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ABSTRACT 

 Generalized health declines and concomitant comorbidities will become an increasing 

concern for an aging population. Specifically, the burden of frailty and its associated health 

complications, including cardiovascular disease, is becoming a critical health concern. Frailty is 

a multifactorial physiological decline that increases vulnerability to health stressors. There are 

many different means of assessing frailty, but there is agreement on its ability to predict adverse 

health outcomes including hospitalization, the onset of comorbidities such as cardiovascular 

disease, and mortality.  

Blood-based biomarkers have been suggested as a means of identifying frailty declines 

earlier, facilitating a better understanding of the pathophysiological decline seen in frailty, and 

offer a potential means of therapeutic intervention. Specifically, myokines, muscle-derived 

cytokines involved in inter-organ communication, have emerged as potential biomarkers of both 

frailty and cardiovascular disease given the deterioration in muscle health seen in these 

populations and the suspected associated physiological effects of myokines in relation to these 

declines. This dissertation investigates the association of myokines and bone metabolism analytes 

with frailty and associated cardiovascular disease risk through a series of studies utilizing both 

univariable and multivariable analyses.   

Following an overview chapter, Chapter 2 of this thesis discusses the application of frailty 

assessment to the clinical setting. This context is important to explain the variety of frailty 

assessments currently available and their utility in a variety of settings to contextualize where 

biomarkers of frailty could fit into health promotion strategies for older adults.  

Chapter 3 and 4 examine the association of univariable systemic myokine concentrations 

related to muscle and bone health to phenotypic frailty status and cardiovascular disease risk 

status using data from a cohort study examining novel cardiovascular disease risk factors. These 

works identified the immune modulating fractalkine/CX3CL1 as being associated with frailty, 

potentially indicating early immune dysregulation. IL-6, IL-15, TNF, myokines associated with 

inflammation, and Leptin, which plays a role in metabolism, were associated with cardiovascular 

disease risk. These results support expert opinion and prior works examining myokine association 

with aging.   

Chapter 5 utilizes a multivariable design to examine myokines associated with frailty in 

a larger data set analyzed from the WARM (Women’s Advanced Risk Assessment in Manitoba) 



 

iii 

 

Hearts cohort study based on current expert recommendation for both a phenotypic assessment 

of frailty and a frailty index. The stepwise multivariable regression analysis identified BDNF, 

FABP-3, OSM and osteocrin in the model for the frailty index. These data support the association 

of myokines related to inflammation and metabolic function with frailty, as well as with 

cognition. In contrast, only SPARC, a myokine related largely to muscle function and mass, 

added to the model predicting Fried score. 

 These preliminary works support the notion of myokines acting as biomarkers of frailty 

with those involved in inflammation and metabolic function seeming to be most likely to add 

value to such a model. This work also supports the notion that the interplay of multiple myokines 

in a multivariable model did change results from univariable myokine associations, supporting 

expert opinion on the inclusion of a variety of biomarkers as opposed to searching for one 

unifying marker. These myokines could add value to a frailty index incorporating biomarkers for 

the detection of early frailty. Future work should further elucidate the physiological role 

myokines regulate in the human body, determine the optimal means of measuring myokines in a 

clinically feasible method, health interventions to modulate their expression and release, and 

clinical outcomes following this modulation.  
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CHAPTER 1: OVERVIEW 

1.1 Aging 

In 2015, the World Health Organization released the World Report on Ageing and Health 

to outline that increases in longevity across the world have also created a progressively aging 

global population.1 The global population is living longer than ever before in a large part due to 

advances in medicine and healthcare. Unfortunately, this increase in lifespan has not always led 

to an increase in ‘health span’ with later years of life often lived in sickness and/or disability.1–3 

While ageing in and of itself is not a disease, it is associated with increased risk for a host 

of chronic diseases.1 Over the past century, infectious and communicable diseases are no longer 

the leading causes of death worldwide, with chronic disease now taking the forefront. In fact, 

chronic diseases were the cause of 71% of deaths worldwide in 2016.4 The relative percentage of 

deaths due to noncommunicable disease is higher in high-income countries at 88% attributable; 

however, 78% of the global burden of noncommunicable disease is in low and middle-income 

countries. More specifically, ischemic heart disease, stroke, chronic obstructive pulmonary 

disease, dementias, lung cancers and diabetes are all amongst the top ten global causes of death.4  

There are many proposed theories of aging that may explain this increased risk for chronic 

disease through systemic physiological dysfunction. These include theories of accumulated 
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oxidative stress,5 cellular senescence,6 epigenetic modification,7 mitochondrial dysfunction8 and 

telomere attrition,9 amongst others. These physiological deficits can accumulate over time, 

leading to a state of dysfunction, functional and quality of life impairments, chronic disease and, 

ultimately, mortality.10,11  

In Canada, it is estimated that the proportion of older adults ≥65 years of age in Canada 

will increase from 18.5% in 2021 to between 21.6-29.8% in the year 2068.12 With this changing 

demographic, the prevalence of noncommunicable diseases will likely increase as will their 

associated precipitating risk factors. Thus, it is of importance to identify effective strategies for 

addressing risk factors that may lead to noncommunicable disease, specifically in older adult 

populations.   

The leading modifiable, common risk factors for premature death due to 

noncommunicable disease include physical inactivity, obesity, hypertension and smoking.13,14 

Modifiable risk factors such as these offer an opportunity to potentially reduce the prevalence of 

noncommunicable disease and improve health. With an aging population and healthcare systems 

already facing strains,1 it is critical that effective methods of identifying individuals in the 

population who are at increased risk of health declines are developed to allow for targeted health 

initiatives. Strategies such as these have the potential to ‘compress’ periods of morbidity to the 

end of life, increasing the health span of the population.1,3  

 

1.2 Frailty 

Frailty is now being discussed as a novel risk factor for noncommunicable disease and 

other adverse health outcomes.15–22 Frailty can be characterized by impairments in homeostatic 

maintenance that can lead to a reduced reserve when facing physiological health insults.23 This 

occurs when the dysregulation of multiple physiological systems impair the ability of the body 

to respond to these health stressors as it would in someone who is robust.24  

Frailty can be thought of as a continuum ranging from robust to severe cases of frailty22 

with increasing dysregulation and increasing risk for adverse outcomes across this spectrum. 

Considered an intermediary stage on this continuum, pre-frailty precedes frailty and increases the 

risk of further frailty progression by up to four-fold over a three to five year period.15 The 

corollary of individuals living with pre-frailty maintaining more homeostatic reserve compared 
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to their peers living with frailty is that they are thought to be more likely to recover from 

physiological insults they may face.25 

The prevalence of frailty in the population is dependent on the tool used to assess it and 

the population being assessed, but examination of the Canadian Health Measures Survey found 

prevalence ranging from 7.8% to 20.2% in those 65 years of age or older.26 A systematic review 

and meta-analysis done on the prevalence of frailty in 62 countries in 1,755,497 subjects ≥50 

years of age found a prevalence of 12% to 24% depending on the tool used. Despite frailty being 

distinct from chronological aging, its prevalence is higher in older adults.26–28 As well, there is a 

higher prevalence of frailty in females despite their greater longevity.27–30 While this paradox is 

not fully understood, it is thought to likely be multifactorial with both sociocultural and biological 

drivers.29,30 With an aging population, the prevalence of frailty is expected to rise.31 

Frailty is an independent predictor of adverse outcomes such as hospitalizations,15 falls,15 

a variety of comorbidities15,21,32,33 and mortality.21,27,33 Thus, frailty assessment has been 

suggested for use in care triage and planning.34 In fact, in a cohort of 493,737 from the UK 

Biobank, pre-frailty and frailty were associated with odd ratios (OR) of 1.32 (1.30-1.34) and 2.27 

(2.12-2.42), respectively, for having one comorbidity present.33 These ORs were drastically 

increased to 3.31 (3.21-3.42) and 27.1 (25.3-29.1) for pre-frail and frail individuals, respectively, 

once looking at the presence of four or more comorbidities. Often described as an assessment of 

biological age, it has been suggested that frailty may provide more value in clinical assessment 

of risk for chronic disease, as compared to chronological age.35 Aging is a heterogenous process 

and, as such, frailty acts as a better measure of health and is more strongly associated with 

comorbidity.36 With increasing recognition of the role that psychosocial factors can also play in 

health, psychosocial factors such as depression,37 strained financial resources38 and living 

alone39,40 have also been implicated in the health declines seen in frailty.41  

 

1.2.1 Frailty in Primary Care 

Primary prevention, defined as identifying risk for chronic disease in advance of its 

presentation, is the most cost-effective method of avoiding the health and economic costs of 

chronic disease.42 Focusing on secondary or tertiary prevention is less cost-effective and can lead 

to patients living with reduced quality of life for extended periods of time, reducing their 

healthspan.3,11 With an aging population presenting with increasingly complex health situations 
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it is difficult to adequately screen for a wide variety of factors that might place one at risk for 

specific adverse outcomes. A pragmatic approach might be instead to screen for frailty at the 

primary care level in order to identify individuals who may be at risk for a host of adverse 

biopsychosocial outcomes.43–45 Individuals with pre-frailty or frailty could then be identified for 

therapeutic intervention to reduce risk for these outcomes. The potential health burden this 

syndrome places on the population is becoming more understood, as it is a dynamic syndrome 

with many clinical and social consequences.46 From a cost perspective, for example, it is 

estimated that frailty results in an estimated excess cost of 6 billion pounds per year due to 

increase healthcare utilization in the United Kingdom.47 In Canada, frailty status is similarly 

associated with increased healthcare utilization and costs. In a cohort of over 150,000 home care 

recipients in Ontario, frailty was associated with average increased 1-year healthcare costs of 

$10,845 (95% CI $10,112-11,698) per patient in those with dementia and $12,360 (95% CI 

$11,849-12,981) per patient in those without dementia, as compared to their robust peers.48 The 

range of consequences related to the public health burden of frailty again touches on its potential 

role in achieving successful aging.46,49 

 

1.2.2 Pathophysiology of Frailty 

Frailty is associated with a wide range of adverse health outcomes, but the etiology and 

physiological declines that eventually lead to pathology in this population is not fully 

understood.24 In order to better understand the homeostatic imbalances and reduced physiological 

reserve seen in frailty, research has examined associations with factors such as dyslipidemia and 

inflammation in what is commonly referred to as chronic “inflammaging” 50–53 as well as factors 

related to immunosenescence.54 The pathophysiology of frailty is a complex process, which 

makes sense because it represents generalized declines covering a variety of physiological 

systems.55 It is important to also note that frailty is distinct from both comorbidity, the presence 

of medical conditions, and disability, difficulty in performing functions of daily living, although 

there is overlap between these (Figure 1).56 

 



 

5 

 

Figure 1. Frailty, Comorbidity and Disability  

Figure 1 adapted from Fried et al.56 

 

Homeostatic imbalances paired with reduced physiological capacities as insulin 

resistance, chronic inflammation, and other aspects of metabolic syndrome can begin to 

exacerbate each other.57 Wide ranging subclinical deficits that compile over the life course can 

be stressed beyond recovery in the context of a health stressor in an individual living with frailty 

who does not have the capacity to respond to such an event.22  

 

Physical activity and muscle health in frailty 

Declines in muscle mass and/or quality are discussed as being a critical component of 

frailty progression regardless of the assessment methodology domain used.54 Chronic 

inflammation, androgen deficiency and resulting insults to anabolic and catabolic balances can 

result in muscle wasting57 – or what is known as sarcopenia. While muscle loss is a process that 

is thought to naturally occur with chronological aging,58 it is often accelerated in frailty 

progression and can lead to a continually exacerbated cycle of physiological dysregulation and 

functional decline (Figure 2).54  

Playing a concurrent role with reduced muscle mass and quality in frailty is a reduction 

in physical activity.15 These factors often exacerbate each other, as reduced muscle mass/function 

Frailty Comorbidity 

Disability 
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makes performing activity harder, leading to reductions in activity which lead to further 

reductions in muscle (Figure 2).15 Frailty is often associated with lower levels of moderate-to-

vigorous physical activity and more sedentary behavior.59,60 The accumulation of deficits 

associated with physical inactivity develop into what has been described as the “diseasome of 

physical inactivity” – where the body is in a state of shared pathogenic mechanisms that can lead 

to adverse factors such as chronic inflammation through vicious cycles of physiological decline.61 

Importantly, the presence of many of the adverse risk factors associated with physical inactivity 

are also associated with more sedentary behavior, further exacerbating the health declines seen.62 

The recognition of disease states induced through the diseasome of physical inactivity, and its 

more generalized health decline, has led to the examination of factors that may mediate these 

declines. This includes intervention in frailty progression63 and the newly understood action of 

muscle as an active endocrine organ.64 This connection is further supported by the fact that the 

most effective frailty interventions to date are thought to be those that include aspects of physical 

activity.65 Frailty interventions will be discussed further in section 1.3.4. 
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Figure 2. Physical activity, muscle health, and frailty 

 

Figure 2 adapted from Fried et al.15 

 

1.3 Detection of Frailty 

There is no gold-standard frailty assessment method across all clinical contexts. In fact, 

over 50 assessments of frailty have been identified in the literature.66,67 The following section 

will identify major classifications of frailty assessment techniques, and then will discuss two of 

the most used frailty assessment approaches in detail.  

 

1.3.1 Models of Frailty Detection 

 The Comprehensive Geriatric Assessment (CGA) may be the closest to filling the role as 

a gold-standard frailty assessment tool.68,69 A CGA is a interdisciplinary assessment to identify 

health limitations in older adults across a variety of domains such as social, psychological, 

environmental, physical, comorbidities, medications, as just a few examples.70–72 Assessment 

team composition can vary but are typically multidisciplinary with a geriatric specialized 

clinician. The limitation of the CGA is that it is often not feasible in many clinical settings 

because of the thoroughness required for such an assessment. Other models of frailty assessment 
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can be classified into one of three general categories: 1) phenotypic approaches; 2) 

multidimensional approaches; or 3) accumulation of deficits approaches, which are also 

multidimensional. Some of the more commonly used approaches in each of these domains are 

listed in Table 1. Each of these approaches have advantages and disadvantages with efficacy and 

feasibility being balanced to different extents based on the clinical context of their utilization.73,74 

The detection of categorical frailty status has previously been compared between some of the 

most prominent tools in the literature.75,76 While the tools themselves do not agree well on 

categorical assignment of frailty status, likely as they are thought to examine different 

components of frailty, they do all act as predictors of adverse outcomes, and their use should be 

matched to the purpose and setting of assessment.67,73   

 Phenotypic approaches focus on physical, clinically identifiable characteristics to identify 

frailty, such as weight loss, fatigue and low functional ability.15 These models of assessment have 

been critiqued for not being feasible in all settings and for focusing too heavily on solely 

phenotypic attributes of frailty while ignoring a large holistic picture of health with additional 

biopsychosocial aspects.77 For example, many of these assessments rely on testing such as gait 

speed or grip strength assessments, which are not feasible to collect in all medical settings due to 

restrictions of the physical space, acuity of the patient presentation, and unfamiliarity with this 

type of testing.  

As we gain knowledge on the potential importance of psychosocial domains in frailty,78 

it is thought that these factors should also be included into an assessment of frailty.78 Frailty 

assessments built on multidimensional aspects focus on this wider variety of biopsychosocial 

health aspects in an attempt to look at frailty in a more holistic picture. The accumulation of 

deficits models, described as frailty indices, assess through examining an accumulation of deficits 

(i.e. sign, symptoms, disabilities, diseases and laboratory tests) that may be present in an 

individual.22 The main critiques of frailty indices are the sometimes lengthy questionnaires and/or 

plethora of information required to create these assessments that may not be feasible in some 

settings or with a lack of information depending on the components included.79 Although, frailty 

index (FI) models have been created that rely on lab values,80 or routinely collected electronic 

health records to ease this process,81 for example. Models of deficit accumulation have also 

received the critique that their creation could potentially include factors that are non-modifiable 

or may represent factors that represent disability, not frailty.  
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Table 1. Common Frailty Assessments 

Assessment Name Brief description Citation 

Phenotypic  

Fried Frailty Phenotype 

(FFP) 

Assesses five phenotypic domains: 1) muscle 

weakness; 2) slow walking speed; 3) low 

physical activity levels; 4) unintentional 

weight loss; 5) self-reported exhaustion 

Fried et al., 200163 

FRAIL Scale 
Assesses five criteria via questionnaire: 1) 

fatigue; 2) resistance; 3) ambulation; 4) 

illness; 5) loss of weight 

Van Kan et al., 200882 

Short Physical Performance 

Battery 

Assesses objective balance tests, a gait speed 

test and a chair stand test 
Guralnik et al., 199483 

SHARE-FI 

Validated alternative to Fried that assesses 

similar criteria (weight loss is replaced by 

appetite and slowness is replaced by 

functional limitation) 

Romero-Ortuno et al., 

201084 

Multidimensional  

Comprehensive Geriatric 

Assessment (CGA) 

Detailed assessment of medical, 

psychosocial and functional independence 
Parker et al., 200870 

Edmonton Frail Scale 

Brief screening interview that assesses 

cognition, general health status, functional 

independence, social supports, medication 

use, nutrition, mood and continence. 

Rolfson et al., 200644 

Essential Frailty Toolset 
Recommended for use in cardiovascular 

surgery – assesses chair stand, cognitive 

impairment, hemoglobin and serum albumin 

Afilalo et al., 201785 

Hospital Frailty Risk Score 

(HFRS) 

Uses ICD-10 codes to create a risk score 

through pre-existing routinely collected 

patient data. 

Gilbert et al., 201886 

Accumulation of deficits  

Frailty Index (FI) 

Ratio between zero and one constructed by 

counting the number of existing deficits 

divided by the total number of deficits 

measured 

Searle et al., 200887 

FI-Lab FI created using common clinical and 

laboratory tests 
Blodgett et al., 201780 

Electronic FI (eFI) Uses routinely collected data in electronic 

health records to create an FI 
Clegg et al., 201681 
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Biomarker-based FI (FI-B) FI using 40 biomarkers of inflammation, 

immunosenescence and aging. 
Mitniski et al., 201588 

 

1.3.2 Fried Phenotype of Frailty 

 One of the most widely used models of frailty,89 the Fried Frailty Phenotype63 (FFP) was 

developed by Dr. Linda Fried using data collected from the Cardiovascular Health Study.90 The 

FFP assesses five phenotypic aspects of frailty. Those being: 1) muscle weakness; 2) slow 

walking speed; 3) low physical activity levels; 4) unintentional weight loss; and 5) self-reported 

exhaustion. In her initial cohort, Fried found that creating cutoffs based on the lower quintile of 

the cohort in each of these aspects could create a scoring system that was able to identify 

individuals at risk for falls, hospitalization and mortality. Total scores for this assessment range 

from 0 to 5 (i.e. 0 = robust; 1-2 = pre-frail; ≥ 3 = frail) depending on the number of aspects present 

in the participant. Walking speed was originally assessed with the 15-ft walk test with lowest 

quintiles dependent on participant height, although a 5-meter gait speed test is now commonly 

used. Muscle weakness was assessed with a grip strength measure using hand dynamometer with 

cutoffs values stratified by body mass index (BMI) quartiles. Unintentional weight loss is 

assessed by using questionnaire asking, “In the last year, have you lost more than 10 pounds 

unintentionally (i.e., not due to dieting or exercise)?” If yes, then the participant was considered 

frail for this criterion. Exhaustion was assessed using a portion of the Center for Epidemiologic 

Studies – Depression Scale.91 Physical activity was characterized using the Paffenbarger Physical 

Activity Scale (PPAS).92 Based on this methodology, community prevalence has been found to 

be 5.3% in those 18-34 years of age, 5.7% in those 35-49 years of age, 6.9% in those 50-64 years 

of age, and 7.8% in 65+ years of age using data from the Canadian Health Measures Study.26 

International data from 62 countries in persons aged ≥50 years of age identified a frailty 

prevalence of 13% (95% CI 4-25%) using the FFP.28  

 

1.3.3 Rockwood Frailty Index  

 The Frailty Index (FI) model developed by Dr. Kenneth Rockwood is based on examining 

frailty as an accumulation of deficits.22,87 Deficits that have commonly been used in these models 

include clinical signs, symptoms, disabilities, disease presence and laboratory tests. An FI is a 

ratio presented by a value between zero and one that is calculated by counting the number of 
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existing deficits present divided by the total number of deficits assessed. A score of 0.25/1 or 

higher is used to classify an individual as being frail.93 The following criteria are recommended 

when creating an FI:87 (1) the deficit should be related to health status; (2) the prevalence of the 

selected deficits should increase with chronological age; (3) the prevalence of selected deficits 

should not saturate too early nor be collectively present at early ages or absent in older age; (4) 

the selected deficits should represent a broad range of physiological systems, and; (5) the same 

FI should be used serially in a cohort if multiple assessments are planned over time. Typically, 

the inclusion of around 30 variables is recommended for an FI.94 Based on this methodology, 

community prevalence has been found to be 1.8% in those 18-34 years of age, 4.3% in those 35-

49 years of age, 11.6% in those 50-64 years of age, and 20.2% in 65+ years of age using data 

from the Canadian Health Measures Study.26 International data from 62 countries in persons aged 

≥50 years of age identified a frailty prevalence of 24% (95% CI 22-26%) using the FI.28 More 

specific uses of FIs have been introduced in the form of electronic FIs (eFI) using data that is 

commonly included in electronic health records to create a score to be used in primary care,81 FIs 

incorporating common clinical and laboratory tests (FI-Lab),80,95 and an FI-ED96 using data that 

would be readily available in an emergency department presentation, as examples.  

 

1.3.4 Frailty Interventions 

Frailty is characterized by broad physiological declines, thus it is thought that 

multifaceted interventions likely would be the most efficacious approaches for intervention.97,98 

The lack of a consensus on the definition and components have frailty have made it 

difficult to design interventions,17,46 but this is further complicated by the need of different tools 

for different clinical settings to facilitate feasible and purposeful frailty assessment.73,74 

Interventions have shown to benefit individuals living with frailty, but the ideal methodology for 

these interventions has not been identified – although, physical exercise provided in groups and 

nutritional supplementation both received a Level of Evidence of 1a for frailty intervention 

methodologies from a recent, comprehensive systematic review.97 This indicates a strong 

recommendation with a high level of evidence supporting it. These methodologies will likely 

compose critical components of future frailty interventions and have also been supported in other 

subsequent reviews.65 The Canadian Frailty Network recommends a general approach to 



 

12 

 

intervening in frailty trajectories through their AVOID acronym.99 Specifically, they advocate 

for:  

A) Activity: Multicomponent exercise including aerobic, strength, balance and flexibility 

training are recommended for frailty intervention.100,101 While they are not specific to frailty, 

Canada’s Physical Activity Guidelines (CPAG) for Older Adults102 currently recommend 150 

minutes of MVPA per week in bouts of ten minutes or more with at least two days per week of 

strength activities and balance training to prevent falls. Meeting the Canadian 24-hour movement 

guidelines103 is associated with lower frailty prevalence.60 Newer research points to the fact that 

physical activity in bouts of any length likely have a positive effect on health.100 Multicomponent 

physical activity interventions are currently seen as being one of the most effective methods of 

intervening in frailty progression.97 Reducing sedentary time should also be considered to prevent 

frailty progression as increased sedentary time is associated with higher frailty levels.59,104 

V) Vaccinate: Immunosenescence leads to immune dysregulation, which is often found in 

association with frailty.105 Thus, frail individuals often present with an inability to fight off 

infection, placing increasing importance on receiving up to date vaccinations, such as the annual 

influenza vaccine, or receiving booster vaccinations, such as Tdap (tetanus, diphtheria and 

pertussis), in order to prevent complications and declines in health associated with infection.99  

O) Optimize medications: Polypharmacy has been associated with increased risk for developing 

frailty in a dose-response relationship.106 Trying to optimize medication intake and examining 

potential interactions between drugs can help to prevent confusion, poor nutrient absorption 

and/or dizziness.99 

I) Interact: Holistic medicine through an additional focus on both psychosocial aspects of health, 

beyond just the biological, has received increasing recognition in the field of frailty.78,107 

Cognitive and emotional impairments may play critical roles along with physical deficits as 

frailty is supposed to describe a syndrome effecting health in a broad, multidimensional fashion.77 

D) Diet and nutrition: Malnutrition, an unintentional nutrition intake imbalance,108 is a risk 

factor associated with frailty109 as it can lead to sarcopenia and dynapenia in older adults.110,111 

Specifically, maintaining an adequate intake of protein112 and vitamin D in those who are 

deficient17 is strongly recommended. 

