haemodynamic parameters between non-frail and frail states may be attributed to 

measurements being made in the resting supine state. As outlined in Chapter One, 

Section 1.6, dynamic measurements made during conditions of physiological stress 

have been identified as potentially more insightful methods of characterising the 
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physiological phenotype of frailty, compared to resting state assessments, on the basis 

that the syndrome is defined as a dysregulation of homeostasis [252]. Furthermore, 

changes in haemodynamic parameters are known to occur across several organs 

during exercise, such as an elevation in cardiac output and cerebral blood flow [255], 

indicating that a stress stimulus induces a different physiological state to the resting 

condition at a multi-organ level, which is appropriate given the evidence of multi-organ 

dysregulation as concomitant with frailty. Future work should therefore perform 

physiological assessments during conditions of physiological stress, such as exercise, 

to investigate dynamic characteristics of the frailty phenotype. MR compatible 

ergometers are now available for the measurement of dynamic physiological 

parameters within multiple organs during in-bore exercise, which could be utilised 

within the context of frailty. A small number of studies have performed investigations 

of skeletal muscle PCr hydrolysis during and following plantar flexion exercise using 

31P MRS in frail individuals, and have highlighted greater rates of PCr hydrolysis during 

exercise and longer PCr recovery times following exercise in pre-frail and frail versus 

non-frail individuals [53, 262]. Although dynamic measurements of other key organs, 

such as the heart and brain, are yet to be explored during conditions of physiological 

stress within the context of frailty. Nonetheless, these studies demonstrate that 

dynamic physiological measurements performed during a stress stimulus are feasible 

in studies of frailty, which may be a consideration given the older and functionally 

impaired demographic of frail individuals, and should be expanded to investigations of 

other organs. 
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7.5.4 Adherence to frailty assessment criteria 

Frailty assessment tools are fundamental for identifying individuals at greater risk of 

negative outcomes and are extremely valuable in a clinical setting. However, from a 

research perspective, there is a profound requirement for the adoption of standardised 

frailty assessment criteria in studies of frailty. One issue concerns the large number of 

instruments available for the identification of frailty, with a systematic review 

evidencing that 67 different frailty assessment methods have been cited in the 

literature [21]. In the present study, the Physical Frailty Phenotype assessment [17] 

was adopted as this has been identified as the gold standard criteria [10], and it has 

been demonstrated that this method is the most frequently adopted assessment within 

the frailty literature [21]. Despite this supposed adoption of the same method across 

studies, authors frequently exclude and modify several components of the assessment 

criteria. For example, some authors have substituted walking speed assessments with 

the timed up and go test to assess the ‘slowness’ criterion [118, 143]. A systematic 

review of 264 studies implementing the Physical Frailty Phenotype method revealed 

that 224 studies performed at least one modification to the assessment criteria, such 

as excluding certain criteria or assessing the ‘weakness’ criterion by questions (e.g., 

ability to lift groceries) rather than handgrip strength tests [250]. In secondary 

analyses, Theou et al., [250] used frailty assessment data available from 2539 older 

individuals and excluded specific criteria from the assessment to determine the effects 

of these exclusions on frailty identification. These exclusions resulted in large 

variations in the prevalence of frailty, for example, when the ‘weight loss’ criterion was 

excluded frailty prevalence was 24% and when the ‘weakness’ criterion was excluded 

frailty prevalence was 13.9% [250]. These findings suggest that modifications to frailty 

criteria are common and may result in the differential identification of frail individuals 
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across studies, thus impacting the validity of comparisons between studies. In 

conjunction with frequent modifications to frailty assessment criteria, some authors 

have also proposed that the Physical Frailty Phenotype [17] and Frailty Index [19] 

methods cannot be used synonymously when identifying frailty, due to differing 

designs and rationales between methods [452]. Accordingly, when the Physical Frailty 

Phenotype and Frailty Index methods were both used to assess frailty status in a 

cohort of 4096 older adults, the prevalence of frailty was demonstrated to be 3.6% and 

34%, respectively [453]. These findings indicate that comparisons of findings from 

studies utilising the Physical Frailty Phenotype versus Frailty Index criteria may not be 

valid as the methods identify frail individuals differently, which is particularly alarming 

considering these methods are the two most cited assessments within studies of frailty 

[21]. Together these findings highlight profound issues in the assessment of frailty in 

research studies at present, which have negative effects on data comparison across 

studies. Adherence to a single assessment method is therefore fundamental to 

achieve valid comparisons and consensus of findings between studies.  

7.6 Conclusion 

Findings of this thesis improved understanding of the physiological phenotype of frailty. 

The robust measurement techniques employed to investigate several organs provided 

greater validity to previous findings demonstrating dysregulation in multiple 

physiological systems during frailty. Novel assessments of several organ parameters 

were performed, such as cardiac T1 mapping and oxygen utilisation of the brain, which 

improved understanding of the physiological characteristics of these organs in frail 

individuals. Furthermore, by integrating physiological and physical function data, 

characteristics of body composition, the heart and the brain were shown to be 

associated with physical function in frail individuals. This integration of physical 
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function data with intricate physiological variables across multiple organs has not been 

achieved previously, which provided much needed insight into the potential 

underpinnings of functional decline during frailty. In particular, the phenotype of frailty 

seems to be primarily characterised by alterations and interactions within the skeletal 

muscle and brain, which may contribute to physical function decline in frail individuals.  

Several physiological targets have been identified for further assessment in studies 

employing a stress stimulus (e.g., exercise) to manifest differences in dynamic 

parameters between non-frail and frail states, which is key in understanding the 

dysregulation in homeostasis that is central to frailty. Furthermore, this thesis has 

identified a research pathway to inform on the design of longitudinal studies to 

determine the physiological changes underlying frailty progression. 
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