 

1.4 Cardiovascular Disease 
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  Cardiovascular disease (CVD) can be used to describe disease or injury of the various 

parts of the cardiovascular system: the heart, the blood vessels of the heart and the vasculature 

throughout the rest of the body. Globally, CVD is the leading cause of death, representing 45% 

of all non-communicable disease deaths.113 The majority of this burden is faced by low and 

middle-income countries,114 but CVD is still the second-leading cause of death in Canada115 and 

the leading cause of hospitalization.116 Approximately 2.4 million Canadians 20 years of age or 

older live with diagnosed heart disease117 with an associated economic burden of $20.9 billion.118  

The incidence of CVD has decreased over the past decade, as has the death rate of those with 

CVD,117 but this will continue to carry a significant health burden with an aging population and 

increasing prevalence of obesity and diabetes – factors that are associated with CVD risk.119 

While there are many distinct etiologies for CVD that can lead to pathological progression 

through a variety of routes, this thesis document will focus on chronic CVD that is typically 

developed through the development of atherosclerosis – vessel narrowing due to plaque build-up 

leading to ischemia. 

 

1.4.1 Pathophysiology of Cardiovascular Disease 

 Chronic CVD develops over a long period of time due to accumulated damage and insults 

to the various components of the cardiovascular system.114 The most typical pathological 

development of chronic CVD is through the development of damage and plaque accumulation in 

arteries – also known as atherosclerosis.120 Processes of oxidation and inflammation over time 

can cause damage to the arterial wall – composed of the intima, media and adventitia. This 

process can be aggravated through stressors like shear forces, toxins and excess systemic 

glucose.121 Damage to the endothelium leads to increased permeability and low-density 

lipoprotein (LDL) deposition which, in turn, causes further release of inflammatory markers. 

These markers signal monocyte infiltration leading to the development of macrophages that 

phagocytose the LDL creating foam cells. This is what is known as the development of “fatty 

streaks”. Later in the process, smooth muscle cells from the media migrate and proliferate in the 

subintima. The build-up of these plaques in this high inflammatory process can lead to partial 

occlusion of the vessels leading to ischemia downstream.120 Vulnerable plaques with thin fibrous 

caps can also rupture leading to thrombosis and the potential for development of emboli that can 

cause infarction when arteries supplying vital organs like the heart or brain are occluded.122 The 
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process of atherosclerotic development is the leading cause of CVD121 as it can lead to clinical 

outcomes like acute coronary syndromes, peripheral artery disease, and stroke.122 

 The development of the atherosclerotic process can be aggravated by the presence of 

biological and behavioral risk factors.114 The development of seminal longitudinal studies, like 

the Framingham Heart Study, has led to drastic improvements in our understanding of what 

precipitating factors lead to CVD pathological progression. Typically, these risk factors are 

divided into those that can be modified or managed with either lifestyle modification or 

pharmaceutical intervention and those that are non-modifiable. CVD risk factors commonly 

discussed in the literature that can be managed or modified include hypertension, diabetes, 

obesity, dyslipidemia, depression, physical inactivity, alcohol intake, smoking and poor diet.123–

126 Non-modifiable risk factors include advanced age, genetic predisposition, gender and 

sex.120,121 The presence of or differences in these risk factors can lead to increased odds for the 

presence of inflammatory and oxidative processes that exacerbate the atherosclerotic process.121 

 There are a variety of different cardiovascular pathologies that derive from different 

physiological processes, although they share many of the same risk factors and same etiologies 

or can be the result of earlier infarction or ischemia.127 These include clinical outcomes such as 

heart failure, valvular diseases or cardiac electrical issues. These clinical outcomes can either be 

a cause of or be a result of cardiac damage due to ischemia and infarction.127 Congenital CVD 

would be a structural deficiency in the heart, the cardiac valves or the predominant vasculature 

that is present from birth.128 

 

1.4.2 Assessing Cardiovascular Disease Risk 

 An increased understanding of risk factors for CVD has led to the development of risk 

screening tools for use in the primary care setting. Currents efforts in Canada, as recommended 

by the Canadian Cardiovascular Society,129 focus on the use of the Framingham Risk Score (FRS) 

which was developed through analysis of the data collected in the Framingham Heart Study.130 

Longitudinal data on the Framingham cohort was used to create a multivariate risk factor 

algorithm designed to assess 10-year risk for coronary artery disease, stroke, peripheral artery 

disease, heart failure and cardiovascular mortality.131 The variables used in the risk calculation 

are described in Table 3. The scoring system used for the FRS through the Canadian 

Cardiovascular Society is described in Appendix 1.  



 

15 

 

 

Table 2. Framingham Risk Score 

FRS Variables 

Sex Age 

Systolic blood pressure Treatment for hypertension 

Smoking status Presence of diabetes 

High density lipoprotein Total cholesterol 

Risk classification (10-year risk %) 

Low risk (<10%)  

Intermediate risk (≥10% and < 20%)  

High Risk (≥20%)  

 

The American College of Cardiology and the American Heart Association have also 

developed the Atherosclerotic Cardiovascular Disease (ASCVD) risk score to assess risk for 

myocardial infarction or stroke.132 This score includes the same factors as the FRS but with the 

addition of race as a variable. The European Society of Cardiology has also developed its own 

risk score called the Systematic Coronary Risk Evaluation (SCORE).133 This risk assessment tool 

uses the same variables as the FRS but examines total cholesterol and high-density lipoprotein 

(HDL) as a ratio and adds country of origin as an additional factor. This tool is only used to 

predict the percentage risk of cardiovascular mortality over a ten-year period.  

Methods of improving the above global CVD risk scores have been suggested, such as 

the use of the modified FRS by the Canadian Cardiovascular Society.134 This modification 

involves doubling the risk percentage of an individual from the original FRS if they are between 

the age of 30 and 59, if they do not have diabetes and if they have a history of premature CVD in 

a first-degree relative (before 55 years of age for men or 65 for women). Current global CVD 

risk scores have biomarkers in their composite scores, such as HDL and total cholesterol, but a 

variety of novel individual biomarkers of CVD risk have been identified in the literature.135 These 

have included measures associated with inflammation, thrombosis or of the presence of abnormal 

lipids. The interest in identifying relevant biomarkers for CVD risk assessment also led to the 

American Heart Association releasing a statement on the topic to outline standards for novel 



 

16 

 

biomarker evaluation.136 Specifically, this document emphasizes the importance of assessing 

biomarkers based on patient management and outcomes. Some of the novel biomarkers identified 

in the literature are outlined in Table 4. While some of these measures are used in private medical 

facilities, they have yet to receive regular use in the clinical setting due to some barriers to use 

that still exist – namely, cost, a lack of definite therapeutic options to address the abnormal 

biomarker and a lack of understanding of ideal target levels for these new biomarkers. 

 

Table 3. Novel biomarkers of cardiovascular disease 

Inflammation-related biomarkers 

High sensitivity C-reactive protein (CRP); 

Fibrinogen; Interleukin-6 (IL-6); Tumor 

necrosis factor-α (TNF-α) 

Thrombosis-related biomarkers 
Homocysteine; Lipoprotein-associated 

phospholipase 2 

Lipid-related biomarkers 
Lipoprotein markers; Cholesteryl transfer 

protein; Coronary artery calcium 

Arterial health biomarkers 
Flow mediated dilation; Pulse wave 

velocity; Carotid intima-media thickness 

Blood pressure-related biomarkers 
Ankle-brachial index; Central blood 

pressure 

 

1.4.3 Cardiovascular Disease and Women 

Cardiovascular disease is the number one cause of premature death in women in 

Canada.137 In fact, the top three causes of death for women in Canada are ischemic heart disease, 

stroke and heart failure.138 Despite this, it is commonly perceived that CVD is a ‘man’s 

disease,’139 although there is increasing recognition that women also have a high burden of 

CVD.138  

Men and women are known to have differences in the pathophysiological processes 

leading to CVD.140 Women are typically at lower risk for developing CVD, as compared to men, 

until after menopause.141 As compared to the average onset of CVD in men, this occurs 10-15 

years later in women as a result at approximately 60-65 years of age,142 thought potentially 

secondary to the protective effect of estrogen in pre-menopausal women.139 Unfortunately, the 



 

17 

 

lack of focus on CVD as a significant cause of premature mortality in women has led to adverse 

systemic outcomes including underrepresentation in cardiovascular clinical trials.143 As such, 

improvements in care related to new knowledge in the area has not translated into similar 

improvements in diagnosis, treatment or prevention of CVD in women.138,144 These deficits have 

led to women suffering from acute MI being more likely to die or have a subsequent 

cardiovascular event as compared to men.145 

Traditional risk factors do not affect men and women the same way and the 

implementation of clinical care practices incorporating these differences to benefit the 

cardiovascular care of women has been a slow process.140 Women have been underrepresented 

in CVD research.138 The disparity in women’s cardiovascular health information is typically 

defined by a series of “unders”: 1) under awareness; 2) under diagnosis; 3) under treated; 4) under 

support; and 5) under researched.146 Research and health practice should work to improve 

awareness for both women and clinicians and strive to improve prognostic tools in this population 

through better understanding of the unique pathophysiological processes.138 Thus, it is critical 

that research is done to gain a better understanding of the unique biopsychosocial factors that 

impact women’s health and the pathophysiological differences in their development of CVD. 

Current methods used to assess CVD risk in Canada, the FRS, underestimates the risk of 

women experiencing an acute MI144,147 with as much as 80% of women being deemed low risk 

but having subsequent acute MIs.148 Thus, there is a need for refined tools to identify women at 

early risk for CVD. As a further example of differences in CVD progression in women, 

researchers have previously noted widespread differences in concentration of biomarkers of CVD 

between sexes. For example, biomarkers of inflammation, metabolic dysregulation and adiposity 

may contribute more to the development of pathophysiological mechanisms in disease 

progression in women.149,150  

 

1.4.2 Frailty and Cardiovascular Disease 

The prevalence of both frailty and CVD increases with advancing age, but this 

relationship goes beyond merely an association – while still not fully elucidated, the progression 

of both clinical outcomes is thought to share many pathophysiological processes, such as 

mitochondrial dysfunction, impaired muscle homeostasis, and chronic inflammation.57,151 Given 

this, frailty assessment has been suggested as a means of improving CVD risk management by 
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incorporating it as an additional vital sign.35,152 Biological age may be a more important indicator 

of CVD risk than chronological age.35  

The commonality between the pathophysiological process of frailty and CVD does not 

come as a surprise as they share many common risk factors153 - poor nutrition,154 smoking,155 

poor weight control,156 lack of physical activity,59 sedentary behaviour,104 and 

multicomorbidity.151 These associated conditions are thought to act bidirectionally with each 

increasing risk for the other, but there is still a poor understanding of the pathophysiology 

connecting frailty and CVD.157 Components such as chronic inflammation158,159 and 

immunosenescence160 likely play roles in this shared physiological decline.151 

Our previous work has identified that pre-frail and frail women had odds ratios of 2.11 

(95% CI, 1.60-2.78) and 4.55 (95% CI, 2.60-7.94), respectively, for having an intermediate to 

high risk FRS compared to their peers in a cross-sectional analysis.161 This finding is supported 

by longitudinal studies that have identified increased risk for CVD morbidity and mortality in 

pre-frail and frail men and women, as compared to their robust peers. In a cohort of 154,696 

participants with a mean age of 70.8 years, Farooqi et al. found that individuals with frailty 

identified with an FI had a higher risk of CVD morbidity (IRR 1.97; 95% CI 1.85-2.08) and CVD 

mortality (HR 1.91; 95% CI 1.77-2.05) as compared to robust over a median 3.2 years.20 

Furthermore, the FI used was better able to discriminate those who had incident CVD events (C-

statistic 0.60; 95% CI 0.60-0.61) compared to the FRS (C-statistic 0.58; 95% CI 0.57-0.58), a 

tool specifically designed to do so. When the FI score was combined with the FRS, the 

discriminatory ability of the tests improved (C-statistic 0.66; 95% CI 0.66-0.67). These findings 

are similarly supported by an analysis of over 3 million veterans in the United States that found 

frailty severity by FI was increasingly associated with CV mortality and CV major events (HR 

7.9; 95% CI 6.2-10.3 for severe frailty) and that this was independent of the presence of CV risk 

factors.18 Data drawn from the English Longitudinal Study of Ageing on 5294 participants 

examined the ability of 35 different frailty scores to identify those at risk of CVD, and found that 

23 of these scores were significantly associated with the incidence of CVD over a 7-year follow-

up.21 Generally, the accumulation of deficits approach performed the best, even after controlling 

for a wide variety of CVD risk factors. These findings strongly emphasize the risk for CVD in 

frail individuals and speak to the concomitant processes of physiological decline that must be 

monitored to better identify morbidity risk for older adults. The opposite directionality has also 
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been previously found with individuals with a higher FRS being at increased risk of incident 

frailty over a four-year follow-up (OR 2.15; 95% CI 1.68-2.75)162 and patients with heart failure 

have also been found to be at increased risk (HR 2,7; 95% CI 1.5-5.1) for incident frailty over a 

median follow-up of 8.4 years.163 

As our population ages, the concomitant prevalence of frailty and CVD will become an 

increasing concern for the health of the population.46,57 The prevalence of frailty is high in those 

with CVD, specifically in women, and specifically in those with heart failure or valvular 

disease.164 Regardless of the severity of existing CVD, frailty confers a 2.5-3.5 fold increased 

risk for mortality in these patients.164 Traditional risk factors and prediction models for CVD only 

perform moderately well in those 60 years of age and older as compared to those who are middle-

aged.165 For example, an analysis of the Multimorbidity and Mental health Cohort Study in Frailty 

and Aging (MiMiCS-FRAIL) in Brazil (n=339) identified that the strength of associations 

observed between traditional CVD risk factors like hypertension, diabetes and dyslipidemia with 

incident CVD was reduced with increasing frailty status.19 Additionally, a meta-analysis 

(n=21,906) found that individuals with frailty and hypertension were not at increased risk of 

mortality as compared to individuals with frailty and normal blood pressure over a mean of six 

years.166  

The earlier pre-frailty stage is a critical point to intervene and slow or reverse the 

progression of frailty-related disease and decline.167–169 Pre-frail individuals are four times more 

likely to become frail over a four year period.63 Further elucidating the physiological declines 

that precipitate frailty-related disease progression and discovering these changes early will allow 

for the identification and implementation of effective therapeutic strategies. Thus, it is imperative 

that we identify individuals early in frailty-related disease progressions so that we can intervene 

to change their heath trajectory.89 Moreover, early identification of frailty status can assist in 

evaluating patient risk-benefit ratio for CVD prevention strategies to guide best practice strategies 

for that individual using shared decision making.152  

  

1.5 Biomarkers of Frailty 

Biomarkers are a means of identifying individuals living with frailty at increased risk for 

health declines.88,170–174 In fact, this promising area of research has led to its discussion and 

support of further work in this area by The International Conference on Frailty and Sarcopenia 
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Research (ICFSR) Task Force.175 Biomarker approaches have the benefit of potentially 

identifying at-risk individuals earlier in frailty progression before established clinical signs 

saturate.174,176 Identification of biomarkers associated with frailty could also allow for the better 

understanding of the pathophysiological declines involved in frailty progression, which are not 

well understood.175 This early identification could allow for resources to be put in place to 

improve health trajectory sooner while it is more amenable to change.167,168 These same 

biomarkers could also be used to assess the effectiveness of therapeutic approaches at both a 

population and individualized level through their change.173,174 Thus, the identification and 

characterization of biomarkers associated with frailty-related chronic disease declines could 

provide primary care value on several fronts.  

Most biomarker research and discussion to date has focused on generalized biomarkers 

that are thought to be indicative of accelerated aging, or sarcopenia, as opposed to frailty 

specifically.177 These works have typically focused on biomarkers associated with chronic 

inflammation, immunosenescence, changes related to the hypothalamic-pituitary-adrenal axis, or 

other subcellular changes173,175,178 many of which are similar to those previously described in the 

biomarkers of CVD section of this thesis (Section 1.4.2). Some of the biomarkers previously 

examined in relation to aging and/or frailty are described in Table 5. Typically, biomarkers that 

have been examined for frailty and aging have four different focuses for their application:179,180  

1. Biomarkers that estimate risk of developing frailty in advance of onset;  

2. Biomarkers for identifying current frailty;  

3. Biomarkers for describing the severity of frailty on a continuum; and,  

4. Biomarkers for use as prognostic tools for adverse outcomes associated with 

frailty-related health declines.  

Much of the work on biomarkers of aging and frailty thus far have focused on cross-sectional 

analyses.175 Longitudinally, the identification that observable frailty deficits may be preceded by 

subclinical changes has led to research by Rockwood’s research team into the use of the FI-

Lab.80,181 In an exploratory analysis, they compared a 32-item FI-Lab to an FI involving self-

report for their ability to predict mortality and found that performed similarly, with the conclusion 

that subcellular deficits may provide value in our understanding of aging.80 A subsequent 

additional cohort of long-term care residents when comparing an FI-Lab to a clinical FI had 

similar findings.181 More recently, a systematic review and meta-analysis of studies using the FI-
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Lab demonstrated its ability to predict mortality (HR 1.04; 1.03-1.03 95% CI per 0.01 FI increase) 

and a range of adverse outcomes in a range of populations.95 The performance of the FI-Lab was 

similar to typically constructed FIs, but uses measures that may be less time and cost-consuming 

to collect, especially on a larger scale. Furthermore, Rockwood’s research team has also looked 

at a biomarker-based frailty index (FI-B) using a series of biomarkers collected from blood 

sample.182 The clinical deficit FI and the FI-B performed similarly in discriminative ability (AUC 

0.71 vs 0.66, respectively) for predicting mortality, but the combination of clinical deficits and 

biomarkers further improved the discriminative ability (AUC = 0.75) over a 7-year period in a 

cohort of 845 individuals with a mean age of 85.5 years. Namely, this FI-B used biomarkers of 

cellular senescence, inflammation, hematological values and markers of immunosenescence. The 

ability of this FI-B approach to discriminate mortality risk indicates that biomarker approaches 

may be able to give insight into subclinical deficits leading to frailty progression, thus provide an 

opportunity for therapeutic intervention.182  
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Table 4. Biomarkers of frailty/aging 

Biomarker Description Relation to frailty/aging 

Inflammation   

IL-6 
Pro-inflammatory cytokine. Influences 

immune response, energy metabolism in 

muscle and fat and osteoclast formation. 
↑ frailty178/↑ aging183 

C-reactive protein 
Acute inflammatory protein. Binds on 

cells to active the complement system. 
↑ frailty184/↑ aging185 

TNF-α 
Regulation of immune cells and systemic 

inflammation. 
↑ aging183 

Leptin 
Regulates energy balance, role in 

neuroendocrine regulation and bone 

metabolism. 
↑ frailty186/↓ aging187 

Platelet count Play critical role in blood clot formation 

(primary hemostasis). 
↓ frailty188/↓ aging189 

White blood cells 
Cells involved in many functions of the 

immune response.  
↑ frailty190/↑ aging191 

Immunosenescence   

T-cell Phenotypes Modulators of immune response. ↑ frailty88,192 

Cellular aging   

Telomere length 
Region of repetitive nucleotides that cap 

the ends of chromosomes. 
↓ frailty/↓ aging193 

Genetic/Epigenetic   

DNA methylation 
Methyl groups can be added to DNA to 

repress transcription of segments. 
↑ aging194 

Other   

Vitamin D 
Fat-soluble vitamin important in bone 

metabolism. 
↓ frailty195,196 

Gut Microbiota 
Characterization of microflora living in 

the intestine. 
↓ diversity in frailty197,198 

IL-6, interleukin-6; TNF-α, tumor necrosis factor alpha 

 

1.5.1 Myokines as biomarkers of frailty 
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In addition to producing physical movements through contraction, skeletal muscle acts as 

an autocrine, paracrine and endocrine organ, which is thought to drive the health promotion 

benefits seen from physical activity.199–201 First described as a potential exercise or muscle 

‘factor’ by Goldstein,202 the discovery of muscle’s additional actions in the body has helped to 

make sense of the diverse benefits achieved through participation in physical activity, as well as 

the detriments seen in the absence of physical activity.203 ‘Myokines’, small peptides and 

cytokines released independently from muscle received much of the earlier attention in research 

in this role.199–201   

Originally, myokines were thought to, namely, play a role in the immune system due to 

the related presence of these cytokines, such as IL-6, but myokines are now known to have wide-

ranging effects throughout the body. As such, myokines are likely to play key roles in maintaining 

functional health status.204 Beyond many of their hypertrophic effects on muscle, the pleiotropic 

effects of myokines may explain some of the generalized health decline seen with physical 

inactivity and the concomitant increase in risk of a “diseasome state”  as described by Pederson 

et al., who first coined the term ‘myokine’.61,205 Emerging evidence supports the fact that 

myokines likely play intimate roles in the positive anti-inflammatory, immune, and cell function 

adaptations that occur with exercise.64 The mechanisms stimulating myokines are far from fully 

understood, but it is thought that only a subset of these myokines are regulated through muscle 

contraction.206  

The relative release of cytokines during exercise from muscle as compared to other tissues 

is not well understood201 but an even broader range of factors from a broader range of organ 

tissues are now thought to play a role in physical activity-mediated health benefits.207 

‘Exerkines’208 are signaling factors released in response to physical activity from tissues 

including, not only muscle, but cardiometabolic, immune, nervous and bone tissue as well.207,209 

The broad benefits of physical activity are now thought to be achieved through these even broader 

moieties beyond just myokines in response to both acute and chronic exercise.207 The importance 

of myokines, and the broader exerkines, to healthy aging and disease prevention are of note when 

viewed in the context of only 11% of Canadians aged 60-79 years meeting Canada’s Physical 

Activity Guidelines.210  

Many myokines have been examined in association with age-related disease 

progression.211–213 Additionally, the role of various myokines and their association with 
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precipitating risk factors of noncommunicable disease are now being examined in the 

concomitant decline leading to chronic disease due to their association with adverse health 

states.172,204,212 This has included specific discussion and examination of the potential role that 

myokines play in the development of cardiovascular conditions such as hypertension212 more 

generalized CVD progression including endothelial dysfunction,214–216 cognitive declines,203 and 

metabolic changes.203  

Chronic disease and frailty are both often accompanied by wasting of muscle and bone 

tissue, leading to further accelerated declines in health.217 These detriments can lead to reduced 

quality of life and functional capacity, as well as reduced capacity for performing physical 

activity in order to prevent, mitigate, or slow advancing disease and frailty.218 This can lead to a 

vicious cycle that characterizes the health decline seen in frailty-related disease states.157 One of 

the possible mediators of these concomitant reductions in muscle, bone and more widespread 

health is that of myokines, which are understood to regulate communication between muscle and 

many wider spread targets throughout the body.201,217 Thus, myokines likely play a role in 

generalized deteriorating health seen in conditions such as frailty.172,175,219,220 With declines in 

muscle health often being a feature of frailty it is possible that deleterious changes in their 

expression from muscle or simply that reduced physical activity, which is associated with frailty 

status,60 would prevent the necessary muscular stimulation to secrete myokines.221 However, 

myokine response to acute and chronic exercise still requires further elucidation.207 Much of the 

prior research has focused primarily on aspects of physical frailty and/or sarcopenia given their 

direct relation to muscle health,174 but the wide-ranging and diverse effects of myokines 

throughout the body may mean that they play a  broader role in health, similar to that which 

multidimensional frailty describes.221 Myokines may provide value as biomarkers as they may 

act as flags of subclinical changes in advance of the typically assessed clinically observable 

changes in phenotypic frailty assessments like walking speed and muscle strength. This could 

allow for earlier identification of individuals at risk for functional declines creating an 

opportunity for earlier intervention.172 The wide-ranging effects seen from myokines could help 

to explain the detriments seen across multiple physiological systems in frailty, their association 

with physical inactivity, as well as the pathophysiology connecting frailty to noncommunicable 

disease.17,63 Not only this, but they could also identify targets for therapeutic approaches that 

could have wide spread physiological benefits.217,221 The understood effects of some of these 
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myokines based on published literature are described in Table 6. An example of some of their 

possible associations with accumulated deficits seen in frailty are outlined in Figure 3. 

 

Table 5. Myokines potentially associated with frailty, aging and cardiovascular disease 

Myokine Description 

IL-6 
Pro-inflammatory cytokine and anti-inflammatory myokine. Influences 

immune response, energy metabolism in muscle and fat and osteoclast 

formation. 

Apelin Influences muscle metabolism, blood pressure and angiogenesis. 

BDNF 
Acts on neurons of the central and peripheral nervous systems to support 

and encourage growth of new neurons and synapses. 

Erythropoietin Controls red blood cell production. 

FABP3 Involved in fatty acid metabolism. 

FGF-21 Stimulates glucose uptake in adipocytes. 

Fractalkine/CX3CL1 Role in leukocyte adhesion, attracts macrophages to skeletal muscle tissue. 

FSTL1 Role in lung, central nervous system and skeletal development. 

IL-15 Regulates activation of macrophages and insulin production. 

IL-16 
Regulates activation of macrophages and 

insulin production. 

Irisin 
Induces thermogin expression in fat cells and is associated with glucose 

tolerance in humans. 

LIF Influences cell growth by inhibiting differentiation. 

Myostatin/GDF 8 Inhibits muscle cell growth and differentiation. 

Oncostatin M 
Involved in liver development, inflammatory process and central nervous 

system development. 

Osteocrin/musclin Likely plays a role in muscle metabolic adaptations to exercise. 
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Osteonectin/SPARC 
May play a role in the repair of muscle satellite cells from damage. Also 

found to block tumor progression through induced apoptosis. 

TNF-α Regulation of immune cells and systemic inflammation. 

IL-6, interleukin-6; BDNF, brain-derived neurotrophic factor; FABP3, fatty acid binding 

protein 3; FGF-21, fibroblast growth factor 21; FSTL1, follistatin-related protein 1; IL-15, 

interleukin 15; IL-16, interleukin 16; LIF, leukemia inhibitory factor; GDF 8, Growth 

differentiation factor 8;TNF-α, tumor necrosis factor alpha 

 

Figure 3. Myokines, accumulation of deficits, and frailty proposed pathophysiology 

 

BDNF, brain-derived neurotrophic factor; EPO, erythropoeitin; FABP-3, fatty acid-binding protein 3; 

FGF-21, fibroblast growth factor 21; FSTL-1, follistatin-like 1 protein; IL-6, interleukin-6; IL-15, 

interleukin-15; LIF, leukemia inhibitory factor; OSM, oncostatin M; OSTN, osteocrin/musclin; SPARC, 

osteonectin 

 

1.5.2 Muscle-Bone crosstalk and biomarkers of frailty  

 Much of the interaction between skeletal muscle and bone was originally thought to be 

only of a mechanical nature. Wolff’s Law describes how mechanical forces acting through 

muscle contraction pulling on bone and gravitational forces on bone stimulate bone metabolism 

and anabolism.222  As with muscle, it is now understand that bone is highly dynamic and capable 

of communicating with other organs.223 Similarly, bone also mediates communication between 
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itself and other organs through the release of extracellular vesicles.223 The effects of a variety of 

cytokines are related to both muscle and bone regulation in what is known as muscle-bone 

crosstalk.224 In fact, many of the cytokines described in Table 6 also regulate bone metabolism.223 

This crosstalk is thought to play a critical role in health maintenance and impairments in this 

communication may be used to identify early dysregulation.203,217,224 Specifically, this 

dysregulation may lead to concomitant osteoporosis and sarcopenia.224 Myokines and exerkines 

are now thought to have even broader cross-talk beyond organ systems including immune, gut, 

nervous system and cardiometabolic tissues, thereby, playing a critical role in maintaining 

generalized health.207 

Individuals with frailty, specifically phenotypic frailty, often present with sarcopenia and 

osteoporosis, although the directionality of this process is unclear.174,225 Both pre-frailty and 

frailty have been associated with increased risk for bone fracture226,227 and impaired 

remodeling.228,229 Frailty and CVD have aspects of shared pathophysiology and precipitants (as 

summarized in Section 1.4.2), such as decreased physical activity, which lead to bone health 

impairments that are often present in CVD progression as well.230,231 In fact, dysregulation of bone 

remodeling has also been discussed in association with CVD risk.230,231  

 

1.6 Purpose of thesis 

Novel frailty assessment tools using biomarkers are showing promise in their ability to 

predict adverse health outcomes and a greater understanding of generalized frailty declines and 

concomitant chronic disease.88,170 Most of the existing research has focused on biomarkers 

associated with immunosenescence or inflammaging.5,6,8,160,178 Given that frailty is often 

characterized by deleterious changes in muscle and bone health,63 myokines or bone metabolism 

analytes may play a role in early frailty-related disease progression in advance of clinical 

outcomes and, thus, act as biomarkers of frailty.221 Furthermore, myokines have also been 

suggested to have a role in CVD development,216 a clinical outcome that is known to be associated 

with frailty-related health declines.20,89 Despite this, little research has been done to examine the 

utility of myokine biomarkers to identify those at risk for frailty or CVD progression.170 Tools 

for assessment of this nature could be of specific use to women as they have been 

underrepresented in CVD research and current assessment tools are not as good at identifying 

risk in this population.138 Women are also at increased risk for frailty-related health declines.29,30 
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My research will address this gap by characterizing concentrations of myokine and cytokines 

related to bone metabolism in a population of middle-aged to older women as well as performing 

an early exploratory analysis of their potential role as frailty biomarkers.  

 

1.7 Specific aims 

 Frailty status reflects a quantifiable state of risk when faced with adverse health stressors, 

such as CVD, making its identification critical in characterizing older adults.36,182 Early 

identification of frailty remains a clinical challenge that could potentially benefit older adults 

living with frailty through earlier attempts to mitigate its progression.97 This thesis aims to 

evaluate systemic myokines and bone metabolism analytes as candidate biomarkers of early 

frailty identification and associated CVD risk through the following objectives:  

1. Contextualize frailty assessment, its utility in healthcare and identify opportunities for 

biomarker integration.  

2. Examine univariable associations between individual myokines, frailty status and CVD 

risk.  

3. Examine multivariable myokine biomarker approaches in association with frailty status 

using regression analyses. 

4. Interpret the potential utility of myokines as biomarkers to early frailty identification and 

discuss their potential for identifying interventions in frailty trajectories.    

 

1.8 Hypotheses 

1. Systemic blood concentrations of myokines and bone metabolism analytes will differ by 

frailty status in middle-aged and older females. 

2. Multivariable myokine analysis will identify a panel of myokines associated with frailty 

independent of age.  

3. Biomarker profiles associated with frailty status will differ depending on frailty 

assessment approach (e.g., phenotypic vs index-based), reflecting the specific 

physiological domains each tool captures.  

 

1.9 Organization of thesis and study objectives 
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Chapter 1 provides an overview of frailty and its proposed role in the clinical setting as 

well as the variety of assessment methods. Subsequently, the pathophysiology of frailty-related 

disease progression is discussed and the shared relationship with cardiovascular disease. Finally, 

new proposed methods of identifying frailty risk earlier through biomarkers are reviewed as well 

as the benefits this may provide in understanding and intervening in frailty progression.  

Chapter 2 is a published literature review discussing frailty assessment modalities and 

their proposed roles in the clinical setting.74 Given the wide variety of frailty assessment methods, 

it is important to understand specific clinical context as it can help direct tool selection. The 

review discusses the utility and strategies for implementing frailty assessment in a variety of 

clinical settings (e.g., primary care, acute care and surgical care). This discussion establishes the 

important role that frailty can play in the clinical setting, which in turn gives context to the 

examination of biomarkers of frailty.  

Chapter 3 is a univariable analysis examining a select panel of myokines as biomarkers 

of both frailty and cardiovascular disease in community-dwelling middle-aged and older women 

(n = 104) using a case-control design. This work has been published.170 

Chapter 4 uses a similar case-control design to Study 1. Again, a univariable analysis 

was used to examine cytokines related to bone metabolism as biomarkers of frailty and 

cardiovascular disease in community-dwelling middle-aged and older women (n = 104). This 

work has also been published.232  

Chapter 5 builds off the prior two studies by incorporating the latest expert 

recommendations to perform multivariable analyses when examining biomarkers of frailty, and 

specifically myokines. As such, this study uses a multivariable analysis of a select panel of 

myokines informed by our prior work to examine their utility as biomarkers of both the 

phenotypic FP and the accumulation of deficits-based FI in a cohort of community-dwelling 

middle-aged and older women (n = 329). This work is unpublished.  

Chapter 6, the final chapter, discusses the overarching findings of this thesis research 

and contextualizes the novelty of the work by discussing how the research adds, supports, ands 

differs from published literature. This chapter also identifies future directions for research in this 

area.   
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Chapter 2: Frailty-aware care: giving value to frailty assessment across different healthcare 

settings  

2.1 Preface to the Manuscript written exclusively by Kevin Boreskie 

 The following chapter is a published literature review developed in response to discussion 

with committee members about the relevance of frailty to the clinical setting. Now part way 

through my residency training as an emergency medicine physician, this relevance is important 

for my future career as I plan on specializing in geriatric emergency medicine. The context of 

frailty in the clinical setting is critical as it also establishes the importance of biomarkers needed 

to identify, elucidate, and intervene in the progression of frailty. Despite continued expert opinion 

extoling the importance of frailty considerations in a variety of healthcare settings, frailty 

assessments are not commonly used in most medical practice. Slow uptake has partially been 

attributed to confusion by clinicians due to a wide variety of frailty assessments and the ways in 

which this information can be used differently depending on the clinical setting. Thus, this review 

paper was created as a primer for those looking to implement frailty assessment into practice by 

providing clarification on the utility of frailty assessment in clinical settings, which is an 

important consideration when examining biomarkers of frailty as in the rest of this thesis. This 

review paper compares frailty assessment in primary care, acute care and surgical care including 

recommended tools and main considerations.  

 

2.2 Manuscript status 

Published in BMC Geriatrics, January 3, 2022, volume 22.74 Including the following 

manuscript in this thesis document does not require copyright permission as per the copyright 

permission officer of BMC Geriatrics.  

 

2.3 Authors  

Kevin F. Boreskie, Jacqueline L. Hay, Patrick E. Boreskie, Rakesh C. Arora, Todd A. 

Duhamel 

 

2.4 Contributions of Authors 

Dr. Duhamel, Dr. Arora and I conceptualized the review. As first author of the manuscript, 

I led the development of the manuscript and drafted the original manuscript. All authors 
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contributed to the literature search, reviewing, and editing the manuscript as well as assisted with 

the creation of the included tables and figures.  

 

2.5 Manuscript  

Abstract 

 Healthcare systems need to adapt to better serve an aging population with complex 

presentations. Frailty assessments are a potential means to address this heterogeneity in aging to 

identify individuals at increased risk for adverse health outcomes. Furthermore, frailty 

assessments offer an opportunity to optimize patient care in various healthcare settings. While 

the vast number of frailty assessment tools available can be a source of confusion for clinicians, 

each tool has features adaptable to the constraints and goals of different healthcare settings. This 

review discusses and compares barriers, facilitators, and the application of frailty assessments in 

primary care, the emergency department/intensive care unit and surgical care to cover a breadth 

of settings with different frailty assessment considerations. The implementation of frailty-aware 

care across healthcare settings potentiates better healthcare outcomes for older adults. 

 

Introduction 

People are living longer, however, this longevity often does not equate to years of good 

health-related quality of life.1,3 While aging itself is not a pathological process, biological aging 

is heterogenous, contributing to diverse patient presentation in healthcare and deviations from 

what has been traditionally considered the standard patient presentation.1,36 Health systems need 

to adapt to best serve our aging populations.1 Best care practices may be improved using frailty 

assessments as tools to better identify complex patients at risk and by personalizing their care 

using insight beyond chronological age.66,67 

 

Frailty 

While no singular definition of frailty has been universally accepted, frailty is generally 

characterized as a reduced physiologic reserve to adapt to health stressors.24 Thus, frailty is a 

predictor of adverse outcomes such as falls,15 hospitalizations,15 morbidity15,21,32,33, and 

mortality.21,27,33 Though frailty prevalence increases with age,26 age and frailty are distinct 

concepts.36 Biological age assessed through frailty may be more important than chronological 
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age when assessing risk for adverse health outcomes.33,46 A recent meta-analysis of 240 studies 

from 62 countries by O’Caoimh et al. identified the overall prevalence of frailty ranges from 12 

to 24% in community-dwelling adults dependent on the tool used, with prevalence generally 

increasing with age.233 This analysis also found a higher prevalence of frailty in females (15-

29%) as compared to males (11-20%).233 This finding supports prior discussions of the higher 

frailty prevalence in females despite their greater longevity.29,30 Importantly, the identification of 

frailty status offers a potential opportunity to implement targeted interventions to halt, slow, or 

reverse health declines, and provides information on the patient that can direct individualized 

care. The collection of chronological age alone does not offer these opportunities given the 

heterogeneity seen in aging.  

 

Frailty Assessment 

Increasing recognition of frailty assessment as a potential tool in healthcare has led to the 

development of over 50 frailty tools for a variety of settings.66,67 While there is low agreement 

between many frailty assessments, different tools likely identify different constructs of frailty.73,75  

Frailty assessments are broadly classified by methodological approach: phenotypic, 

multidimensional, or an accumulation of deficits. Phenotypic approaches focus on physical 

clinical criteria including unintentional weight loss, low physical activity levels, and reduced 

muscle strength as a means of identifying frailty.15,66 Critics argue phenotypic approaches may 

be limited in scope and recommend the incorporation of a wider range of criteria, such as 

cognitive or psychological factors.66,78 To this end, multidimensional approaches have been 

developed to identify frailty beyond phenotypic presentation.66 Furthermore, the accumulation of 

deficits approach seeks to identify frailty by examining a range of deficits (i.e. signs, symptoms, 

disabilities or disease presence) that would increase risk for adverse outcomes.94  

Frailty assessment is a recommended addition to the clinician toolkit to help identify 

individuals at risk for health decline aggravated by health stressors.66,67   The importance of these 

frailty assessments in an aging population is evident by the calls to action supporting their 

incorporation into clinical practice to better predict adverse health outcomes.17,46,234 In fact, the 

Canadian Frailty Network top ten research priorities focus on frailty assessment as a means for 

healthcare practitioners to inform treatment and care decisions, as well as to avoid unnecessary 

hospitalization and emergency department visits for older adults.235 Implementing frailty 
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assessments in clinical care has the potential to improve patient care.17,46,234 Despite the existence 

of obstacles to the incorporation of frailty into clinical practice such as uncertainty in tool 

selection,17,69 support for the incorporation of frailty across healthcare settings continues to 

evolve. 

 This review is intended to offer a current understanding of the value of frailty assessment 

in different settings to facilitate the implementation of frailty into practice by clinicians. MeSH 

terms such as “Frail Elderly”, “Geriatrics”, “Geriatric Assessment/methods” and 

“Frailty/diagnosis” were first used to identify relevant manuscripts using additional terms 

specific to the various clinical settings. Thereafter, a forward-and backward search strategy was 

implemented to identify additional relevant publications. We also used resources such as 

Connected Papers (www.connectedpapers.com) to identify related works. However, the search 

strategy was not formally developed or reviewed by a librarian and should not be considered a 

systematic methodology. Current opportunities and challenges for frailty-aware care will be 

compared between primary care, the emergency department (ED)/intensive care unit (ICU), as 

well as the perioperative context 96,236,237. Figure 4 summarizes the spectrum of considerations in 

each setting – human resource constraints, patient population, and outcomes of interest. While 

these settings do not cover the gamut of clinical practice, the competing interests for frailty 

assessment in each of these settings are widely applicable given the breadth of practice covered. 

As opposed to comparing frailty assessment methodologies within each context, this review 

paper seeks to compare overarching principles in frailty assessment between clinical contexts. 

Similarly, the frailty assessment tools discussed are not exhaustive, but we intend to highlight 

some of the most researched approaches related to each clinical setting. 

  

http://www.connectedpapers.com/
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Figure 4. Frailty assessment across clinical settings 

 

 

Frailty in Primary Care 

As chronic diseases continue to be a higher attributable cause of death115 and as the 

population ages,238 frailty assessment approaches gain merit as a means of directing primary 

prevention efforts.239  Primary care serves a critical aspect of prevention by providing 

longitudinal care for patients.  Since physiologic deficits accumulate over time, primary care 

offers an opportunity to intervene further upstream, potentially before the appearance of clinical 

symptoms.3,11 Healthcare systems are largely based on addressing single-system disease44 and 

patient management challenges increase with higher prevalence of multisystem disease.238 Frailty 

assessment offers an opportunity to identify those at risk of multisystem downward health 

trajectories with more complex presentations and to direct therapeutic interventions at 

components of frailty earlier.240,241  

 



 

35 

 

Applying Frailty Assessment in Primary Care 

Early intervention is vital, as health trajectories typically accelerate downward with frailty 

progression and become increasingly difficult to reverse or slow.234 Thus, an effective frailty tool 

in the primary care setting should be one that can identify not only those who are already frail, as 

there is a high prevalence in the community,233 but also those in the early stages of frailty. Patient 

health trajectories are more amenable to change earlier and a greater number of therapeutic 

options may be available.97,242  

Frailty assessments in the primary care setting should also identify targets for intervention, 

such as health risk behaviours or domains of frailty, like cognition or mobility.243 Identifying 

targeted areas for health improvement allows for a personalized care approach and is more apt to 

pre-emptively improve the status of those who are at risk of frailty progression.97,243 For example, 

individuals with frailty and polypharmacy may benefit from a thorough prescription review,106,244 

while those reporting challenges in activities of daily living may require a physical activity 

intervention to improve functional status.245,246 Currently, identifying optimal interventional 

strategies are challenging given varied frailty definitions and assessments, though multi-modal 

interventions involving physical activity and nutrition have demonstrated promise.97  

Validated frailty assessments for primary care vary in the ease of administration, with 

more intensive options likely requiring allied healthcare staff beyond the physician to save cost 

and time. In comparison, rapid options may require the referral of patients in need of intensive 

screening through more thorough methodologies with a multidisciplinary team.45,247,248 The 

International Conference on Frailty and Sarcopenia Research Consensus Guidelines recommend 

referral to a CGA after initial assessments identifying frailty given the low specificity often 

observed in frailty screening.45,79 A careful balance must be struck between the efficacy of the 

frailty approach used to identify interventional targets and the feasibility of utilizing the approach 

within resource constraints. 

Importantly, frailty assessment in the primary care setting also potentiates improved 

clinical decision making for complex patients.239 For example, the pharmaceutical management 

of hypertension in adults with frailty is under reconsideration.249,250 Newer recommendations 

from experts suggest higher target blood pressure values for hypertensive adults with frailty than 

those who are robust, as aggressive treatment in those who are frail may lead to adverse 

outcomes.249,250 The direction of care and shared clinical decision making with regards to frailty 
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status requires communication between patient and physician. Communicating effectively on the 

topic of frailty with patients in the primary care setting requires a shared understanding of the 

concept with a focus on person-centered communication.251   

The incorporation of frailty assessment will require justifiable time, personnel, and 

technology to incorporate into primary care. In spite of the initial increased resource costs of 

frailty assessments, research indicates long-term cost-effectiveness and improved patient 

outcomes are possible and justified.97,252 As opposed to considering frailty a case of over-

medicalization, leading geriatricians argue frailty assessments should be a part of general care 

and have likened the careful monitoring of frailty status to that of monitoring hypertension to 

reduce risk of myocardial infarction.234 Similarly, frailty status should be identified, treated, and 

monitored over time on a continuum as a means of reducing risk for disability and disease.234 

 

Examples of Frailty Assessment in Primary Care 

Frailty tools utilized in the primary care setting should have the ability to identify 

intervenable aspects of health and can identify those in need of increased healthcare attention. 

The following tools are far from an exhaustive list of recommended tools for this setting but can 

give insight on the variety of approaches available as well as some of their advantages and 

disadvantages.  

 The Fried physical frailty phenotype15 is one of the most commonly cited frailty 

assessments in the literature which focuses on five phenotypic aspects of frailty: 1) muscle 

weakness; 2) slow walking speed; 3) low physical activity levels; 4) unintentional weight loss; 

and 5) self-reported exhaustion. Frailty status is then assigned based on a total score ranging from 

zero to five (i.e. 0 = robust; 1-2 = pre-frail; ≥ 3 = frail) dependent on the number of criteria present 

as assessed through a combination of brief questionnaires and physical function testing, such as 

grip strength and gait speed. Phenotypic approaches, such as the PFP, are useful for identifying 

physical deficits and/or potential nutritional deficits in a patient but are potentially limited by 

only examining physical presentation.66,78 General signs of phenotypic decline do not provide 

direction for preventative or therapeutic strategies without then identifying root causes, but their 

collection has the benefit of not requiring preliminary clinical evaluation.253 Frailty assessments 

with physical components also have the limitation of requiring patients fit enough to complete 

the testing,254 although inability to complete functional testing can also sometimes be 
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informative. Additionally, physical assessments often take more time, lowering the feasibility of 

implementation in clinical practice.73,253 

Examining frailty as an accumulation of deficits, the FI87 approach has been suggested as 

a means of frailty assessment applicable to a variety of clinical settings including primary 

care.17,44,255,256 An FI ratio between zero and one is determined by calculating the number of 

existing deficits presented, divided by the total number of deficits assessed in the patient.87 

Typically, deficits include clinical signs, symptoms, disabilities, morbidities, and/or laboratory 

tests that relate to health status and represent a broad range of physiological systems87 – an 

approach that has the potential to identify specific intervenable domains of health.94 The approach 

has been criticized for being cumbersome given an FI typically includes 35 or more deficits,87 

lowering its feasibility of implementation.73 Creative uses of the FI approach have been 

introduced in the form of an electronic FI (eFI) that uses data already stored in electronic health 

records to create a score that could be automatically calculated for use in primary care81,256 as 

well as FIs that use less variables and focus on common clinical and laboratory tests (FI-Lab).80   

The FRAIL scale257 is also a phenotypic frailty assessment but it is administered entirely 

via a brief questionnaire that examines self-reported fatigue, resistance, ambulation, illness, and 

loss of weight.257 The FRAIL scale is easy to use73 and has been validated in a variety of 

populations and has predictive ability for adverse health outcomes.247,257,258 Its use has been 

recommended as a tool to stratify those in need of a CGA to identify specific targets for 

intervention.247 

The Kihon Checklist259 is a multidimensional frailty assessment widely used in Japan that 

consists of 25 yes/no questions covering categories like nutrition, activities of daily living, 

activity, socialization and cognition. The results of this rapid checklist correlate closely with other 

validated tools assessing frailty phenotypes260 and it has been shown to predict dependency and 

mortality.261 Similarly, the validated Tilburg Frailty Indicator (TFI) uses a rapid self-report 

questionnaire to assess physical, psychological and social domains of frailty262 to predict adverse 

outcomes like healthcare utilization and falls.263   

In contrast to the FRAIL scale and the Kihon Checklist based solely on questionnaire, the 

multidimensional EFS uses a combination of questionnaire and assessment to assess functional, 

health and social factors while incorporating cognitive assessment through clock drawing and 
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functional performance with a timed up and go test.264 This tool has also been associated with 

adverse outcomes such as mortality.265 

 

Frailty in the ED/ICU 

Patient illness in the ED and ICU is typically acute in nature, making time per patient and 

patient flow necessary considerations. As such, patient triage and rapid decision-making tools 

validated in these environments are of importance. Using the best available clinical evidence, 

physicians must be able to assess the risk-benefit of various treatments, as well as have informed 

discussions regarding patient goals of care. Assessment and decision tools to assist staff in the 

ED/ICU setting to triage, care, and allocate resources are needed,86 especially for an aging 

population presenting with increasing case complexity and comorbidities.266 Currently, triage 

models mistakenly under-triage older adults and provide interventions that may not yield benefit 

for the patient267,268 or simply cannot identify vulnerable older adults.269 Frailty assessment has 

been suggested to allow for a better understanding of patient presentation relative to their baseline 

health status.241  

 

Applying Frailty Assessment in the ED/ICU 

Frailty assessment has been proposed as a potential means of improving triage methods and 

identifying appropriate care for older patients in the ED/ICU.34,96,270–272 Given that patients with 

frailty are more likely to experience adverse outcomes, either through presenting illness or 

iatrogenic stress, care has to be adapted to meet the patient needs.273 Recent systematic reviews 

have identified frailty as a predictor of in-hospital mortality, length of hospital stay, subsequent 

nursing home admission, and mortality in hospitalized older adults.274,275 Frailty assessment 

could assist with facilitating referrals to various health services and identifying optimal treatment 

options for that patient.268 In severe illness, the additional iatrogenic stress of intensive care 

interventions needs to be considered in patients with advanced frailty.276 Furthermore, frailty 

status affects the association between acuity of patient illness and mortality.277,278 For example, 

Pulok et al. found that high acuity illness was associated with significant mortality risk regardless 

of frailty status, but even those with low acuity illness were at risk for mortality when the degree 

of frailty was higher.277 
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The context of emergency and critical care necessitates considering different frailty tools 

than those best for primary care - validity must be carefully balanced with the feasibility of 

implementing an assessment in an acute care environment.275,279 A number of tools have been 

specifically developed and have demonstrated feasibility in urgent care, where time restraints on 

the clinical team and patient presentation limit the ability to perform certain tests.280 In the ED, 

many patients may be unable to perform common phenotypic frailty assessments, such as grip 

strength or gait speed, rendering brief assessments or clinical judgement more appealing.45 

Unfortunately, some rapid tools specifically designed for the ED, such as the Triage Risk 

Screening Tool281 (TRST) and Identification of Seniors At Risk282 (ISAR) tool have 

demonstrated poor prediction of adverse outcomes following ED encounters with older adults for 

outcomes like ED returns and functional decline.269 

The selection of useful tools is dependent on choosing appropriate goals for frailty 

identification. In the emergency and critical care settings, frailty assessments namely identify 

optimal treatment and/or triage as well as inform shared decision making. Furthermore, frailty 

assessment in critical care may also lead to subsequent referrals to additional health services to 

better support the patient long-term.268,279 Theou et al. have recommended that frailty assessments 

in the ED/ICU could prevent premature case closure, facilitate the creation of multi-disciplinary 

care plans prior to discharge, and give an indication of cases involving more than a single 

pathology.268 Early assessment of frailty status at the ED can allow for the timelier initiation of a 

thorough CGA that can be used to inform patient discharge,272 such as the implementation of 

homecare supports. Rapid frailty assessments are potentially efficacious for this purpose, as long 

as they are able to predict adverse patient outcomes, can assist in optimizing treatment, and result 

in better informed decisions regarding goals of care.  

 

Examples of Frailty Assessment in the ED/ICU 

Though more thorough assessments could potentially be conducted upon admission to a 

critical care ward in the hospital, initially, rapid frailty assessments are recommended in the 

context of the ED/ICU.279,280,283 Each rapid frailty assessments tool has inherent limitations but 

offers the flexibility and ease of measurement required for use in the ED/ICU.  

The CFS has been suggested as one of the more studied approaches to assess frailty in the 

ED/ICU255,283,284 and has demonstrated association with mortality, length of stay, ICU admission, 
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and readmission.285–287 It is the only tool to date that has been found to be valid and reliable for 

these outcomes in the acute care setting.287 The CFS has convergent validity with the FI and Fried 

approaches as well as measures from the CGA.270,285,288 Frailty status is assessed on geriatric 

clinical judgement of mobility impairments, function, and cognition from two weeks prior 

making it a multidimensional approach. This information can also come from collateral sources, 

such as family members,284 which would be particularly important in the intubated or obtunded 

patient. The CFS is only recommended for use in adults over the age of 65 years.284  

The HFRS was developed in an attempt to avoid any inter-rater or response bias errors of 

a rapid assessment tool.86 International Statistical Classification of Diseases and Related Health 

Problems, Tenth Revision (ICD-10) codes are used to calculate the HFRS. ICD-10 codes identify 

the illnesses and injuries that have been claimed on hospital billing,289 making it feasible to 

implement the HFRS into existing hospital information systems. Moreover, the HFRS has been 

validated in multiple cohorts and has moderate agreement with the Fried and FI approaches.86 

The FI model of frailty assessment285 has also been recommended in the acute care context, 

albeit the approach is modified slightly to better suit the ED/ICU.96 The same conceptual creation 

of a FI using a ratio of existing to total deficits can still be used in this setting.87,96 For example, 

the FI-ED utilizes variables easily measured and/or accessible in the ED.96 Despite having only 

24 variables, the FI-ED was able to identify increased risk for admission, prolonged hospital stay, 

discharge to long-term care, and mortality at 28 days.96 Although FI-Labs have been 

developed80,290 and used in the hospital setting,291 the design of these approaches would have to 

take precaution not to use measures that may be saturated in the typical patient presenting to 

critical care.87 FI-Labs used in acutely hospitalized older patients have been associated with 

mortality post discharge.292,293   

Future research to better support the increasing number of complex patients with frailty 

presenting to the ED/ICU is needed. Further research is required to facilitate a greater 

understanding of the feasibility, convergent validity, and predictive validity of varied frailty 

assessments.280,294 Considerations for frailty assessment in the ED/ICU setting are summarized 

in Figure 4.  

 

Frailty in the Surgical Context 
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Advances in medicine have led to the surgical referral of older patients.295 However, some 

patients are less equipped to handle the iatrogenic stress associated with invasive surgery.295–297 

Enhancing recovery protocols for various surgical procedures have been developed in recognition 

that changes to clinical practice are needed to improve surgical outcomes.298 These approaches 

have re-examined perioperative management to improve patient outcomes.  

As in the ED/ICU setting, identifying patients at risk for adverse outcomes could be 

valuable in assessing the likelihood of benefit of surgical intervention and potentiates referrals to 

interventions aimed at increasing patient resilience prior to surgery.299–301 If a patient with frailty 

is known to be less able to tolerate health stressors such as an invasive surgery, less invasive 

options or even non-surgical supportive therapy may better fit the goals of patient care. For 

example, surgical aortic valve replacement (SAVR) is often the preferred intervention for patients 

requiring valve replacement. The less invasive transcatheter aortic valve implantation (TAVI) 

has been, in earlier use, in those at higher risk of surgical and post-surgical adverse events.302 An 

assessment of frailty status could be used as a means of making the most informed choice for 

surgical intervention302,303 and could also guide perioperative care, such as tailoring the 

anaesthetic or other specific approaches to prevent delirium onset271 of which frail individuals 

are at increased risk.304 

Cardiac surgery research and care has strongly adopted frailty assessment as a means to 

improve patient care.305 Increasingly, older patients at risk for frailty are being referred for 

consideration of procedures like coronary artery bypass grafts and TAVI.306 Frailty status 

increases patient risk for adverse cardiac surgical outcomes,236,307–310 and this led to the 

recommendation of prehabilitation to improve functional status in patients awaiting surgery.311 

The potential for prehabilitation approaches to improve patient outcomes in cardiac procedures 

is promising,312–314 but further randomized controlled trials are needed to assess feasibility, cost-

effectiveness and efficacy in this and other surgical contexts.301 Importantly, preoperative frailty 

status has also identified individuals who are less likely to attend cardiac rehabilitation after 

cardiac surgery315 – a rehabilitation approach that is known to reduce adverse events 

postoperatively316 and may further improve frailty status.317 

 

Applying Preoperative Frailty Assessment  
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Frailty is recommended as an assessment of patient resiliency in the preoperative 

period.271,296 Increasing complexity of surgical patients with comorbidities and functional 

limitations has meant that frailty assessment increasingly provides additional utility to current 

methods of risk stratification preoperatively.318 In a recent systematic review, frailty status was 

associated with surgical complications, readmission, and mortality across a wide variety of 

surgical procedures.319 While severity of illness of the surgical patient is quite dependent on the 

procedure, physical limitations and acuity of presentation may restrict possible frailty testing. 

Elective surgeries, for the most part, would be less urgent than the interventions for a patient in 

the ED/ICU, leaving more time for thorough frailty assessment. Concern has previously been 

raised, however, regarding the implementation of performance-based testing in the outpatient 

setting given the additional workload and the feasibility of performing such tests in all 

populations.265 

 

Examples of Preoperative Frailty Assessment 

 Due to flexibility and thorough validation, the FI approach has been suggested for use in 

the preoperative setting.319,320 Simplified FIs with less variables and easily collected data have 

been recommended.296,299 For example, a modified FI (mFI) has been created using a simplified 

FI designed with only 11 variables and has been tested in surgical settings.321,322 A recent 

systematic review of preoperative frailty assessment identified FI assessments as being feasible 

while demonstrating strong predictive validity for surgical complications.320  

 The Modified PFP and the CFS have been identified as tools that could be used to identify 

those at risk of reduced quality of life and mortality.320,323 Interestingly, further analysis in one 

study used these scores to improve the ability of existing surgical risk tools, specifically the 

European System for Cardiac Operative Risk Evaluation II which discriminates patients at risk 

of poor functional survival.323 As in other clinical contexts, there is some concern about the ability 

of frail preoperative patients to perform some phenotypic frailty assessments.271,320 It has been 

recommended that protocols should utilize scoring systems for frailty assessment that do not 

exclude patients who are unable to perform the assessment.236  

  The Essential Frailty Toolset (EFT) has been specifically recommended by Afilalo et al. 

as the optimal tool for the preoperative cardiovascular surgery assessment of patients being 

considered for TAVI or SAVR.85 The EFT can be rapidly assessed, using only a 4-item scale that 
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includes: 1) lower extremity weakness; 2) cognitive impairment; 3) anemia, and; 4) 

hypoalbumineria. In the FRAILTY-AVR Study, the EFT was the strongest predictor of 

worsening disability and mortality at both 30 days and one year as compared to the PFP, FI, and 

Short Performance Physical Battery, to name a few.85 However, the EFT has yet to be tested in 

other surgical contexts.  

Despite the promising research advocating for frailty assessment in perioperative practice, 

frailty assessment has yet to become widely adopted.  Frailty assessment should be strongly 

considered for standard preoperative care to identify those who are less likely to receive benefit 

from invasive procedures and to identify those who should receive prehabilitation prior to 

surgical intervention.296,324 Considerations for frailty assessment in the preoperative setting are 

summarized in Figure 4. 

  

Moving Toward Clinical Implementation of Frailty 

Successful adoption of frailty into clinical practice requires further consensus on both the 

definition and optimal assessment methodology for the proposed contexts.17 Optimal frailty 

assessment for various clinical settings, in turn, is dependent on the inherent constraints and the 

goals of use in each setting.73 While there is no consensus of assessment for each individual 

setting, work such as that by Oviedo-Briones et al.73 and Aguayo et al.75 comparing the feasibility 

and application of various tools in a variety of settings is necessary to achieve this. These works 

have both found low agreement between many frailty assessments and conclude that different 

tools are likely assessing different aspects of frailty or that variable subtypes of frailty exist.73,75 

Thus, tools should be selected based on feasibility and on their ability to identify the components 

of frailty important for that specific setting. Further work is needed to identify optimal approaches 

for acting on this information in those identified as being frail either through personalized care 

management, the identification of goals of care or interventional approaches. Clinical settings 

identify not only the need for intervention addressing frailty status, but also for frailty-informed 

care management.268,271,279,296 

Further consensus on tool selection in various healthcare settings will allow for the 

refinement of individualized care plans to best care for those identified as patients at increased 

risk for adverse outcomes based on their frailty status and to improve their resilience.17,234 The 

implementation of frailty assessment and intervention in the clinical setting has, in part, been 
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hampered by the incorrect use of presumed synonyms for frailty such as sarcopenia and disability, 

as well as the continual influx of new methodological approaches and tools17 that may be 

assessing different components of frailty.73 Arguably, the most effective interventions are multi-

dimensional, as the most successful interventions to date have included aspects of both physical 

activity and dietary intervention,97,100 as frailty itself is indicative of reduced physiologic reserve 

across a range of systems. Identifying an individual living with frailty could lead to subsequent 

CGA to provide more comprehensive information and to direct ongoing intervention.45 Current 

interventions typically focus on components of frailty,97 but a further understanding of the broad 

pathophysiology seen in frailty as well as clinically meaningful changes325 in frailty status are 

needed in order to address this syndrome of physiologic decline. 

Initial analyses in the primary care setting have suggested that frailty-focused intervention, 

as opposed to usual care, provides better care and better patient outcomes without increasing 

costs.97 Cost-analyses will have to be continually explored as new interventions  and 

individualized care pathways are identified in expanding other clinical contexts, as in the 

ED/ICU272,279 and in preoperative care.319 Further research is needed in order to identify the most 

efficacious approaches for therapeutic interventions in populations with frailty based on 

outcomes supported by the patient  themselves, as well as to guide best care practices that take 

advantage of frailty identification in the clinical setting to support patient health.271 Supporting 

patient health through the identification of frailty status requires a further understanding of 

effective patient-physician communication on the topic.251 Future research on the use of frailty 

assessment in clinical settings should address this challenge and should use patient-oriented 

research designs to insure that the questions addressed are important to those living with frailty, 

such as the Top Ten Frailty Priorities developed by the Canadian Frailty Network.235  Advice 

regarding the specific implementation of frailty-aware care will be unique to local context and 

healthcare setting, so we advise using a Knowledge-to-Action (KTA) framework to determine 

steps forward (Figure 5). The KTA framework outlined by Graham et al. presents seven bi-

directional steps to appropriately integrate knowledge while examining knowledge gaps and 

problems.326 
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Figure 5. Knowledge-to-action cycle for incorporating frailty into clinical settings 

 

 

Conclusion  

Barriers to implementing frailty assessments in clinical settings still exist - namely a lack 

of consensus on the assessment tool best suited in each context, uncertain cost-effectiveness, and 

few established interventions for frailty.17,44,234,239 What is known, however, is the significant 

health burden that frailty presents.46,252 Frailty costs our healthcare system241,252 in terms of 

increased hospital admissions, specialized consultations, longer hospital stays, and adverse 

outcomes.47,241  Adding frailty assessments into clinical practice could allow for further 

refinement of its effectiveness for directing individualized care pathways and practicality for 

implementation into a variety of clinical settings.234,239 Current healthcare systems are not 

designed to manage the complexity of patient presentation with multimorbidity that may become 

more common with an aging population.240 Though the integration of frailty assessment into 

clinical care is not yet widely accepted, the emerging body of literature is sufficient to guide 
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assessment implementation for a variety of medical settings as a step towards frailty-aware care 

that could improve acute and longitudinal patient treatment by guiding individualized care 

decisions and identifying the need for potential additional resources throughout care. Medicine 

has to shift with the aging demographic and changing presentation of the patient populations it is 

meant to help.1 The implementation of frailty assessment across a variety of healthcare settings 

may get us closer to achieving better healthcare outcomes for older adults.  

 

2.6 Brief Discussion of the Manuscript written exclusively by Kevin Boreskie 

 This published manuscript discusses the inevitable dilemma that healthcare systems will 

face across the globe, which is that of a globally aging population seeking care in healthcare 

systems that were not designed with their needs in mind.74 It discusses how frailty screening 

can be used to better describe heterogeneous populations of older adults and, specifically, how 

chronological age does not capture this characterization adequately. Thus, frailty can be used to 

identify older adults who may require additional and different care needs from their robust 

peers. The more specific care goals related to frailty screening in each of primary care, acute 

care and surgical care differ but, generally, this identification can lead to the implementation of 

frailty-informed care pathways across all care settings to attempt to mitigate the adverse 

outcomes associated with frailty status. In the primary care setting, frailty identification can 

identify a patient requiring more connection to a broader clinical team for long-term primary 

prevention, connection to supports at home, and patient-centered outcomes regarding medical 

management choices over this longer term, such as with antihypertensives or blood thinners. In 

the acute care setting, more rapid frailty screening methods can identify an individual at risk of 

acute adverse outcomes, such as delirium, and can help guide informed goals of care 

discussions to guide patient disposition. In the surgical setting, frailty screening can be used to 

weigh benefits and risks of intervention and can identify a patient who requires further 

optimization prior to surgery to improve outcomes.  

 Since this manuscript was published in January 2022 it has been cited 81 times, is in the 

93rd percentile of research outputs tracked on Altmetric and has been accessed just under 9,400 

times. It has advanced the field as an impetus for further discussion regarding frailty-aware care 

pathways, largely in the acute care and cardiovascular disease space, as well as being used as 

rationale for studies examining frailty-associated outcomes in acute care settings and in 
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cardiovascular surgery settings. The manuscript has been cited in a number of different contexts 

but is most notably referenced in a policy document by the Health Promotion and Chronic 

Disease Prevention in Canada: Research, Policy and Practice document in September 2024 for 

a special issue on social prescribing in Canada.327 Specifically, it is cited in an article “Utilizing 

the determinants of healthy aging to guide the choice of social prescriptions for older adults” 

while discussing the lack of consensus on specific frailty tools in different settings. Other 

citations include studies in acute care settings examining outcomes of older adults with frailty, 

such as this notable one cited in The Lancet Healthy Longevity that showed worse outcomes for 

presenting trauma patients living with frailty compared to their robust peers in a sample of 

193,156 patients.328 Additionally, other citations include studies discussing frailty in association 

with cardiovascular disease and cardiovascular surgery outcomes including in an update 

statement by the American Heart Association on acute coronary syndromes in older adults.329 

My expertise in this topic area was also recognized by a guest editor of Emergency Medicine 

Clinics who invited me to write a manuscript for a special issue of this journal specifically on 

the use of frailty assessment in the emergency department, which is now published as an article 

in press.330  

 Despite evidence supporting the use of frailty screening in primary, acute care settings 

and in surgical settings, much work is still to be done to make this a reality in most areas. This 

manuscript outlined a summary of the supporting evidence for frailty screening across these 

different clinical domains and further research has been done supporting this use, but more 

work must be done explicitly outlining outcomes pre-post implementation of frailty-aware care 

pathways – not just studies looking at associated adverse outcomes of frailty and expert opinion 

stating that frailty-informed care pathways should improve outcomes for these patients. This 

conundrum of ongoing support for frailty informed care but few clinical areas fully 

implementing frailty specific care pathways was outlined in a recent article in the Journal of the 

American Geriatrics Society which stated the need for studies showing the effect of 

implementing frailty informed care on clinical outcomes for older adults living with frailty in a 

variety of care settings.331 
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CHAPTER 3: Myokines as Biomarkers of Cardiovascular Disease Risk and Frailty in 

Females 

 

3.1 Preface to the Manuscript written exclusively by Kevin Boreskie 

 This published case-control study was designed using initial data from the Duhamel lab’s 

first cohort study examining novel screening tools of CVD in women. Using a propensity match 

of participants from this observational cohort of community-dwelling women aged 55 and older 

(NCT02863211) the hypothesis that myokines may act as biomarkers of both frailty and CVD 

risk was explored. To our knowledge, no prior works have examined the association of a panel 

of myokines with frailty and CVD risk status. As biomarker analyses are expensive, the case-

control design with the propensity match allowed us to optimize the selection of our participants 

while still maintaining statistical power and reducing costs. The novelty of this research is evident 

as it was recognized with an invitation to compete as one of the four nationwide graduate student 

finalists at the 2018 Canadian Society for Exercise Physiology (CSEP) Annual Scientific Meeting 

in Niagara Falls, Ontario.170 This data informed future research examining myokines as 

biomarkers of frailty described later in this thesis.  

 

3.2 Manuscript status 

 Published in Experimental Gerontology, May 2020, Vol 133.170 Used with permission 

from Experimental Gerontology with proof of this approval in Appendix E.   
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and to reviewing and editing the manuscript. Dr. Duhamel and Dr. Arora acquired the funding 

for the project.  

 

3.5 Manuscript 

Abstract 

Frailty is a risk factor for CVD. Biomarkers have the potential to detect the early stages 

of frailty, such as pre-frailty. Myokines may act as biomarkers of frailty-related disease 

progression, as a decline in muscle health is a hallmark of the frailty phenotype. Study 1 is a 

secondary analysis of 104 females, 55 years of age or older, with no previous history of CVD. 

Differences in systemic myokine concentrations based on frailty status and CVD risk profile were 

examined using a case-control design. Propensity matching identified two sets of 26 pairs with 

pre-frailty as the exposure variable in low or elevated CVD risk groups for a total 104 female 

participants. Frailty was assessed using the Fried Criteria and CVD risk was assessed using the 

Framingham Risk Score (FRS). Factorial ANOVA compared the main effects of frailty, CVD 

risk, and their interaction on the concentrations of 15 myokines. Differences were found when 

comparing elevated CVD risk status with low for the concentrations of EPO (384.76 ± 1046.07 

vs. 206.63 ± 284.61 pg/mL, p = 0.001), FABP3 (2772.61 ± 3297.86 vs. 1693.31 ± 1019.34 

pg/mL, p = 0.017), FGF21 (193.17 ± 521.09 vs. 70.18 ± 139.51 pg/mL, p = 0.010),  IL-6 (1.73 ± 

4.97 vs. 0.52 ± 0.89 pg/mL, p = 0.023), and IL-15 (2.62 ± 10.56 vs. 0.92 ± 1.25 pg/mL, p = 

0.022). Pre-frail females had lower concentrations of fractalkine compared to robust (27.04 ± 

20.60 vs. 103.62 ± 315.45 pg/mL, p = 0.004). Interaction effects between frailty status and CVD 

risk for FGF21 and OSM were identified. In elevated CVD risk, pre-frail females, concentrations 

of FGF21 and OSM were lower than that of elevated CVD risk, robust females (69.10 ± 62.86 

vs. 317.24 ± 719.69, p = 0.011; 1.73 ± 2.32 vs. 24.43 ± 69.21, p = 0.018, respectively). These 

data identified specific biomarkers of CVD risk and biomarkers of frailty that are exacerbated 

with CVD risk.  

 

Introduction 

The population of Canada is rapidly aging, and by 2036, it is anticipated that older adults 

will compose 25% of the population.332 This shifting demographic will present our healthcare 

system with new challenges, such as a higher prevalence of CVD 333,  and concomitant frailty.57 
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Frailty is defined as a state of increased vulnerability to negative health outcomes 63,334 

that develops from cumulative declines across multiple physiological systems, and impairs one’s 

ability to respond to stressors.57,335 Psychosocial factors also influence the development of frailty, 

as early life stress336,337 and low socioeconomic status338 have been implicated in the progression 

of frailty. Negative health outcomes associated with frailty include falls,339 disability,340 

institutionalization,341 hospitalization,342 dementia,343 and mortality.344 Pre-frailty is an 

intermediate stage of frailty that increases risk for further frailty progression.63 Although pre-

frailty precedes frailty, it is still associated with negative health outcomes and is an  independent 

predictor of disability, morbidity, and mortality.63 

CVD and frailty share common pathophysiologies such as chronic inflammation and 

insulin resistance, and as a result, can aggravate the presence of one another 

bidirectionally.345,346A recent systematic review and meta-analysis identified that pre-frailty and 

frailty increased risk for CVD by 1.32 (95% CI 1.07-1.63) and 1.70 (95% CI 1.18-2.45) times, 

respectively, over a 4.4 year period.347 Similarly, those with a higher Framingham risk score 

(FRS) have an increased relative risk for incident frailty and pre-frailty of 2.15 (95% CI: 1.68-

2.75) and 1.50 (95% CI: 1.29-1.74) times, respectively, over a 4-year follow-up, even after 

adjusting for cholesterol levels and smoking status.348 Our own work in this area has identified 

that pre-frail and frail females were at 1.5 and 2.8 higher odds of having a high FRS, as compared 

to their robust peers.349 

The two most widely used models of frailty assessment are 1) the Fried Criteria (FC)63 

and 2) the Frailty Index developed by Rockwood et al.350 The FC measures the phenotypic aspects 

of frailty; whereas the Frailty Index assesses frailty based on the accumulation of health deficits 

present in an individual.351 Health deficits can include signs, symptoms, laboratory values, 

disabilities, and diseases.352 Given the phenotypic testing performed in frailty models such as the 

FC, skeletal muscle decline is strongly associated with frailty status.63 

Skeletal muscle acts as a paracrine and endocrine organ through the secretion of myokines 

- small peptides and cytokines released during muscular contraction.199 Myokines have effects 

throughout the body beyond the immune system, and play a key role in maintaining functional 

health status.204 The concentration of various myokines have been associated with age-related 

disease progression.211 Specifically, a feature of frailty is a decline in muscle health; therefore, it 

is possible this characteristic decline effects the release of myokines from the muscle. Subclinical 
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changes in the concentration of these circulating myokines may occur in advance of clinically 

observable changes to phenotypic frailty assessments such as walking speed and grip strength, 

allowing for earlier identification of individuals at risk for functional declines. Additionally, the 

ranging effects of myokines may explain the decline seen across multiple physiological systems 

in frailty, as well as the shared pathophysiological connection between frailty and CVD.35 

Myokines may provide a snapshot in time of the health status for individual frailty status.221 

According to the FC, a decline in muscle health is characteristic of the frailty phenotype, 

however, little research has examined the value of muscle health biomarkers to screen for frailty 

and CVD risk.211,221 Females are at an increased risk of frailty, as compared to males,353 and have 

been underrepresented in CVD research.354 Therefore, the purpose of Study 1 was to investigate 

the association between myokines and frailty-related CVD progression in middle-aged and older 

females. Given that a decline in muscle health is a hallmark of the frailty phenotype, we 

hypothesized that myokines may act as biomarkers of frailty-related CVD progression.  

 

Methods 

Study Design 

The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) 

Statement guidelines for cross-sectional studies were followed in the development of this 

manuscript.355 This cross-sectional, secondary analysis used data from a previous observational 

cohort study356 that was approved by the University of Manitoba Health Research Ethics Board 

(H2014:224) and the St-Boniface Hospital Research Review Committee (RRC/2014/1417). The 

initial study used novel methods of CVD risk assessment, such as the standardized Fried Criteria 

(S-FC)63,357 and the Rasmussen Disease Score (RDS)358 to examine their sensitivity and 

specificity for predicting CVD events, as compared to traditional approaches, such as the 

Framingham Risk Score (FRS).359 

 

Participants 

The initial observational cohort study was conducted at the I. H. Asper Clinical Research 

Institute in Winnipeg, Manitoba, Canada. 1030 females were recruited through a convenience 

sampling approach using radio and media advertisements. Female participants aged 55 years or 

older with a Personal Health Information Number (PHIN) were included in the study. Participants 
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were excluded if they had previously been hospitalized for CVD, as described in the protocol.356 

Next, propensity matching with pre-frailty as the exposure variable was used to identify the most 

similar two sets of 26 matched pairs in the low and elevated CVD risk groups for a total of 104 

females (Figure 6).  

 

Figure 6. Study flow diagram 

 

Assessments 

Frailty was measured using the FC as described by Fried et al.63 Briefly, the Fried score 

examines the presence of five criteria: 1) low physical activity levels; 2) slow walking speed; 3) 

muscle weakness (grip strength); 4) self-reported exhaustion; and, 5) unintentional weight loss. 

Physical activity levels were assessed using the Paffenbarger Physical Activity Questionnaire360 

and the International Physical Activity Questionnaire.361 Muscle strength and walking speed were 

assessed using a grip strength dynamometer362 and a 5 m gait speed test,363 respectively. 

Exhaustion was assessed using the Center for Epidemiological Studies – Depression Scale.364 

Unintentional weight loss was determined using a participant questionnaire.356 Frailty status is 

determined based on the number of criteria present (i.e. 0 = robust, 1-2 = pre-frail, ≥3 = frail). 

Cutoffs for these criteria were based on those used in the original FC.63  

Participants were asked to fast for 12 hours prior to their appointment. Fasted blood 

samples were collected from all 1030 participants. Blood was immediately centrifuged at 2000 x 
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g for 10 minutes after collection. Plasma was then aliquoted into 500 uL samples and stored at -

80˚ C. 

FRS was determined based on the model described by D’Agostino et al.359  High-density 

lipoprotein (HDL) and total cholesterol were measured from the collected blood plasma. Resting 

blood pressure was measured in a supine position, following 10 minutes of rest in a calm and 

controlled, room temperature environment. Resting blood pressure and artery compliance were 

measured using the HD/PulseWave™ CR-2000 Research CardioVascular Profiling System. 

Height and weight measurements were obtained and used to calculate body mass index (BMI). 

Information on sex, age, smoking status, and prescribed medications were collected from 

participant questionnaires.  

Plasma samples for the myokine analysis were collected at the same time as the plasma 

collected for the FRS analysis. Systemic myokine concentrations were analyzed with EMD 

Millipore’s MILLIPLEX® Map Human Myokine Magnetic Bead Panel.365 This panel allows for 

the quantification of apelin (APLN), brain-derived neurotrophic factor (BDNF), erythropoietin 

(EPO), fatty acid-binding protein 3 (FABP3), fibroblast growth factor 21 (FGF21), 

fractalkine/CX3CL1, follistatin-like 1 protein (FSTL-1), interleukin-6 (IL-6), interleukin-15 (IL-

15), irisin, leukemia inhibitory factor (LIF), myostatin/growth differentiation factor 8 (MSTN), 

oncostatin m (OSM), osteocrin/musclin (OSTN), and SPARC (osteonectin).  

 

Statistical analysis 

Participants within the cohort were classified as low CVD risk (as determined by a FRS 

<10%) or elevated (intermediate to high) CVD risk (FRS ≥10%). Propensity scores based on a 

greedy match with the exposure variable of pre-frailty status were calculated separately for the 

low and elevated CVD risk individuals to create a case-control design with four groups: i) Low 

FRS-Robust; ii) Elevated FRS-Robust; iii) Low FRS-Pre-frail, and; iv) Elevated FRS-Pre-frail. 

The propensity score matched females for age, BMI, continuous FRS, smoking status, and 

number of currently prescribed medications. Myokine concentrations were log transformed to 

adjust for skewness in the data distribution and to reduce variability in the data set. Factorial 

ANOVA was then used to compare the main and interaction effects of frailty and CVD risk on 

the log-transformed systemic concentration of 15 myokines. This study was powered using the 

concentration of the inflammatory cytokine IL-6, as this myokine has been implicated in the 
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frailty progression,366 from a similarly aged cohort367 (distribution of 9.5 ± 2.5 pg/mL [Mean ± 

SD]), which calculated a total sample size of 80 (20 in each group) to detect a 25% difference 

between groups (80% power; two-tailed alpha = 0.05). Only participants with data for that 

specific variable were included in the analysis.  

 

Results 

Descriptive data 

 The characteristics of the propensity matched elevated and low CVD risk groups were 

similar (Table 1). Robust participants in the low CVD risk group were younger, as compared to 

their pre-frail peers in the same group (62.92 ± 4.89 vs. 65.58 ± 7.10 years, p = 0.02). In the 

elevated CVD risk group, the prevalence of post-secondary education [22 (84.6%) vs 15 (57.7%), 

p = 0.03] and small artery compliance (3.80 ± 2.44 vs. 2.62 ± 1.13 mL/mmHgx10, p = 0.01) were 

higher in robust females, as compared to pre-frail females. HDL cholesterol was higher in pre-

frail females, as compared to robust females (1.63 ± 0.43 vs. 1.88 ± 0.61 mmol, p = 0.04), in the 

elevated CVD risk group. 

 

Table 6. Participant Characteristics by Cardiovascular Disease Risk and Frailty Status 

L
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Characteristics 

Robust  

(n = 26) 

Pre-frail 

(n = 26) p-value 

Age (years) 62.92 ± 4.89 65.58 ± 7.10 0.02 

BMI (kg/m2) 25.44 ± 4.14 24.92 ± 3.39 0.53 

Post-secondary education (% yes) 21 (80.8%) 18 (69.2%) 0.34 

Ex/Current smoker (% yes) 7 (26.9%) 10 (38.5%) 0.38 

FRS (%) 6.44 ± 2.12 6.92 ± 1.98 0.58 

Fried frailty score 0 ± 0 1.15 ± 0.37 <0.001 

Medication(s) (#) 0.42 ± 0.70 0.54 ± 0.81 0.50 

Hypertension medication(s) 1 (0.04%) 5 (19.2%) 0.08 

Diabetes medication(s) 0 (0%) 0 (0%) - 
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Lipid medication(s) 5 (19.2%) 4 (15.4%) 0.71 

HDL cholesterol (mmol/L) 1.92 ± 0.53 2.06 ± 0.44 0.36 

LDL cholesterol (mmol/L) 3.48 ± 0.67 3.62 ± 0.95 0.07 

Total cholesterol (mmol/L) 5.46 ± 0.75 5.74 ± 1.00 0.07 

Triglycerides (mmol/L) 1.13 ± 0.65 1.06 ± 0.40 0.10 

Blood glucose (mmol/L) 5.49 ± 0.72 5.28 ± 0.52 0.16 

Systolic blood pressure (mmHg) 124.15 ± 14.46 122.65 ± 10.93 0.64 

Diastolic blood pressure (mmHg) 70.35 ± 9.85 69.04 ± 8.05 0.39 

Small artery compliance 

(mL/mmHgx10) 4.10 ± 3.17 4.52 ± 2.80 0.96 

Large artery compliance 

(mL/mmHgx10) 12.41 ± 4.23 12.54 ± 4.48 0.58 

Grip strength (kg) 25.73 ± 2.74 23.27 ± 6.15 <0.001 

Walking speed (sec) 3.84 ± 0.53 4.15 ± 0.67 0.49 

6MWT (m)  580.11 ± 62.97 548.27 ± 73.09 0.19 

Total MVPA/week (mins) 

613.20 ± 

2156.80 313.18 ± 346.41 0.36 

     

 

Characteristics Robust (n = 26) 

Pre-frail (n = 

26) p-value 

E
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n
 =

 5
2
) Age (years) 67.92 ± 6.91 69.54 ± 5.23 0.09 

BMI (kg/m2) 28.29 ± 3.67 27.01 ± 4.74 0.08 

Post-secondary education (% yes) 22 (84.6%) 15 (57.7%) 0.03 

Ex/Current smoker (% yes) 12 (46.2%) 13 (50.0%) 0.78 

FRS (%) 16.51 ± 5.88 16.29 ± 4.36 0.29 

Fried frailty score 0 ± 0 1.15 ± 0.37 <0.001 
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Medication(s) (#) 1.31 ± 1.38 1.54 ± 1.39 0.95 

Hypertension medication(s) 15 (57.7%) 16 (61.5%) 0.78 

Diabetes medication(s) 3 (11.5%) 4 (15.4%) 0.69 

Lipid medication(s) 5 (19.2%) 7 (26.9%) 0.51 

HDL cholesterol (mmol/L) 1.63 ± 0.43 1.88 ± 0.61 0.04 

LDL cholesterol (mmol/L) 3.91 ± 0.80 3.64 ± 1.19 0.23 

Total cholesterol (mmol/L) 5.84 ± 0.84 5.73 ± 1.26 0.26 

Triglycerides (mmol/L) 1.60 ± 0.71 1.23 ± 0.56 0.16 

Blood glucose (mmol/L) 6.29 ± 2.39 6.09 ± 1.74 0.61 

Systolic blood pressure (mmHg) 143.65 ± 15.51 146.27 ± 10.12 0.15 

Diastolic blood pressure (mmHg) 76.50 ± 7.75 77.73 ± 6.66 0.84 

Small artery compliance 

(mL/mmHgx10) 3.80 ± 2.44 2.62 ± 1.13 0.01 

Large artery compliance 

(mL/mmHgx10) 10.63 ± 3.04 9.85 ± 2.71 0.50 

Grip strength (kg) 25.23 ± 3.54 21.62 ± 6.46 0.03 

Walking speed (sec) 4.20 ± 0.58 4.48 ± 0.96 0.34 

6MWT (m) 527.31 ± 59.20 509.79 ± 62.99 0.22 

Total MVPA/week (mins) 339.96 ± 391.82 201.60 ± 266.50 0.87 

Continuous variables expressed as mean ± standard deviation and compared using T-test. CVD, 

cardiovascular disease; BMI, body mass index; FRS, Framingham Risk Score; 6MWT, 6-minute 

walk test; MVPA, moderate-to-vigorous physical activity. 

Main results 

 The main effects for CVD risk and frailty as well as the interaction effects are described 

in Table 2. APLN and OSTN were removed from the analysis as the concentrations in the samples 

measured below detectable limits for the assay. Significantly higher concentrations were present 

in the elevated CVD risk, as compared to low CVD risk females for  EPO (384.76 ± 1046.07 vs. 
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206.63 ± 284.61 pg/mL, p = 0.001), FABP3 (2772.61 ± 3297.86 vs. 1693.31 ± 1019.34 pg/mL, 

p = 0.017), FGF21 (193.17 ± 521.09 vs. 70.18 ± 139.51, p = 0.010), IL-6 (1.73 ± 4.97 vs. 0.52 ± 

0.89 pg/mL, p = 0.023), and IL-15 (2.62 ± 10.56 vs. 0.92 ± 1.25 pg/mL, p = 0.022). 

Fractalkine/CX3CL1 concentrations were lower in pre-frail individuals, as compared to their 

robust peers (27.04 ± 20.60 vs. 103.62 ± 315.45 pg/mL, p = 0.004). Pre-frailty status and CVD 

risk had an interaction effect with FGF21 and OSM concentrations. In elevated CVD risk, pre-

frail females, FGF21 concentration was lower than that of elevated CVD risk, robust females 

(69.10 ± 62.86 vs. 317.24 ± 719.69 pg/mL, p = 0.011). Similarly, concentrations of OSM were 

found to be lower in elevated CVD risk, pre-frail females when compared to elevated CVD risk, 

robust females (1.73 ± 2.32 vs. 24.43 ± 69.21 pg/mL, p = 0.018). 
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Table 7. Systemic Myokine Concentrations by Frailty and CVD Risk Status 

Biomarker (pg/mL) 
Robust  

(n = 52) 

Pre-Frail  

(n = 52) 

Main Effect 

Pre-Frailty      

(p-value)ǂ 

Main Effect 

CVD Risk          

(p-value)ǂ 

Interaction 

Effect (p-

value)ǂ 

BDNF       

Low CVD Risk 439.73 ± 169.54 487.91 ± 214.45 
0.751 0.078 0.392 

Elevated CVD Risk 597.13 ± 332.19 536.53 ± 246.52 

EPO       

Low CVD Risk 227.80 ± 308.58 185.47 ± 262.85 
0.180 0.001 0.845 

Elevated CVD Risk 547.55 ± 1474.17 221.98 ± 63.33 

FABP3       

Low CVD Risk 1557.96 ± 866.36 1828.66 ± 1153.68 
0.746 0.017 0.800 

Elevated CVD Risk 2773.68 ± 3489.89 2771.53 ± 3163.47 

FGF21      

Low CVD Risk 41.07 ± 48.01 99.29 ± 188.77 
0.447 0.010 0.011 

Elevated CVD Risk 317.24 ± 719.69 69.10 ± 62.86 

Fractalkine/CX3CL1      

Low CVD Risk 48.12 ± 71.46 26.14 ± 23.86 
0.004 0.058 0.290 

Elevated CVD Risk 159.12 ± 437.58 27.93 ± 17.16 

FSTL1       

Low CVD Risk 1439.62 ± 1860.57 887.03 ± 926.99 
0.400 0.632 0.445 

Elevated CVD Risk 1943.42 ± 4130.95 993.12 ± 885.88 

IL-6       

Low CVD Risk 0.56 ± 0.91 0.49 ± 0.88 0.814 0.023 0.501 
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Elevated CVD Risk 1.63 ± 5.27 1.83 ± 4.76 

IL-15       

Low CVD Risk 1.10 ± 1.72 0.74 ± 0.42 
0.335 0.022 0.692 

Elevated CVD Risk 4.14 ± 14.89 1.09 ± 1.02 

Irisin       

Low CVD Risk 242.20 ± 203.16 203.80 ± 159.38 
0.068 0.070 0.254 

Elevated CVD Risk 637.81 ± 1981.19 109.82 ± 118.77 

LIF       

Low CVD Risk 3.95 ± 5.51 3.34 ± 2.41 
0.432 0.607 0.627 

Elevated CVD Risk 12.60 ± 36.41 3.53 ± 3.13 

MSTN       

Low CVD Risk 420.69 ± 777.62 381.87 ± 636.50 
0.097 0.150 0.085 

Elevated CVD Risk 5378.21 ± 16261.62 351.25 ± 383.80 

OSM       

Low CVD Risk 1.51 ± 1.46 2.97 ± 5.87 
0.232 0.248 0.018 

Elevated CVD Risk 24.43 ± 69.21 1.73 ± 2.32 

SPARC       

Low CVD Risk 352.38 ± 1141.39 120.28 ± 47.04 
0.173 0.301 0.989 

Elevated CVD Risk 165.73 ± 71.97 164.19 ± 129.25 

Continuous variables expressed as mean pg/mL ± standard deviation and compared using two-way ANOVA.  ǂP values presented are based on log transformed 

data. BDNF, brain-derived neurotrophic factor; EPO, erythropoietin; FABP3, fatty acid-binding protein 3; FGF21, fibroblast growth factor 21; FSTL 1, 

follistatin-like 1 protein; IL-6, interleukin-6; IL-15, interleukin-15; LIF, leukemia inhibitory factor; MSTN, myostatin/growth differentiation factor 8; OSM, 

oncostatin m; SPARC, secreted protein acidic and rich in cysteine/osteonectin.
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Discussion 

Higher concentrations of Il-6, IL-15, EPO, FABP3, and FGF23 were present in females of 

elevated CVD risk, as compared to those of low CVD risk. Fractalkine/CX3CL1 concentrations 

were lower in pre-frail females, as compared to their robust peers. Pre-frailty status and CVD risk 

had an interaction effect with FGF21 and OSM concentrations. In elevated CVD risk, pre-frail 

females, FGF21 concentrations were lower than that of elevated CVD risk, robust females. 

Similarly, OSM concentrations were lower in elevated CVD risk, pre-frail females when compared 

to elevated CVD risk, robust females. 

Only the concentration of fractalkine/CX3CL1 was lower in pre-frail, as compared to 

robust females. Contrary to these findings, some previous literature suggests frail individuals may 

actually possess increased concentrations of fractalkine/CX3XL1 due to chronic inflammation, as 

fractalkine/CX3CL1 concentration is elevated during inflammatory conditions.368 Negative 

correlations between fractalkine/CX3CL1 and some chronic cognitive conditions have been 

observed,369 so it is possible that lower levels of fractalkine/CX3CL1 in these pre-frail females 

may be impairing their necessary immune response to health stressors. Impaired immune response 

is a key characteristic of the progression of frailty; therefore, this is a plausible rationale.370 

This data supports the use of myokines to identify females at risk for physiological decline 

and CVD. IL-6 and IL-15 concentrations were higher in the elevated CVD risk group, as compared 

to the low CVD risk group. IL-6 and IL-15 are cytokines are involved in the immune response371 

and compromised immune function and inflammation are thought to play a role in the development 

of both frailty54 and CVD.372 Frailty is associated with dysfunction of the immune system and 

increased inflammation,373 and increased inflammation is also an etiologic factor in CVD.374 IL-6 

has been previously identified as a biomarker of future cardiovascular events375 and a 

polymorphism of the IL-6 gene is associated with the development and progression of CVD.376 

IL-15 has already been identified as biomarker of CVD, as plasma concentrations of IL-15 were 

reported to be significantly higher in patients with coronary artery disease377 and peripheral artery 

disease,378 when compared to healthy subjects.  

 Concentrations of EPO, FABP3, and FGF21 were higher in the elevated CVD risk cohort, 

as compared to the low CVD risk females. EPO is the primary regulator of red blood cell 

production.379 EPO has also been reported to be produced, and locally released, by many tissues 

in response to stress.380 Higher levels of EPO may suggest a state of increased inflammation in the 
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elevated CVD risk cohort. FABP3 is a small, cytosolic protein abundantly expressed in cardiac 

and skeletal muscle.381 Following myocardial injury, FABP3 is often released into the 

circulation382–384;therefore, it may be a potential biomarker of myocardial injury. FGF21 functions 

in glucose homeostasis and metabolic regulation.385 

 Concentrations of IL-6, IL-15, EPO, FABP3, and FGF21 were all higher in the elevated 

CVD risk cohort, as compared to the low CVD risk cohort. This data supports our hypothesis that 

myokines can be used as biomarkers of CVD risk and previous studies have suggested the potential 

of myokines to act as diagnostic indicators of CVD risk.213 Although, the propensity matched pairs 

were similar, the small difference in age between the low and elevated CVD risk females may 

explain some of these results. 

An interaction effect of frailty and CVD risk status was present for both FGF21 and OSM. 

Seen as an adaptation to nutritional stress,386 higher levels of FGF21 were found in elevated CVD 

risk and females in the low CVD risk, pre-frail group had concentrations similar to those with 

elevated CVD risk. Some literature suggests higher levels of FGF21 can be beneficial for those 

with cardiometabolic diseases.387 Further, the systemic administration of FGF21 has been used as 

a treatment for obesity in rat models.388 However, recent research in humans has reported 

associations between increased concentrations of FGF21 and CVD.389 The higher concentrations 

seen in both elevated CVD risk and low CVD risk, pre-frail females may be due to a resistance to 

FGF21 that has developed over time.390 Concentration of OSM was higher in robust, elevated CVD 

risk females compared all other groups, including those who were pre-frail, elevated CVD risk. 

Interestingly, pre-frail, low CVD risk females had higher concentrations of OSM compared to their 

robust, low CVD risk peers. OSM is an inflammatory cytokine of the IL-6 family391 and has been 

suggested to have a role in the progression of diseases involving chronic inflammation such as 

vascular diseases and cancers.392 As such, the presence of only an interaction effect between frailty 

status and CVD risk status for OSM is difficult to explain. It may be that the females in our cohort 

had not progressed to stages of CVD risk or frailty that were advanced enough to present with 

changes in these myokines.  

It is possible that simultaneous examination of complementary biomarkers may work better 

as biomarkers of risk for conditions involving complex and broad pathophysiological processes, 

such as frailty.174 Due to ease of collection in a clinical setting, systemic myokine concentrations 

were examined, as opposed to directly measuring myokine release from muscle. Thus, it is possible 
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that some of the cytokines measured in the systemic circulation were released not just from skeletal 

muscle, but from other tissues.221 The systemic myokine concentrations had large ranges, even 

within groups based on CVD and frailty status. Despite powering our study based on IL-6, the 

variability seen in our data for many myokines suggests that larger sample sizes may be needed to 

detect differences. The cause of such variation is unclear, but it is possible some participants 

performed more, or less, physical activity before their appointment, compared to their peers, 

despite being asked to avoid this, which could alter myokine release. Additionally, females may 

have to be further in the progression of frailty and CVD risk to present with more noticeable 

differences in systemic myokine concentrations. Future research should perform analyses such as 

these in larger cohorts. Another limitation of Study 1 was a lack of control for muscle mass. The 

measurement of muscle mass could have provided additional information on the muscular health 

of the participants, which may have assisted in explaining differences in the myokine 

concentrations between groups. This is a limitation we will be addressing in our future research in 

which we are assessing body composition. 

Further refinement of novel biomarker-based diagnostic tools for frailty are needed. The 

vast pleiotropic effects of myokines throughout the body are not fully elucidated. Additional 

research identifying the effects of these signaling molecules, the optimal method for their 

measurement in a clinical setting, and defined physiological ranges are needed to better understand 

the roles of myokines in the body. Additionally, concentrations of these biomarkers need to be 

evaluated in different states, such as at rest versus during different exercise modalities. Not only 

will this provide a better understanding of the functions of myokines in the body, but it will also 

provide the information needed to use this knowledge in the development of therapeutic 

interventions.  

These findings will inform the refinement of novel biomarker-based diagnostic tools to 

better detect early stages of CVD risk and frailty. This could allow for earlier identification of 

physiological decline and interventions that may be initiated at an early stage.174 Additionally, this 

research is relevant as the use of frailty to inform treatment and the examination of the effects of 

physical activity on frailty is one of the top ten research priorities of the  Canadian Frailty 

Network.235 The identification of myokines associated with frailty and CVD may elucidate the role 

that physical activity could play in preventing, halting or reversing frailty progression. The 

tracking of biomarkers related to frailty and CVD could allow for the response to therapeutic 
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interventions, such as physical activity, to be assessed.174 These data also enhance our 

understanding of the potential importance of muscle health in linking the pathological processes 

of frailty and CVD progression. Exploration of the sensitivity and specificity of these biomarkers 

for predicting CVD events will be completed in 2022 after a 5-year follow-up period based on 

health data tracking using the Manitoba Health Data Repository.356  
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3.6 Brief Discussion of the Manuscript written exclusively by Kevin Boreskie 

 This published manuscript was the first examination by our lab group examining blood-

based biomarkers of frailty.393 Experts recommended research in this space as biomarkers of frailty 

were thought to potentially identify earlier frailty progression prior to notable clinical changes 

while simultaneously elucidating the generalized pathophysiological decline seen in 

frailty.175,180,211,221,394 Specifically, myokines were recommended as biomarkers of frailty given 

their release from muscle tissue and association with physical activity as well as the associated 

reduction in muscle quality and physical activity seen in frailty progression.177  Despite this 

recommendation, only a few studies had examined the association of myokines with frailty. 

Myokines have also been associated with progression of CVD pathophysiology.214–216,395 Given 

the shared aspects of pathophysiology between frailty and CVD risk, as well as the thought that 

myokines likely play a role in part of this progression, we looked at the association of a panel of 

myokines in association with both frailty status and cardiovascular disease risk status. In order to 

efficiently do this as an initial exploratory analysis, we used a propensity match strategy as 

described in the manuscript. This analysis showed that EPO, FABP3, FGF21, IL-6 and IL-15 
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systemic concentrations were different in high CVD risk groups, as determined by Framingham 

Risk Score, as compared to their low-risk peers. This supports the notion that immunosenescence 

and chronic inflammation may be associated with CVD disease progression.159 Pre-frail 

individuals had lower systemic concentrations of fractalkine/CX3CL1 as compared to their robust 

peers, another myokine that has been associated with either higher or lower concentrations in the 

context of chronic inflammation in chronic conditions.368,369 

 Since publication in Experimental Gerontology, this manuscript has been cited 15 times. 

Of note, the manuscript was cited by a European Myeloma Network frailty position paper in 

Leukemia, a high impact factor journal (impact factor of 12.8).396 Part of this article was describing 

different modalities for frailty assessment/screening and a discussion on the potential for 

biomarkers of frailty. My manuscript was listed as an example of a study looking at such a thing. 

It has also been cited in documents examining myokines or cytokines as biomarkers in states other 

than frailty, such as in peripheral artery disease397 and reduced physical capacity.398 Additionally, 

it has been cited in general discussion in a manuscript on concomitant frailty and sarcopenia,399 as 

some examples.  

 This study added to the field as one of the few papers examining the association of systemic 

myokines with frailty, as opposed to general aging or sarcopenia, which has been researched more 

relatively.221 Despite this, significant further research is needed before myokines can be 

implemented in any clinical capacity as biomarkers of frailty and cardiovascular disease. This 

includes works to identify ideal methodology for measuring myokines with good efficacy while 

being clinically feasible. Significant further work is also needed to continue the pleitropic effects 

of myokines and exerkines more generally.199,203,207 Myokine concentrations were assessed at rest 

in this study, but it may be more clinically relevant to measure their pre-post relative change after 

stimulus, such as different physical activity modalities, while also better characterizing ‘normal’ 

concentrations in different populations. Finally, interventions to alter expression of myokines 

associated with frailty and cardiovascular disease will have to be explored and subsequent research 

demonstrating that altering this expression, in turn, slows or reverses frailty and CVD 

progression.207,400

CHAPTER 4: Bone Metabolism Analytes as Biomarkers of Pre-Frailty and Cardiovascular 

Disease Risk in Females  
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4.1 Preface to the Manuscript written exclusively by Kevin Boreskie 

 The following manuscript is a published case-control study using a similar approach to the 

study described in Chapter 3. Again, a propensity match was used to identify the most appropriate 

participants from the Duhamel lab’s initial CVD cohort sample (NCT02863211) for an initial 

examination of the hypothesis that analytes related to bone metabolism may act as biomarkers of 

frailty and CVD risk. This complements the work in Chapter 3 looking at myokines as biomarkers 

of frailty and CVD due to the increased recognition of muscle-bone crosstalk as an important 

process in health regulation, specifically in aging.223 The case-control design with propensity 

match again allows us to optimally select participants to maintain statistical power and more 

efficiently performing the required assays.  
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4.5 Manuscript 

Abstract 

Background: Frailty and cardiovascular disease (CVD) share common pathophysiology in their 

progression. Declines in bone health often occur concomitantly with frailty and CVD. Therefore, 
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analytes of bone metabolism may be useful biomarkers of pre-frailty and CVD risk. The aim of 

this study was to identify the effects of pre-frailty and CVD risk on the systemic concentrations of 

bone metabolism and inflammatory analytes in middle-aged and older females. 

Method: This case-control study is a secondary analysis of data from 1030 females with no self-

reported history of CVD. Frailty was measured using the Fried Criteria, and females were stratified 

into low and elevated CVD risk using the Framingham risk score. Greedy matching with pre-frailty 

as the exposure variable identified 26 matched pairs in the low and elevated CVD risk groups for 

a total of 104 females. Factorial ANOVA compared differences in the log transformed 

concentrations of 15 bone metabolism analytes based on pre-frailty status, CVD risk, and the 

interaction. 

Results: Differences in the systemic concentrations of IL-6 (5.25 ± 14.30 vs. 1.35 ± 1.74 pg/mL, 

p = 0.001), TNF (1.41 ± 1.83 vs. 0.89 ± 0.40 pg/mL, p = 0.06), and leptin (12628.48 ± 10472.90 

vs. 7562.96 ± 4972.25 pg/mL, p = 0.023) were found in elevated CVD risk status compared to 

low. No differences in the concentrations of bone metabolism analytes were found based on pre-

frailty status, nor were any interaction effects. 

Conclusion: Differences were found in the concentrations of cytokines involved in bone 

metabolism based on CVD risk; however, no differences were found based on pre-frailty status. 

IL-6, TNF, and leptin may act as biomarkers of CVD risk, but this study does not support the use 

of the examined analytes involved in bone metabolism as biomarkers of pre-frailty. 

 

Introduction 

 The population of Canada is aging rapidly. Currently, 17% of the population is 65 and 

older,401 and this proportion is expected to reach 25% by 2036.402 From a public health perspective, 

this is likely to result in an increasing prevalence of both frailty 26 and cardiovascular disease 

(CVD) 403 as the presence of these conditions is associated with age. 

 Frailty is characterized by a state of increased vulnerability to health stressors resulting 

from the dysregulation of multiple physiological systems.404 This leads to a reduction in 

physiological reserve and an impaired ability to respond to adverse health events.15 Pre-frailty is 

an intermediary stage preceding frailty that increases risk of frailty progression.15 Individuals who 
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are pre-frail are able to respond to health stressors,25 but are still at increased risk for disability, 

mortality, and morbidities, including CVD.15,33  

 Frailty and CVD share similar risk factors and pathophysiological progression.57 

Sarcopenia and osteoporosis, as well as chronic inflammation158 are often associated with both 

conditions. As a result, the presence of frailty and CVD are thought to exacerbate each other.346 

Recently, large pooled data sets have identified that frail individuals are at increased risk for 

CVD20,347 and this increased risk is apparent in the earlier pre-frail stage.347,405,406 This relationship 

is also bidirectional as individuals with a high CVD risk had an increased risk for incident frailty 

over a 4 year period (OR 2.15; 95% CI 1.68-2.75).162  

 Biomarkers of both frailty and CVD are beginning to be examined with the goal of 

accurately identifying at-risk individuals earlier in downward health trajectory.88,149 For example, 

blood-based biomarkers of inflammation have been studied as biomarkers of frailty in the younger-

old and the very-old.407 Given the related pathophysiology of frailty and CVD 408,409, these 

conditions may share common biomarkers.  

Bone and muscle are both highly dynamic organs which secrete cytokines that act 

throughout the body.203,410–412 The cross-talk between bone and muscle is receiving increased 

attention as it may have a role in health maintenance and decline.203,217,224 Dysregulation in bone-

muscle cross-talk can influence the progression of osteoporosis and sarcopenia224 – conditions 

often seen in frailty.174,225 Pre-frail and frail individuals are at increased risk for osteoporotic 

fracture 226,227 and have been shown to present with reduced bone health.228,229 Bone and 

cardiovascular health are also suggested to be linked, since reduced bone health is associated with 

increased risk for CVD, and vice versa,230,231 potentially implicating this same dysregulated cross-

talk in CVD progression. Specifically, females who are post-menopause may be at increased risk 

for frailty-related reductions in bone and cardiovascular health, as hormonal changes post-

menopause increase risk for both osteoporosis and CVD.138,413 Bone metabolism analytes have 

previously been measured in the systemic circulation as a means of assessing bone health.412,414 

Given the relevance of bone metabolism and bone-muscle cross-talk to frailty characteristics and 

cardiovascular health, it is possible that these analytes may act as biomarkers of frailty and CVD. 

The objective of this study was to identify the main and interaction effects of pre-frailty 

and CVD risk on the systemic concentrations of bone metabolism and inflammatory analytes in 

middle-aged and older females. Reduced bone health can occur concomitantly with frailty and 
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CVD; therefore, bone metabolism analytes may be useful biomarkers of pre-frailty and CVD risk. 

The identification of biomarkers in the early pre-frailty stage could allow for easier detection and 

tracking of frailty progression.174 

 

Materials and Methods 

Study Design 

 The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) 

Statement guidelines for case-control studies were adhered to in the development of this 

manuscript.415 This case-control study was a secondary analysis of data previously collected from 

an observational cohort study416 approved by the University of Manitoba Health Research Ethics 

Board (H2014:224) and the St-Boniface Hospital Research Review Committee (RRC/2014/1417). 

The initial study examined the sensitivity and specificity of novel CVD risk assessment methods 

for predicting CVD events, such as the standardized Fried Criteria (FC)417 and the Rasmussen 

Disease Score,418 as compared to established approaches, such as the Framingham Risk Score 

(FRS).419 

 

Participants 

  The initial observational cohort study was conducted in Winnipeg, Manitoba, Canada and 

recruited 1030 females using radio and media ads. Participants were included if they were a female 

aged 55 years or older with no previous self-reported CVD, had a Personal Health Information 

Number (PHIN), and if informed consent was obtained. Participants were excluded if they had 

been previously hospitalized for CVD, as described in the protocol paper.416 Propensity matching 

with pre-frailty as the exposure variable was then used to identify a top set of 26 matched pairs in 

the low and elevated CVD risk groups for a total of 104 females to better control for potential 

confounding variables (Figure 7). 

 

Figure 7. Study flow diagram 
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Assessments 

 The FC was used to assess the frailty phenotype 15. The FC assesses the presence of five 

criteria: 1) low physical activity levels; 2) slow walking speed; 3) muscle weakness (grip strength); 

4) self-reported exhaustion; and 5) unintentional weight loss. Frailty status is determined using the 

number of criteria present (i.e. 0 = robust, 1-2 = pre-frail, ≥3 = frail). The cut-offs demarcating the 

presence or absence of the criteria were based on those of Fried et al.15 

 Participants were instructed to fast for 12 hours pre-appointment. Fasted blood samples 

were collected from all 1030 females. Immediately following sample collection, blood was 

centrifuged at 2000 x g for 10 minutes at 4˚ C. Plasma was then aliquoted into microcentrifuge 

tubes and stored at -80˚ C for future analyses. 

 The FRS was determined based on the model of D’Agostino et al.419 High-density 

lipoprotein (HDL) and total cholesterol were measured using the collected plasma. Resting blood 

pressure was measured in a supine position, following 10 minutes of rest, in a calm environment 

at room temperature. Resting blood pressure was measured using the HD/PulseWaveTM CR-2000 

Research CardioVascular Profiling System (Hypertension Diagnostics, Minneapolis, MN, USA). 

Participant sex, age, smoking status, diabetes status, and blood pressure treatment status were 

collected from participant questionnaires.  
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 The systemic concentrations of bone metabolism analytes were measured with a EMD 

Millipore MILLIPLEX® Map Human Bone Magnetic Bead Panel - Bone Metabolism Multiplex 

Assay (EMD Millipore, Burlington, MA, USA).420 This multiplex assay allows for the concurrent 

quantification of adrenocorticotropic hormone (ACTH), Dickkopf WNT signaling pathway 

inhibitor 1 (DKK1), interleukin-6 (IL-6), insulin, tumor necrosis factor  (TNF), leptin, 

osteoprotegrin (OPG), osteocalcin (OC), osteopontin (OPN), interleukin-1  (IL-1), parathyroid 

hormone (PTH), and fibroblast growth factor 23 (FGF23). These analytes were selected due to 

their roles in bone metabolism, amongst others. Plasma samples used in the analysis of the analytes 

were collected simultaneously as the plasma samples used in the FRS analysis.  

 

Statistical Analysis 

 Participants were classified as low CVD risk (FRS <10%) or elevated CVD risk (FRS 

≥10%). Propensity scores based on a greedy match were calculated for the low and elevated CVD 

risk participants with the exposure variable of pre-frailty status, creating a case-control design with 

four groups: 1) Low FRS-Robust; 2) Elevated FRS-Robust; 3) Low FRS-Pre-frail, and; 4) Elevated 

FRS-Pre-frail. Propensity scores matched females for age, body mass index, continuous FRS, 

smoking status, and the number of currently prescribed medications. The analyte concentrations 

were log-transformed to adjust for skewness and reduce variability in the dataset. Factorial 

ANOVA compared the main and interaction effects of pre-frailty and CVD risk on the log-

transformed systemic plasma concentration of 12 bone metabolism analytes.  A Tukey post-hoc 

test was used to compare means where significant difference (p-value = <0.05) was found. The 

study was powered using the concentration of the inflammatory cytokine IL-6 from a similarly 

aged cohort 421 (distribution of 9.5 ± 2.5 pg/mL [Mean ± SD]), a total sample size of 80 (20 in each 

group) was calculated to detect a 25% difference between groups (80% power; two-tailed alpha = 

0.05). All statistical calculations were made using SPSS version 26 (IBM Corporation, Armonk, 

NY, USA). 

 

Results 

Descriptive Data 

 Characteristics of the low and elevated CVD risk propensity matched groups were similar 
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(Table 1). Mean age was lower in the robust group as compared to the pre-frail group in females 

of low CVD risk (62.92 ± 4.89 vs. 65.58 ± 7.10 years, p = 0.02). Differences were found in the 

prevalence of post-secondary education [22 (84.6%) vs. 15 (57.7%), p = 0.03], HDL cholesterol 

(1.63 ± 0.43 vs. 1.88 ± 0.61 mmol, p = 0.04) and small artery compliance (3.80 ± 2.44 vs. 2.62 ± 

1.13 mL/mmHgx10, p = 0.01) between females who were robust and females who were pre-frail 

in the elevated CVD risk group. All females were post-menopause.  

 

Table 8. Characteristics of participants by CVD risk and frailty status 

L
o
w

 C
V

D
 R

is
k

 (
n

 =
 5

2
) 

Characteristics 

Robust  

(n = 26) 

Pre-frail  

(n = 26) p-value 

Age (years) 62.92 ± 4.89 65.58 ± 7.10 0.02 

BMI (kg/m2) 25.44 ± 4.14 24.92 ± 3.39 0.53 

Post-secondary education (% yes) 21 (80.8%) 18 (69.2%) 0.34 

Ex/Current smoker (% yes) 7 (26.9%) 10 (38.5%) 0.38 

FRS (%) 6.44 ± 2.12 6.92 ± 1.98 0.58 

Fried frailty score 0 ± 0 1.15 ± 0.37 <0.001 

Medication(s) # 0.42 ± 0.70 0.54 ± 0.81 0.50 

Hypertension medication(s) (n) 1 (0.04%) 5 (19.2%) 0.08 

Diabetes medication(s) (n) 0 (0%) 0 (0%) - 

Lipid medication(s) (n) 5 (19.2%) 4 (15.4%) 0.71 

HDL cholesterol (mmol/L) 1.92 ± 0.53 2.06 ± 0.44 0.36 

LDL cholesterol (mmol/L) 3.48 ± 0.67 3.62 ± 0.95 0.07 

Total cholesterol (mmol/L) 5.46 ± 0.75 5.74 ± 1.00 0.07 

Triglycerides (mmol/L) 1.13 ± 0.65 1.06 ± 0.40 0.10 

Blood glucose (mmol/L) 5.49 ± 0.72 5.28 ± 0.52 0.16 

Systolic blood pressure (mmHg) 124.15 ± 14.46 122.65 ± 10.93 0.64 

Diastolic blood pressure (mmHg) 70.35 ± 9.85 69.04 ± 8.05 0.39 
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Small artery compliance 

(mL/mmHgx10) 4.10 ± 3.17 4.52 ± 2.80 0.96 

Large artery compliance 

(mL/mmHgx10) 12.41 ± 4.23 12.54 ± 4.48 0.58 

Grip strength (kg) 25.73 ± 2.74 23.27 ± 6.15 <0.001 

Walking speed (sec) 3.84 ± 0.53 4.15 ± 0.67 0.49 

6MWT (m)  580.11 ± 62.97 548.27 ± 73.09 0.19 

Total MVPA/week (mins) 613.20 ± 2156.80 313.18 ± 346.41 0.36 

     

 

Characteristics Robust (n = 26) 

Pre-frail (n = 

26) p-value 
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Age (years) 67.92 ± 6.91 69.54 ± 5.23 0.09 

BMI (kg/m2) 28.29 ± 3.67 27.01 ± 4.74 0.08 

Post-secondary education (% yes) 22 (84.6%) 15 (57.7%) 0.03 

Ex/Current smoker (% yes) 12 (46.2%) 13 (50.0%) 0.78 

FRS (%) 16.51 ± 5.88 16.29 ± 4.36 0.29 

Fried frailty score 0 ± 0 1.15 ± 0.37 <0.001 

Medication(s) # 1.31 ± 1.38 1.54 ± 1.39 0.95 

Hypertension medication(s) (n) 15 (57.7%) 16 (61.5%) 0.78 

Diabetes medication(s) (n) 3 (11.5%) 4 (15.4%) 0.69 

Lipid medication(s) (n) 5 (19.2%) 7 (26.9%) 0.51 

HDL cholesterol (mmol/L) 1.63 ± 0.43 1.88 ± 0.61 0.04 

LDL cholesterol (mmol/L) 3.91 ± 0.80 3.64 ± 1.19 0.23 

Total cholesterol (mmol/L) 5.84 ± 0.84 5.73 ± 1.26 0.26 

Triglycerides (mmol/L) 1.60 ± 0.71 1.23 ± 0.56 0.16 

Blood glucose (mmol/L) 6.29 ± 2.39 6.09 ± 1.74 0.61 

Systolic blood pressure (mmHg) 143.65 ± 15.51 146.27 ± 10.12 0.15 
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Diastolic blood pressure (mmHg) 76.50 ± 7.75 77.73 ± 6.66 0.84 

Small artery compliance 

(mL/mmHgx10) 3.80 ± 2.44 2.62 ± 1.13 0.01 

Large artery compliance 

(mL/mmHgx10) 10.63 ± 3.04 9.85 ± 2.71 0.50 

Grip strength (kg) 25.23 ± 3.54 21.62 ± 6.46 0.03 

Walking speed (sec) 4.20 ± 0.58 4.48 ± 0.96 0.34 

6MWT (m) 527.31 ± 59.20 509.79 ± 62.99 0.22 

Total MVPA/week (mins) 339.96 ± 391.82 201.60 ± 266.50 0.87 

Continuous variables expressed as mean ± standard deviation and compared using T-test. CVD, 

cardiovascular disease; BMI, body mass index; FRS, Framingham Risk Score; 6MWT, 6-minute walk test; 

MVPA, moderate-to-vigorous physical activity.  

 

Main Results 

 The main effects for pre-frailty and CVD risk status and their interaction effects are found 

in Table 2. ACTH and PTH were not included in the final analysis as concentrations in the majority 

of the samples measured below detectable limits for the assay. Significantly higher concentrations 

were present in females of elevated CVD risk, as compared to those of low CVD risk for IL-6 

(5.25 ± 14.30 vs. 1.35 ± 1.74 pg/mL, p = 0.001), TNF (1.41± 1.83 vs. 0.89 ± 0.40 pg/mL, p = 

0.006), and leptin (12628.48 ± 10472.90 vs. 7562.96 ± 4972.25 pg/mL, p = 0.023). No differences 

in the concentrations of bone metabolism analytes were found based on pre-frailty status. No 

interaction effects between pre-frailty status and CVD risk were found. 



 

74 

 

Table 9. Concentrations of Systemic Bone Metabolism Analytes by Frailty and CVD Risk 

Biomarker (pg/mL) Robust (n = 52) Pre-frail (n = 52) 

Main Effect of 

Pre-frailty (p-

value) ǂ 

Main Effect of 

CVD Risk (p-

value) ǂ 

Interaction 

Effect (p-value) 

ǂ 

DKK1 

     
Low CVD Risk 156.34 (40.27) 164.00 (69.01) 

0.778 0.138 0.944 
Elevated CVD Risk 145.61 (53.28) 147.97 (52.20) 

IL-6   

   
Low CVD Risk 1.27 (1.71) 1.43 (1.80) 

0.183 0.001 0.476 
Elevated CVD Risk 5.34 (17.99) 5.17 (9.66) 

Insulin   

   
Low CVD Risk 346.39 (281.18) 274.54 (227.39) 

0.173 0.228 0.942 
Elevated CVD Risk 457.90 (581.96) 358.42 (324.19) 

TNF⍺   

   
Low CVD Risk 0.83 (0.42) 0.95 (.38) 

0.546 0.006 0.320 
Elevated CVD Risk 1.55 (2.45) 1.27 (.88) 

Leptin   

   
Low CVD Risk 7179.27 (4087.90) 7946.64 (5780.87) 0.177 0.023 0.138 



 

75 

 

Elevated CVD Risk 13730.65 (9171.93) 11526.31 (11708.94) 

OPG   

   
Low CVD Risk 203.15 (72.24) 216.11 (66.55) 

0.069 0.151 0.311 
Elevated CVD Risk 220.54 (109.24) 366.81 (570.78) 

OC   

   
Low CVD Risk 9215.50 (3723.66) 9805 (4801.35) 

0.985 0.153 0.900 
Elevated CVD Risk 8688.65 (4758.53) 8791.65 (5299.55) 

OPN   

   
Low CVD Risk 5373.76 (4408.36) 6339.46 (2996.10) 

0.361 0.755 0.218 

Elevated CVD Risk 6521.58 (4391.42) 6956.11 (6994.28) 

IL-1β   

   
Low CVD Risk 862.38 (448.86) 767.30 (443.73) 

0.669 0.132 0.812 
Elevated CVD Risk 714.70 (559.30) 745.80 (616.32) 

FGF23   

   
Low CVD Risk 28.74 (9.83) 29.54 (9.18) 

0.786 0.167 0.530 
Elevated CVD Risk 41.50 (43.10) 35.38 (30.73) 

Continuous variables expressed as mean pg/mL ± standard deviation and compared using two-way ANOVA. ǂp values presented are based on log 

transformed data. DKK1, Dickkopf WNT signaling pathway inhibitor 1; IL-6, interleukin-6; TNF, tumor necrosis factor ; OPG, osteoprotegrin; 

OC, osteocalcin; OPN, osteopontin; IL-1, interleukin-1 ; FGF23, fibroblast growth factor 2
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Discussion 

 No differences in the concentrations of the assessed bone metabolism analytes were found 

in females who were pre-frail, compared to those who were robust, and no interaction effects 

were found between pre-frailty and CVD risk status. Based on these findings, analytes involved 

in bone metabolism may not be useful biomarkers of pre-frailty.  

 Reductions in bone health may occur concomitantly with frailty422 as frailty has been 

predictive of osteoporotic fractures.423 There is some evidence to suggest changes to bone health 

in the earlier, pre-frail stage as reduced bone mineral density has been identified in pre-frail 

females,424 but this research was on a slightly older cohort (mean age = 70 years). Pre-frail males 

have been found to have reduced bone health compared to frail males, as assessed by quantitative 

ultrasound.422 Though, the bone mineral density scans of these pre-frail males were not 

significantly different from the robust group, indicating only early changes to bone health.422 We 

found no differences in the concentrations of bone metabolism analytes between pre-frail and 

robust females.  This may be because pre-frailty is too early in frailty progression for changes in 

bone health to be detected with biomarkers associated with bone metabolism.  As such, 

differences in the concentrations of bone metabolism analytes between these two groups may not 

be identifiable until later frailty stages. Markers of bone metabolism have been reported to be 

higher in females with established frailty.425 Therefore, had this study utilized females who were 

frail instead of pre-frail and who were older, differences in the concentrations of bone metabolism 

analytes between groups might have been found. This finding could warrant the use of alternative 

biomarkers allowing for early identification and intervention prior to the onset of associated 

adverse health outcomes. Thus far, evidence suggests that interventions implemented in the 

earlier pre-frail stage are more likely to successfully slow or reverse frailty progression.426  

 Although no differences were found in the concentrations of bone metabolism analytes 

based on pre-frailty, differences were found based on CVD risk status. IL-6, TNF, and leptin 

were higher in females at elevated CVD risk, as compared to females at low CVD risk.  

 IL-6 is an inflammatory cytokine typically involved in the body’s immune response.371 

IL-6 has a wide range of inflammatory effects throughout the body427 and it is involved in bone 

metabolism.428 IL-6 has been reported to stimulate the genesis of osteoclasts, multinucleated giant 

cells with the capacity to breakdown bone tissue.429 Thus, increased inflammation is associated 

with reduced bone mass.430 Increased inflammation is also implicated in the development of 
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CVD372 and frailty.54 We identified higher levels of IL-6 in females at elevated CVD risk, 

however, there was no difference in IL-6 concentration between robust and pre-frail females. 

Despite this finding, increases in IL-6 have often been identified in pre-frail and frail 

individuals.431 This discrepancy may have resulted from the large variations in IL-6 

concentrations between groups which might have impacted our ability to identify higher levels 

of IL-6 in pre-frail females. In relation to CVD, the higher levels of IL-6 found in females at 

elevated CVD risk status is supported by previous evidence identifying IL-6 as a biomarker of 

CVD.375  

 TNF is also an inflammatory cytokine with an important role in the immune response 

and has pleiotropic effects throughout the body.432 Like IL-6, TNF is able to induce 

osteoclastogenesis, leading to the destruction of bone tissue.433 Additionally, TNF is able to 

suppress the activity of osteoblasts, cells responsible for forming new bone,434 further reducing 

bone health. As such, this inflammatory cytokine is thought to be associated with altered bone 

metabolism.435 TNF has already been identified as a biomarker of CVD436 and because of its 

link with inflammation, evidence also supports its use as a potential biomarker of frailty with 

higher levels often being present in pre-frail and frail individuals.431 Higher levels of TNF were 

identified in females at elevated CVD risk but frailty status did not influence TNF concentration 

in our study participants. Again, this discrepancy may be due to large variations in the 

concentration of this cytokine between groups. Past research supports the finding of higher levels 

of TNF found in females at elevated CVD risk,437 indicating the efficacy of this cytokine in 

CVD risk assessment.  

 Leptin is a hormone predominately synthesized and secreted by adipocytes.438 Leptin 

regulates bodyweight and energy balance,439 yet also has a complex role in bone 

metabolism.440,441 The specific effects of leptin on bone metabolism are difficult to summarize,442 

though research suggests leptin is necessary for both the inhibition and stimulation of bone 

formation.443,444 A relationship between leptin and CVD has been established445 and the use of 

leptin as a biomarker of CVD is supported by clinical studies demonstrating increased 

concentration of leptin is predictive of cardiovascular events.446 Additionally, leptin 

concentrations are higher in obesity and other metabolic disorders which predispose for the 
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development of CVD.447 Thus, the increase in leptin concentration present in females at elevated 

risk for CVD might result from the presence of metabolic risk factors for CVD in this group. 

 

Limitations 

 Despite using results from a similarly aged cohort to calculate sample size for this 

study,421 large variations in the concentrations of bone metabolism analytes in the systemic 

concentration were found within groups. This variation may have impacted our ability to identify 

differences between groups. The specific cause of this variation is unclear, and improved 

methodological approaches are needed to address variability in the future.448 The measured 

analytes, while selected for their involvement in bone metabolism, also play a variety of 

pleiotropic roles throughout the body, such as the well-known roles of IL-6 and TNF in 

inflammation.371,432 This makes conclusively stating which pathophysiological processes connect 

the studied analytes to outcomes like pre-frailty or elevated CVD risk difficult to ascertain. 

Further, the collection of bone mineral density measures and information on potential hormone 

replacement therapies in the females of this cohort could have provided additional information 

on the bone health of the participants, which may have assisted in explaining why the bone 

metabolism analytes were not found to be effective biomarkers of pre-frailty.  

  

Future Directions 

 There is an increasing need to identify and validate biomarkers of pre-frailty and frailty 

as current identification is based on specific criteria which can sometimes be inconsistent 394. 

While the measurement of bone metabolism analytes is effective in the monitoring of conditions 

like osteoporosis 449, bone metabolism analytes may not be useful biomarkers of pre-frailty as 

reductions in bone health may only be evident later in the frailty progression of most females. 

Additional research is necessary to (1) identify biomarkers of pre-frailty; (2) define the 

physiological ranges of these biomarkers; (3) identify the optimal method of assessing established 

biomarkers; and (4) examine the underlying pathophysiology connecting said biomarkers to 

frailty progression in more detail.   

 These findings will support the development of novel biomarker-based methods of pre-

frailty and CVD risk assessment. The identification of effective biomarkers of pre-frailty may be 

used to identify potential physiological dysfunction, facilitate early intervention, and lead to the 
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development of therapeutic strategies.221 Promising biomarkers of pre-frailty and CVD may be 

identified in our cohort in 2022, following the completion of a 5-year follow up period.416 

 

Conclusions 

 No differences were found for the concentrations of any bone metabolism analytes based 

on pre-frailty status, nor were any interaction effects between pre-frailty and CVD risk. It is 

possible these females were too early in the progression of frailty to have developed reductions 

in bone health that were detectable using biomarkers of bone metabolism. Concentrations of IL-

6, TNF, and leptin were found to be higher in females who were at elevated risk of developing 

CVD, as compared to females at low risk for developing CVD. This research suggests these 

cytokines involved in bone metabolism may act as potential biomarkers of CVD risk; however, 

it did not identify potential biomarkers of pre-frailty in middle-aged and older females. 

 

4.6 Brief Discussion of the Manuscript written exclusively by Kevin Boreskie 

 Our initial analysis examining systemic myokines associated with CVD and frailty 

discussed in the prior chapter proved the feasibility of our cytokine assays and of the propensity 

match methodology that we used to efficiently examine samples from our larger cohort study. 

We wanted to expand our panel of cytokines being measured, as it is likely that any biomarker 

approach would require a range of markers, given the complexity of their function and the 

pathophysiology of frailty.175,221,450,451 Frailty progression is associated with reduced physical 

activity and decreased muscle quality; thus, our interest is in the association of myokines.221 

Bone metabolism also has a complex interplay with muscle health, physical activity with newer 

discovered wide effects physiologically,223 so we also wanted to examine the association of 

cytokines related to bone metabolism with frailty and CVD progression. Using a similar 

cytokine assay, specifically focused on cytokines related to bone metabolism, we examined 

their association with phenotypic frailty in our cohort, employing the same propensity match 

design.232 This data found that differences in concentration of IL-6, TNFα and leptin between 

low and high CVD risk individuals, but no differences in cytokine concentration between 

robust and individuals with pre-frailty. No individuals in the cohort were living with frailty. It is 

possible that the earlier pre-frailty stage was too early in frailty progression for most of the 

study sample to be exhibiting markers of poorer bone health relative to their robust peers. 
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This publication was included as part of a special issue in Advances in Geriatric 

Medicine and Research on frailty. Tracking its outputs is difficult, as unfortunately, it is not 

listed in Web of Science, despite being expected to be included in this journal. This has likely 

led to less interactions with this work by others as well. It has been viewed 888 times and has 

been cited in an article in Nutrients (impact factor of 5.717).452 The Nutrients article was a sub-

analysis of data from the Frailty Syndrome in Daily Practice of Interventional Cardiology Ward 

(FRAPICA) study, a prospective cohort study examining the prognostic ability of phenotypic 

frailty for older adults admitted to hospital on interventional cardiology wards.452 The analysis 

looked at initial data from the first 78 cohort patients recruited to examine the association of 

systemic myokine concentrations, not necessarily associated with bone metabolism, with frailty 

status and fat-free mass. They then used data from our study232 as part of their discussion to 

compare results.453  

 The data from this chapter found that cytokines related to bone metabolism were not 

associated with pre-frailty status but were associated with CVD risk status. Specifically, IL-6, 

TNFα and leptin also play roles in inflammation and energy balance. The association between 

chronic inflammation and CVD is well supported, but more recognition of the interplay 

between aging, frailty and chronic disease progression, especially CVD, continues to be 

explored, specifically in the context of how exerkines might play a role in this.209,454 Significant 

further work is needed to identify clinically feasible biomarkers associated with frailty 

progression, allowing for potential earlier identification. Validation studies are also required to 

confirm these findings and provide a signal to help elucidate personalized intervention 

modalities. Similar to the discussion in Chapter 3, in order to clinically implement work like 

this, the roles of associated myokines will have to be elucidated, their ideal/feasible 

methodology for measurement, and interventions that alter their expression which, in turn, slow 

or reverse frailty and CVD progression.207,400  
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CHAPTER 5: Multivariable Analysis of Myokines as Biomarkers of Frailty in Females 

 

5.1 Preface to the Manuscript written exclusively by Kevin Boreskie 

 Chapter 3 employed a case-control design with a propensity match to identify the most 

suitable participants from the Duhamel lab’s initial CVD cohort sample (NCT02863211) for an 

initial examination of the hypothesis that myokines may serve as biomarkers of frailty-related 

and CVD risk. This data informed the subsequent study (Chapter 5), which built further on this 

concept in a larger sample size (n = 329) from the WARM Hearts study (NCT03938155). This 

work further advanced our past study by implementing multivariable analysis approaches to 

better understand the complex interactions of myokines in relation to frailty status as supported 

by the latest expert opinion. This research also incorporated the use of a multidimensional FI, in 

addition to the phenotypic Fried approach, for frailty assessment. While we had originally 

planned to also examine myokine association with CVD, as with the prior research described in 

Chapter 3 and 4, the proposed statistical approaches were not feasible with such an assessment, 

and it would have led to a more convoluted analysis/interpretation of the data. Additionally, while 

chronic disease and frailty are different, they are invariably interlinked bidirectionally. Therefore, 

we no longer thought it made sense to explicitly separate frailty and CVD risk, as previously 

done. This chapter is not yet submitted for peer review/publication.  

 

5.2 Manuscript status 

 This is an original chapter that has not yet been submitted for publication.  

 

5.3 Authors 

 Kevin F. Boreskie, Jacqueline L. Hay, Daniel Schwade, Kaitlin M. Reilly, Ayesha 

Saleem, Rakesh C. Arora, and Todd A. Duhamel  

 

5.4 Contributions of Authors 

I conceptualized the study and identified the methodology. Along with Jacqueline Hay 

and Dr. Duhamel, I contributed to the development of the cohort study (WARM Hearts) that the 

data for this analysis was collected. Daniel Schwade and Kaitlin M. Reilly coordinated study sites 

and managed the trial data. As first author, I drafted the original manuscript. All authors 
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contributed to reviewing and editing the document. Dr. Duhamel acquired the funding for the 

project.  

 

5.5 Manuscript 

Abstract  

Background: Individuals living with frailty have reduced physiological reserve for tolerating 

health stressors compared to robust peers. Myokines are cytokines released from skeletal muscle 

that have pleiotropic effects throughout the body. Although suggested as a means of facilitating 

earlier identification and elucidating the pathophysiological decline seen in frailty, little research 

has explored the association of myokines with frailty status.  

Methods: This secondary, cross-sectional analysis of the Women's Advanced Risk Assessment 

in Manitoba (WARM) Hearts observational cohort comprised of females aged 55 years or older 

with no previous history of cardiovascular disease (NCT03938155). All participants were 

assessed using a frailty index (FI) and the Fried frailty phenotype (FP). Systemic myokine blood 

concentrations were quantified using the MILLIPLEX® Map Human Myokine Magnetic Bead 

Panel and log10 transformed for all analyses. Cohort characteristics and myokine concentrations 

differences by frailty status were assessed using ANOVAs. Linear regressions were used to 

examine associations between individual myokine concentrations and the FI and FP, respectively. 

A stepwise multivariable regression was used to examine the value of adding each myokine to a 

model identifying the FI and then FP score after adjusting for age.  

Results: The mean (± SD) age of the cohort was 64 ± 6 years (n = 329). The FI identified 28 

robust females, 248 living with pre-frailty and 53 living with frailty. The stepwise multivariable 

regression adjusting for age included brain-derived neurotropic factor (BDNF) (β 0.143, SE 

0.013), fatty acid binding protein 3 (FABP-3) (β 0.149, SE 0.020), oncostatin M (OSM) (β 0.144, 

SE 0.005) and osteocrin (OSTN) (β -0.197, SE 0.010) in the model for the FI. Comparatively, 

the FP identified 270 females as robust, 58 as pre-frail and none as frail (one participant had 

missing FP criteria). Only secreted protein acidic and rich in cysteine (SPARC) (β 0.121, SE 

0.107) was included in the final stepwise multivariable regression model for FP adjusted for age. 

Conclusion: Myokines BDNF, FABP-3, OSM and osteocrin contributed to a stepwise regression 

model predicting the FI after adjusting for age, whereas only SPARC remained in a model 

predicting FP score. Future studies validating these and emerging myokines of interest for frailty 
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biomarker tools are needed.  

 

Introduction 

An aging global population means that individuals will present with increasing clinical 

complexity due to comorbidities and other concomitant health stressors.1 Associated with, but 

separate from chronological age, frailty is defined as a susceptibility to health stressors due to 

dysregulated physiological reserve that increases risk for adverse health outcomes.15–17 Frailty is 

associated with risk for a range of adverse outcomes, including hospitalization,15 

comorbidities,15,21,32,33 and mortality.21,27,33 Many frailty assessment tools have been described in 

the literature66,67 with their use depending on the clinical setting and purpose of assessment.74 

Methodologies can generally be grouped into frailty assessments based on an accumulation of 

deficits or as a phenotypic expression. More recently, blood and urine-based biomarkers have 

been incorporated into approaches as a means to potentially enhance the prediction of adverse 

health outcomes earlier in the pre-frail stage of frailty.80,95,451,455 For example, the Frailty Index 

Lab (FI-Lab) demonstrated that even seemingly minor abnormalities from 32 common blood, 

urine, and hemodynamic (pulse and blood pressure) assessment were associated with mortality.80 

A recent systematic review and meta-analysis supported the FI-Lab approach predicting mortality 

(per 0.01 increase in FI HR = 1.04; 95% CI 1.03-1.05) regardless of the number of items included 

in the FI-Lab (< or >25).95 Therefore, lab-based biomarkers may provide unique insights into the 

complex physiological decline and facilitate identifying new therapies to prevent or slow frailty 

progression.173–175,455 

The pleiotropic beneficial effects of physical activity have more recently been explained 

through the role of ‘exerkines’.207,208 These signaling factors are released in response to acute or 

chronic exercise from a variety of cardiometabolic, immune, nervous and bone tissues, having 

endocrine, paracrine and autocrine effects throughout the body.208 While this broad definition 

encompasses a variety of moieties, the term ‘myokines’ has been used to describe cytokines that 

are released from skeletal muscle in response to physical activity.199,209 Since deteriorating 

muscle health and reduced physical activity are often part of frailty progression,180 biomarkers 

that are upregulated or downregulated in response to physical activity and/or muscle mass may 

act as markers of early frailty progression. As with the broader exerkines, myokines have a variety 

of autocrine, paracrine, and endocrine functions, which produce pleiotropic disease-modifying 
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effects.209,456 As such, it is thought that changes in myokine production and release may explain 

part of the complexity in pathogenesis toward multimorbidity and frailty.177,180,219,220 

Multiple reviews have endorsed further research into the role of myokines as promising 

potential biomarkers for frailty,173,175,177,180 but few works have examined this association. 

Reviews have identified myokines such as myostatin/growth differentiation factor 8 (MSTN), 

irisin, brain-derived neurotrophic factor (BDNF), and myokines associated with inflammatory 

processes like interleukin 6 (IL-6) as being potentially associated with frailty in middle and older 

age adults.177,180 In a sample of 53 undernourished, inpatients 65 years of age and older, Liu et 

al. found that patients with frailty had higher leptin, adenosine 5’-monophosphate-activated 

protein kinase (AMPK) and myostatin (MSTN) serum concentrations, while pre-frail and frail 

participants had lower irisin concentrations, as compared to their robust peers.457 In a subsequent 

multiple linear regression for predicting frailty including other biomarkers and clinical scoring 

tools, leptin and MSTN concentrations remained as some of the most influential components of 

the regression model. A cross-sectional univariable analysis from our lab identified that females 

with pre-frailty had lower fractalkine/CX3CL1 concentrations as compared to their robust 

peers.170 Our group has also previously examined the univariable association of cytokines related 

to bone metabolism and frailty, many of which were also related to muscle function,232 and none 

were found different in pre-frail participants compared to robust.  

While our previous approaches assessed individual myokines, expert recommendations 

now suggest that examining biomarkers in isolation, as opposed to using multivariable 

approaches, may result in a loss of information, given the complex pathophysiology present in 

frailty.174,180,455 Therefore, we are building off our past work examining univariable associations 

between myokines and frailty170 by incorporating  a multivariable approach using a larger sample 

to better examine the potential complex interaction between myokines and frailty. This new 

research is also strengthened as we examined frailty scores as continuous variables, as opposed 

to categorical, and incorporates both a multidimensional approach to frailty (a Frailty Index - 

FI)458 and a phenotypic approach (the Fried Phenotype - FP).15 Identifying myokines of interest 

in association with frailty is an important first step to help direct future work examining their use 

as frailty predictors and therapeutic targets.  

This study aims to examine associations between frailty status and systemic myokine 

blood concentrations at rest. We hypothesize that a multivariable myokine analysis will identify 
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a panel of myokines associated with frailty, even after adjusting for age, given the shared 

pleiotropic effects of both frailty and myokines in the body, as well as their shared connection to 

physical function, muscle health, and activity.   

 

Materials and Methods 

Study design 

This secondary, cross-sectional analysis of data was collected from the Women's 

Advanced Risk Assessment in Manitoba (WARM) Hearts study,459 an observational cohort study 

recruiting Manitoban females 55 years of age and older with no previous history of CVD to 

examine novel CVD risk factors in this population (ClinicalTrials.gov: NCT03938155). The 

study was approved by the University of Manitoba Health Research Ethics Board and the St-

Boniface Hospital Research Review Committee (Ethics Number HS22576 (H2019:063)). The 

cohort study used novel methods to assess CVD risk, such as arterial elasticity assessment, as 

compared to traditional approaches, such as the Framingham Risk Score (FRS).459 The 

Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) Statement 

guidelines355 for cross-sectional studies were followed in the development of this manuscript as 

well as the Sex and Gender Equity in Research (SAGER) guidelines.460 Females were specifically 

recruited given their higher prevalence of frailty compared to males,28 differing presentations of 

same,30 suspected differences in the relationship between cytokines and frailty by sex,461 as well 

as differences in the expression of myokines by sex.462  

 

Setting and recruitment 

The WARM Hearts study was conducted in Winnipeg, Manitoba at two locations – the 

University of Manitoba Active Living Centre and the Albrechtsen St. Boniface General Hospital 

Research Centre. One-thousand and eighteen (1018) women aged 55 years or older were recruited 

into the WARM Hearts cohort through a convenience sample via newspaper articles, an online 

webpage describing the project, media interviews, and presentations at community events. Table 

10 identifies the inclusion and exclusion criteria of the study. Data collection for the WARM 

Hearts study took place between November 2019 and January 2022 at the University of Manitoba 

and the Asper Research Centre in Winnipeg, Manitoba, Canada. Recruitment for the study was 

notably impacted by the COVID-19 pandemic. The recruitment process began on October 10, 
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2019, but was temporarily paused on March 23, 2020, after enrolling 480 participants, 240 of 

whom completed data collection. Data collection resumed on September 16, 2020, but was again 

halted on November 10, 2020, due to public health restrictions in the province. Recruitment 

restarted on October 2, 2021, and continued until December 20, 2021, with 522 participants 

enrolled, 330 of whom completed data collection. Following a pause due to the Omicron variant, 

recruitment resumed on February 1, 2022, and concluded on December 22, 2022, with 1,018 

participants completing data collection. This analysis is based on the first 329 participants with 

complete data. 

 

Table 10. Inclusion and exclusion criteria459  

Inclusion criteria  

(both need to be fulfilled for eligibility) 

Exclusion criteria 

(any of the following result in ineligibility) 

1) Women aged 55 and older Pre-hospitalisation or treatment for:  

2) Possess a Manitoba Personal 

Health Information Number 

1) Ischemic heart disease 

2) Acute myocardial infarction 

 3) Stroke/transient ischemic attack 

 4) Percutaneous coronary intervention  

 5) Coronary artery bypass surgery 

 6) Congestive heart failure 

 7) Peripheral artery disease 

 8) Congenital heart defects 

 9) Arrhythmia  

 Additional exclusion: 

 10) Medical advice against physical activity  

 11) Previous participant in the Assessment 

of Large and Small Artery Elasticity for 

the Early Detection of Cardiovascular 

Disease (NCT02863211)  

 

Study procedure  
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Eligible participants attended two research appointments 8-14 days apart to complete data 

collection. Take-home assessment packages were provided at the first appointment and 

completed forms were returned at the second data collection appointment. Participants were 

given pre-appointment instructions to fast and not to smoke or consume caffeine two hours prior, 

and to avoid strenuous exercise and alcohol within 6 hours of the appointment. Participants were 

given the same instructions prior to their second appointment; however, fasting protocols were 

12 hours before data collection. Blood samples were collected at this second appointment. This 

methods section describes measures relevant to this analysis from WARM Hearts. A complete 

list of data collected in WARM Hearts can be found in the published protocol paper.459  

 

Anthropometry and body composition 

 Height was measured on a portable Seca stadiometer to the nearest 0.5 cm. In accordance 

with the Canadian Society for Exercise Physiology (CSEP) guidelines, waist circumference was 

measured at the superior iliac crest to the nearest 0.1 cm on the skin at the end of exhalation.463,464 

The InBody 270 was used to estimate body composition, including weight, skeletal muscle mass, 

body fat percentage and total body fat mass using bioelectrical impedance analysis following a 

two hour fasting period.465,466 

 

Blood sampling 

Plasma samples were collected to examine traditional CVD risk biomarkers for use in the FRS as 

well as novel biomarkers of cardiovascular and muscle health. Participants were asked to fast 12h prior to 

their appointment. Fifteen (15) mL of blood was drawn and separated into 4 tubes: a serum silica tube 

(1x4mL), a lithium heparin tube (1x4mL), and two EDTA tubes (2x3mL). Two aliquots of whole blood 

from the serum silica tube were snap frozen and stored at -80 ºC.. Blood samples in the EDTA and lithium 

heparin tubes were centrifuged at 2000 x g for 10 minutes and then the plasma was snap frozen and eight 

aliquots were stored at -80 ºC. Cholesterol, triglycerides, and blood glucose were measured using one of 

the lithium heparin plasma samples.  

 

Myokine Analysis 

The EDTA plasma samples were used for the targeted myokine analysis. The analysis 

was performed by Eve Technologies in Calgary, Alberta, an experienced biomarker laboratory 
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using a EMD Millipore’s MILLIPLEX® Map Human Myokine Magnetic Bead Panel. Briefly, 

this Millipore Sigma kit uses Luminex xMAP technology to identify fluorescent-coded magnetic 

beads coated with a specific capture antibody and allows for the simultaneous quantification of 

protein biomarkers. Our lab has used this same myokine panel previously as well as a similar 

panel examining cytokines associated with bone metabolism.170,232 This panel quantifies apelin 

(APLN), BDNF, erythropoietin (EPO), fatty acid-binding protein 3 (FABP3), fibroblast growth 

factor 21 (FGF21), fractalkine/CX3CL1, follistatin-like 1 protein (FSTL-1), IL-6, IL-15, irisin, 

leukemia inhibitory factor (LIF), myostatin (MSTN), oncostatin m (OSM), osteocrin/musclin 

(OSTN), and osteonectin (SPARC). While there are hundreds of myokines discussed in the 

literature,203 these myokines were identified as ones of specific interest available in a compatible 

panel. All assays were run in duplicate with the average value being used for each participant. 

Values below the range of the standard curve were designated as the lowest quantifiable value 

obtained for that analyte.  

 

Non-invasive measure of peripheral and central hemodynamics 

Seated blood pressure (BP) measurements were taken at the left upper arm using the 

validated Mobil-O-Graph(IEM, Stolberg, Germany) in accordance with Canadian 

Cardiovascular Society guidelines.467 The Mobil-O-Graph ambulatory blood pressure (BP) 

monitor is validated for the non-invasive assessment of brachial blood pressure and estimates of 

aortic pulse wave velocity (aPWV), augmentation index, and central blood pressure.468–470 All of 

these assessments were quantified simultaneously in triplicate through oscillometric pulse wave 

form analysis. The first measurement was discarded and the second and third measurements were 

averaged.  

For adults, a resting BP of < 120/80 mmHg is considered normal, 120-139/80-89 mmHg 

is considered pre-hypertensive, and  > 140/90 mmHg is classified as hypertension, as defined by 

the Canadian Cardiovascular Society guidelines.467 A resting BP of 160 mmHg systolic or 90 

mm Hg diastolic, and a heart rate of 100 beats per minute were used as screening cut-offs for 

proceeding with the data collection appointments as recommended by the CSEP guidelines.464 

Participants who exceeded BP or heart rate cut-offs were given five minutes to rest before the 

measurements were retaken. If a participant was above either of the cut-offs on two consecutive 
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measurements, the appointment was terminated, and the participant was recommended to speak 

with their primary care provider. 

 

Framingham Risk Score 

A multivariable risk factor algorithm described by D'Agostino et al131  was used to 

calculate the FRS for each participant. This tool is recommended for use in clinical settings in 

Canada by the Canadian Cardiovascular Society.467 Age, sex, and smoking status were collected 

by questionnaire; whereas, fasting glucose, HDL, and total cholesterol measured from blood 

samples. As previously described, BP was recorded using the Mobil-O-Graph. 

 

Cognitive assessment 

The Montreal Cognitive Assessment (MoCA) was used to assess cognitive impairment in 

the cohort.471,472 Research assistants all completed the MoCA training. The MoCA is scored out 

of 30 with lower scores being indicative of increased cognitive impairment. Mild cognitive 

impairment is considered present with scores below 26/30.472  

 

Questionnaires 

Participants completed a series of questionnaires: 

1. Demographic questionnaire including age, menopausal status, as well as sex and gender 

identity using the two question method.473 

2. The International Physical Activity Questionnaire (IPAQ) short version474 collected self-

reported duration and intensity of physical activity completed in the last 7 days.  

3. The EuroQol Five Dimensions Five Level (EQ-5D-5L) evaluates the dimensions of mobility, 

self-care, usual activities, pain/discomfort, and anxiety/depression.475 The EuroQol Visual-

Analog Scale (EQ-VAS) provided complementary information of the patients' views of their 

health.476  

4. Sleep quality over a 1-month time interval was assessed using the Pittsburgh Sleep Quality 

index (PSQI).477 

5. The Seniors in the Community: Risk Evaluation for Eating and Nutrition Version II 

(SCREEN II) was used for the identification of risk for impaired nutritional states in 

community-living older adults.478 
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6. The Patient Health Questionnaire-9 (PHQ-9) was used to screen for depressive symptoms.479 

PHQ-9 scores of 5, 10, 15, and 20 represent mild, moderate, moderately severe and severe 

depression respectively. Question 9 on the PHQ-9 screens for the presence of and duration of 

suicidal ideation.  

 

Frailty status 

Frailty was assessed using two approaches, a FI458 and the FP.15 No single frailty 

assessment tool has established itself as a gold standard as there are more than fifty tools that 

exist66 serving different purposes for different clinical contexts.74 Both of these  frailty assessment 

approaches were used in this study as they are the two most regularly used in the literature and 

there is no clear consensus supporting the use of one over the other.67  

The FI was created using variables collected in WARM Hearts study (Appendix F) 

following the general guidelines as described by Searle et al.458 Variable selection is based on the 

follow criteria: (1) deficits must have an association with health status; (2) selected deficit 

prevalence should increase with chronological age; (3) selected health deficits should not saturate 

too early; (4) selected deficits should cover a broad range of physiological systems; (5) frailty 

indices should be kept the same if planned to be used on the same cohort at multiple time 

points.458 Proposed cut points for FI scores have included ≤0.08 as robust, ≥0.25 as frail and 

everything in between as pre-frail.480 

The FP uses measures previously described by Fried et al.15  This phenotypic to frailty 

assessment classifies participants as frail if three or more of the following criteria were met: (1) 

unintentional weight loss, (2) self-reported exhaustion, (3) weakness, (4) slow walking speed, (5) 

low physical activity. Exhaustion was assessed by the Center for Epidemiologic Studies – 

Depression Scale.481 Self-reported physical activity levels were assessed by the Paffenbarger 

Physical Activity Scale482 and unintentional weight loss was assessed via questionnaire. Gait 

speed was assessed by the 5-meter walk test.483 Weakness was assessed by grip strength using a 

hand held dynamometer.483 Participants are considered robust if they have 0 criteria present, pre-

frail if 1-2 criteria are present or frail with 3 or more criteria are present.  

 

Statistical analysis 
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Statistical support was provided by Dr. Robert Balshaw, a biostatistician from the George 

& Fay Centre for Healthcare Innovation, University of Manitoba. One-way between group 

ANOVAs were used to compare characteristics variables of the cohort based on five bins 

designated by FI score ranges with the lowest score bin (≤0.08) representing robust and the 

highest score bin (≥0.25) representing those living with frailty based on previously used cut 

points.480 This binning approach was used as opposed to using an approach that categorizes as 

robust versus pre-frail versus frail to better describe the continuum of frailty in our cohort  

One-way between group ANOVAs were used on the log10 transformation of the systemic 

concentration of the myokines to assess differences by FI and FP score. Bonferroni post-hoc 

analysis was used explore between-group differences when the ANOVA was statistically 

significant. Chi-Square tests were used to assess difference in categorical variables. GraphPad 

Prism was used to generate included graphs (Figure 8, 9 and 10). 

Univariable linear regression was used to examine associations between individual log10 

myokine concentrations and with frailty using both the FI and FP approach. An additional linear 

regression model was then run adjusting for age. Homoscedasticity was assessed by visual 

inspection of a plot of standardized residuals versus standardized predicted values.  

Maintaining age in the model, a stepwise, forward multivariable regression was used to 

identify myokines as possible predictors of FI and then FP score. Each step involved including 

the myokine with the highest correlation with the outcome if it met criterion (p <0.05) until no 

myokines met this criterion. The inclusion of myokines in these models suggest that they should 

be of interest for further examination in future studies exploring the pathophysiology of frailty, 

biomarker-based approaches for identifying frailty, and potential therapeutic targets. 

Multivariable regressions conservatively require 10-15 participants per variable examined,484 

meaning that a sample size of 240 was required to power this analysis for the 16 analytes 

evaluated. P-values are not demonstrated for these models as they are biased toward fitting a 

single model. All statistical analyses were conducted using IBM SPSS Statistics, version 31 (IBM 

Corp., Armonk, NY, USA).  

 

Results 

Descriptive data 
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This cohort was composed of 329 females. The entirety of the cohort identified as women, 

99% of the cohort was post-menopausal, and 97% of the cohort were White. The average (± SD) 

age of the cohort was 64 ± 6 years. The FI identified 28 (8.5%) of the participants as robust, 248 

(75.4%) participants with pre-frailty and 53 (16.1%) of the participants with frailty. 

Comparatively, the FP identified 270 participants (81.6%) as robust, 58 participants (17.5%) as 

pre-frail and none as frail.  Distribution of FI and FP scores in the cohort are presented in Figure 

8. The characteristics of the cohort as organized into bins by FI score are summarized in Table 

11. There was no difference in age between the five FI categories. Higher FI scores were 

generally associated with higher BMIs, greater waist circumference, more prescribed 

medications, and higher systolic blood pressure. 

 

Figure 8. Distribution of frailty index scores in the cohort 

 

FI and FP presented as continuous score distributions for the cohort. 
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Table 11. Characteristics of cohort by FI score 

  

Characteristic 
Cohort 

n = 329 

Group 1  

≤0.08 

n = 28 

Group 2 

0.09-0.13 

n = 82 

Group 3 

0.14-0.19 

n = 111 

Group 4 

0.20-0.24 

n = 55 

Group 5 

≥0.25 

n = 53 

Age (years) 63.96 ±5.97 63.32 ±5.85 63.44 ±6.03 64.31 ±6.06 64.27 ±6.37 64.08 ±5.48 

Frailty index 0.17 ±0.08 0.06 ±0.02 0.11 ±0.01* 0.16 ±0.02*† 0.22 ±0.01*†‡ 0.31 ±0.06*†‡§ 

Post-secondary education (%) 257 (78.1%) 22 (78.6%) 69 (84.1%) 86 (77.5%) 41 (74.5%) 39 (73.6%) 

Living alone (%) 64 (19.5%) 4 (14.3%) 12 (14.6%) 26 (23.4%) 10 (18.2%) 12 (22.6%) 

BMI (kg/m2) 26.50 ±5.03 24.20 ±3.62 24.56 ±3.30 25.89 ±3.82 28.30 ±5.51*†‡ 30.12 ±6.97*†‡ 

Waist circumference (cm) 91.47 ±13.00 84.77 ±10.91 85.81 ±10.52 90.51 ±10.62 96.83 ±12.53*†‡ 
100.23 

±15.65*†‡ 

Fat-free mass (kg) 45.07 ±6.16 44.38 ±4.23 45.08 ±5.63 44.31 ±5.81 45.87 ±6.58 46.18 ±7.79 

Skeletal muscle mass (kg) 24.64 ±3.60 24.35 ±2.58 24.59 ±3.37 24.12 ±3.07 25.25 ±4.16 25.31 ±4.59 

Percent body fat (%) 35.39 ±7.49 32.32 ±6.80 32.04 ±6.81 34.76 ±6.17 38.49 ±6.86*†‡ 40.28 ±8.36*†‡ 

Ex or current smoker (%) 158 (48%) 8 (28.6%) 37 (45.1%) 54 (48.6%) 28 (50.9%) 31 (58.5%) 

Prescribed medication(s) (#) 1.63 ±1.67 0.85 ±0.91 0.96 ±1.14 1.48 ±1.34 1.88 ±1.84*† 3.12 ±2.12*†‡§ 

MoCA score 26.22 ±2.38 27.86 ±1.27 26.63 ±2.11 26.06 ±2.16* 26.02 ±2.51* 25.25 ±2.94*† 

PHQ-9 score 2.37 ±2.36 1.36 ±1.57 1.68 ±1.81 2.12 ±2.02 3.27 ±2.38*†‡ 3.57 ±3.25*†‡ 

HDL cholesterol (mmol/L) 1.70 ±0.43 1.76 ±0.38 1.79 ±0.42 1.72 ±0.44 1.59 ±0.38 1.63 ±0.49 

LDL cholesterol (mmol/L) 3.48 ±0.92 2.86 ±0.61 3.30 ±0.79 3.64 ±0.99* 3.64 ±0.84* 3.61 ±0.98* 
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Continuous variables expressed as mean ± standard deviation and compared using ANOVA. Categorical variables expressed as N (%) compared using Chi-

square test. BMI, body mass index; MoCA, Montreal Cognitive Assessment; PHQ-9, Patient Health Questionnaire-9; HDL, high-density lipoprotein; LDL, 

low-density lipoprotein; IBD, inflammatory bowel disease; 6MWT, 6-minute walk test; MVPA, moderate-to-vigorous physical activity.  

* indicates statistically significant difference from Group 1. † indicates statistically significant difference from Group 2. ‡ indicates statistically significant 

difference from Group 3. § indicates statistically significant difference from Group 4.

Total cholesterol (mmol/L) 5.29 ±0.95 4.69 ±0.42 5.13 ±0.82 5.46 ±1.06* 5.41 ±0.91* 5.38 ±1.03* 

Triglycerides (mmol/L) 1.14 ±0.53 1.00 ±0.42 0.92 ±0.42 1.13 ±0.52† 1.34 ±0.58*† 1.39 ±0.55*†‡ 

Blood glucose (mmol/L) 5.83 ±0.66 5.63 ±0.54 5.60 ±0.38 5.77 ±0.54 6.00 ±0.76† 6.22 ±0.94*†‡ 

Systolic blood pressure (mmHg) 120.32 ±14.28 115.04 ±13.22 115.83 ±12.05 119.41 ±13.17 122.73 ±13.12† 
129.49 

±16.80*†‡ 

Diastolic blood pressure 

(mmHg) 
75.49 ±10.13 74.14 ±10.62 73.61 ±8.73 75.27 ±10.20 76.49 ±8.74 78.53 ±12.38 

Pulse wave velocity (m/s) 8.98 ±1.14 8.58 ±1.14 8.77 ±1.13 9.02 ±1.10 9.09 ±1.21 9.33 ±1.08*† 

Framingham Risk Score  7.13 ±4.26 4.53 ±2.51 5.36 ±2.73 6.89 ±3.70* 8.20 ±4.46*† 10.55 ±5.27*†‡§ 

Hypertension (%) 71 (21.6%) 5 (17.9%) 4 (4.9%) 21 (18.9%) 17 (30.9%) 24 (45.3%) 

Type 2 diabetes (%) 6 (1.8%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (1.8%) 5 (9.45%) 

Past cancer (%) 45 (13.7%) 2 (7.1%) 6 (7.3%) 13 (11.7%) 11 (20.0%) 13 (24.5%) 

5m gait time (s) 4.16 ±0.64 4.01 ±0.47 3.94 ±0.46 4.12 ±0.61 4.23 ±0.56 4.60 ±0.87*†‡§ 

Grip strength (kg) 25.62 ±5.721 26.64 ±3.68 27.91 ±4.80 24.91 ±5.24† 24.02 ±6.26† 24.66 ±7.16† 

6MWT (m)  592.51 ±79.38 650.77 ±74.94 613.27 ±73.10 602.50 ±65.88* 571.28 ±64.83*† 
530.33 

±88.29*†‡§ 

Total MVPA/week (mins) 
273.64 

±287.27 
311.70 ±301.31 283.92 ±264.83 309.66 ±316.71 242.12 ±267.97 

191.10 

±254.33 
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Frailty biomarkers designated as the lowest quantifiable value  

 The following describes the percentage of samples in the cohort that had myokine 

concentration values below the standard curve range for each respective myokine:  Apelin 18%; 

BDNF 0%; EPO 33%; FABP-3 0%; FGF-21 80%; FSTL-1 18%; Fractalkine 30%; IL-6 50%; 

IL-15 61%; Irisin 81%; LIF 34%; Myostatin 77%; OSM 11%; OSTN 7%; SPARC<1%. These 

values were designated as the lowest quantifiable value obtained for that analyte. 

 

Results based on FI score bins 

 Myokine concentration values in pg/mL by FI score bins are presented in Supplementary 

Table 14 with the log10 values assessed by ANOVA. Between-group differences were assessed 

with a Bonferroni post-hoc analysis. Group 5 (FI ≥0.25) had higher FABP3 concentrations than 

Group 2 (FI 0.09-0.13)(Figure 9).  

 

Figure 9. Box plot of significant log10 myokine concentrations by FI score 

 

FI scores are expressed as continuous values. FABP3 values are presented as pg/mL log10 

concentrations. The boxes represent lower quartile, median and upper quartile while the 

whiskers represent minimum and maximum values with outliers displayed. FABP-3, fatty acid-

binding protein 3. 

† 
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 † indicates statistically significant difference from FI Score 0.09-0.13 Group. 

 

Univariable regressions for each of the log10 myokine concentrations by FI are presented 

in Table 12. When a stepwise regression including age was performed, only BDNF, FABP-3, 

OSM and osteocrin added value to the model. The strength of the effect of independent variables 

(myokine concentration) on the dependent variable (FI) are presented as standardized β weights. 

BDNF (Standardized β 0.143, SE 0.013), FABP-3 (Standardized β 0.149, SE 0.020) and OSM 

(Standardized β 0.144, SE 0.005) all had positive standardized beta weights, while OSTN 

(Standardized β -0.197, SE 0.010) had a negative beta weight, in the final stepwise model.  

 

Table 12. Linear regression models of log10 myokine concentrations by FI score  

Variable Univariable regression 

Standardized β (SE) 

Age-adjusted regression 

  Standardized β (SE) 

Stepwise regression 

  Standardized β (SE) 

Age 0.043 (0.001) - - 

Apelin -0.038 (0.004) -0.038 (0.004) - 

BDNF 0.124 (0.012) 0.126 (0.012) 0.143 (0.013) 

EPO 0.022 (0.007) 0.024 (0.007) - 

FABP-3 0.159 (0.019) 0.156 (0.020) 0.149 (0.020) 

FGF-21 0.066 (0.007) 0.063 (0.007) - 

FSTL-1 0.000 (0.005) -0.006 (0.005) - 

Fractalkine 0.020 (0.006) 0.019 (0.006) - 

IL-6 -0.003 (0.005) -0.007 (0.005) - 

IL-15 -0.014 (0.004) -0.014 (0.004) - 

Irisin 0.052 (0.005) 0.051 (0.005) - 

LIF -0.035 (0.003) -0.039 (0.003) - 

Myostatin 0.032 (0.007) 0.030 (0.007) - 

OSM 0.116 (0.005) 0.115 (0.005) 0.144 (0.005) 

OSTN -0.033 (0.008) -0.033 (0.008) -0.197 (0.010) 

SPARC 0.060 (0.017) 0.056 (0.017) - 
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All variables expressed as standardized β (standard error). BDNF, brain-derived neurotrophic 

factor; EPO, erythropoeitin; FABP-3, fatty acid-binding protein 3; FGF-21, fibroblast growth 

factor 21; FSTL-1, follistatin-like 1 protein; IL-6, interleukin-6; IL-15, interleukin-15; LIF, 

leukemia inhibitory factor; OSM, oncostatin M; OSTN, osteocrin/musclin; SPARC, 

osteonectin 

 

Results by FP score 

Myokine concentration values in pg/mL by FP score are presented in Supplementary 

Table 15 with log10 values assessed by ANOVA. Both EPO and SPARC concentrations were 

higher in higher FP scores (Figure 10). The FP group with a score of 2 had higher EPO 

concentrations than both groups with FP scores of 0 or 1 (p <0.05). The FP group with a score of 

2 had higher SPARC concentrations than the FP group with a score of 0 (p <0.05).  

 

Figure 10. Box plots of significant log10 myokine concentrations by FP score  

 

FP scores are expressed as continuous values. Myokine values are presented as pg/mL log10 

concentrations. The boxes represent lower quartile, median and upper quartile while the 

whiskers represent minimum and maximum values with outliers displayed. EPO, erythropoeitin; 

SPARC, osteonectin. 

* indicates statistically significant difference from Group 1. † indicates statistically significant 

difference from Group 2.  

 

*† 
* 
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 Univariable regressions for each of the log10 myokine concentrations by FP score are 

presented in Table 13. Fifteen (15) myokines were identified in the univariable regression and 

age-adjusted regression; whereas, only SPARC (0.121, SE 0.107) added value to the final 

stepwise model with age for the FP assessment. 

 

Table 13. Linear regression models of log10 myokine concentrations by FP score  

All variables expressed as standardized β (standard error). BDNF, brain-derived neurotrophic 

factor; EPO, erythropoeitin; FABP-3, fatty acid-binding protein 3; FGF-21, fibroblast growth 

factor 21; FSTL-1, follistatin-like 1 protein; IL-6, interleukin-6; IL-15, interleukin-15; LIF, 

leukemia inhibitory factor; OSM, oncostatin M; OSTN, osteocrin/musclin; SPARC, 

osteonectin 

 

Variable 
Univariable regression 

 Standardized β (SE) 

Age-adjusted regression 

Standardized β (SE) 

Stepwise regression 

Standardized β (SE) 

Age 0.146 (0.004) - - 

Apelin 0.025 (0.023) 0.026 (0.022) - 

BDNF 0.114 (0.074) 0.119 (0.073) - 

EPO 0.086 (0.045) 0.091 (0.044) - 

FABP-3 0.110 (0.122) 0.090 (0.123) - 

FGF-21 0.045 (0.043) 0.032 (0.043) - 

FSTL-1 0.073 (0.032) 0.056 (0.032) - 

Fractalkine 0.053 (0.039) 0.051 (0.039) - 

IL-6 0.051 (0.031) 0.037 (0.031) - 

IL-15 0.023 (0.026) 0.022 (0.026) - 

Irisin -0.012 (0.032) -0.016 (0.032) - 

LIF 0.065 (0.020) 0.076 (0.020) - 

Myostatin 0.038 (0.041) 0.030 (0.041) - 

OSM 0.072 (0.029) 0.069 (0.029) - 

OSTN 0.048 (0.051) 0.050 (0.050) - 

SPARC 0.135 (0.107) 0.121 (0.107) 0.121 (0.107) 
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Discussion 

  This study identified systemic myokine blood concentrations associated with frailty 

status, as measured by both the FI and the FP. Specifically, while 15 myokines were associated 

in both the univariable and age-adjusted regression analyses, only 4 (i.e.; BDNF, FABP-3, OSM 

and OSTN) were included in the FI stepwise regression model with age; whereas only SPARC 

was included in the FP stepwise model with age included. This approach was used, as the latest 

expert recommendation suggests that biomarkers such as these should be examined in 

multivariable approaches to avoid simplifying what are likely complex relationships into 

univariable assessments.174,180,455 Based on our findings, the specific myokines BDNF, FABP-3, 

OSM and OSTN should be considered of interest for future work examining myokines as 

biomarkers of frailty and for their potential contribution to frailty-related health declines.  

The FI and FP are two of the most established approaches for assessing frailty. 

Importantly, they identify frailty differently.253 While the FI examines frailty from a 

multidimensional aspect as an accumulation of deficits,22 the FP is a phenotypic-focused 

assessment.15 As such, these assessments do not have strong agreement between them and the 

prevalence of frailty in the same population can vary depending on the assessment tool used.485  

In this study, for example, the FI identified 53 (16.1%) of the participants as living with frailty, 

whereas the FP did not identify any individuals living with frailty. This is supported by past work 

that has similarly identified higher rates of frailty identification in middle and older ages with the 

FI as compared to the FP.26,28 

The identification of myokines associated with pre-frailty and frailty through  

multivariable approaches has the potential to assist with the creation of tools to identify 

individuals requiring intervention to reduce risk for adverse outcomes earlier in their frailty 

progression.173,177 Past work has shown that creating FIs focusing on lab-based measures can 

identify individuals at risk for further physiological decline and identify subclinical deficit 

accumulation before identification with common clinical assessments.181 This study expands the 

type of lab-based measures by specifically identifying myokine biomarkers that could potentially 

add value to such an approach.  

BDNF, FABP-3, OSM and OSTN all remained statistically significant contributors to the 

FI stepwise regression. Increased BDNF is thought to play a key role in the cognitive 

improvements seen with physical activity through neuronal growth211,486 and it is also thought to 
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play a role in modulating inflammation.211,487 This work showed a positive association between 

BDNF and FI score in the stepwise model. While increased BDNF has been associated with 

positive aging prior,488 other works have also identified higher BDNF in older adults with 

inflammatory conditions, such as osteoarthritis,487 as well as in type 2 diabetes mellitus.489 In our 

cohort, individuals living with further advanced frailty (i.e.; higher FI score) had higher diabetes 

prevalence as well as slightly lower MoCA scores, representing worse cognition.  

FABP3 is involved in fatty acid metabolism and has previously been found to be released 

in association with myocardial injury.382–384 Additionally, FABP3 knockdown has been shown to 

have positive effects on aged skeletal muscle, with improved protein synthesis and reduced 

endoplasmic reticulum stress through changes in lipid composition,490 which may explain its 

positive association with FI scores in the stepwise regression analysis in our cohort.  

OSM is increased with chronic inflammation391 in pathologies like vascular disease or 

cancer,392 and it is thought to play a role in driving muscle atrophy associated with these 

comorbidities.492 These roles may be attributable to its positive association with FI in our cohort 

as chronic inflammation and atrophy are thought to play key components in the pathogenesis of 

frailty, including its relation to CVD.159  

OSTN is stimulated with physical activity and may play a preventative role in pathologic 

cardiac remodeling.493 Low OSTN has previously been associated with frailty and adverse 

outcomes in patients undergoing transcatheter aortic valve implantation (TAVI).494 Similarly, 

lower serum concentrations of OSTN were associated with higher FI score in our final stepwise 

model.  

Although 15 myokines were included in the univariable regression and age-adjusted 

regression, only SPARC remained in the FP stepwise regression model. This finding contrasts 

our prior work that identified only fractalkine as being associated with pre-frailty; granted, that 

approach used categorical frailty assessment as opposed to the continuous evaluation of FP 

implemented in the current work.170 BDNF and  FABP3 were statistically significant in the linear 

regression for FP score but were also strongly associated with age so they were no longer 

significant in the age-adjusted models. SPARC has garnered some interest as a myokine due to 

its potential role in sarcopenia with age-related decreases in expression,495,496 as well as in tumor 

suppression with increased expression.497 SPARC knockout mice have been found to develop 

smaller myofiber diameters compared to wild-type mice495 and show signs of accelerated 
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aging.498 In contrast to these prior works, our sample identified SPARC as being positively 

associated with increasing FP score. However, this does align with findings that increased SPARC 

may impair adipogenesis and insulin sensitivity499 as well as its association with hypertension and 

inflammation.500 Further work will have to elucidate this relationship given these various findings as well 

as compare both tissue-specific regulation in relation to circulating levels of SPARC.  

The measurement of novel blood-based biomarkers, specifically myokines, is challenging 

due to the wide heterogeneity in systemic concentrations and the lack of established guidelines 

for measurement in the clinical setting. EPO, FGF-21, IL-6, IL-15, irisin, LIF and myostatin all 

had more than a third of the values below the standard curve range, meaning that many of the 

values for these myokines were estimated as the lowest quantifiable values. Description of the 

number of samples below the standard curve range is provided in Supplementary Table 16. None 

of these myokines appeared in the final stepwise models, which may have been due to a reduction 

in statistical power when assigning the lowest quantifiable value to all values below the standard 

range. Without established normal concentrations for these analytes in this population, it is 

difficult to determine what the cause of this may have been. The mechanical and metabolic stress 

of physical activity alters the release of myokines,501 so it may be that this stimulus is required to 

better assess biosynthetic capacity of the muscle in response to acute activity and, in turn, their 

association with frailty.177 This could be done based on either absolute concentration release or 

the change in concentration from rest to post-exercise.  

The quantifiable myokine values covered a wide range for the included participants, with 

some outlier values. While data was log transformed to address this, further work is needed to 

better understand typical concentrations of systemic myokine concentrations in different 

populations both at rest from chronic physical activity and in response to acute stimuli. This 

information will give better context to future study results, thus the inclusion of Supplementary 

Tables 5 and 6. Additional variables may also play a role in resting concentrations of the various 

myokines captured in this panel. For example, hormonal changes associated with menstrual cycle 

can potentially lead to variation in some myokine concentrations,91 as can potential circadian 

influences.92 This was likely mitigated by the fact that 99% of the cohort was post-menopausal.  

The FP is a phenotypic assessment of frailty,15 so we anticipated that more myokines 

would be associated with FP score as their stimulus is dependent on physical activity and/or 

muscle mass.220 It is possible that the FI was associated with more myokines in this multivariable 
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analysis as the FI is designed to cover a wider range of physiological systems that may have cross 

over with the known pleiotropic effects of the myokines included in this panel.   

Beyond the limitation of assessing systemic myokine concentrations at rest, as previously 

described, this study has some additional limitations to consider. While the analytes selected were 

specifically chosen due to their potential association with frailty and their known release from 

muscle tissue as myokines, these cytokines are also released from additional sources, including 

immune and other cardiometabolic tissues.199,207 Thus, the cytokines quantified in our assay may 

have originated from tissue other than skeletal muscle, but the cytokines selected for analysis 

were those that are thought to have altered expression with muscle stimulation. Many additional 

exerkines have also been identified beyond myokines specifically207 and it may be that the 

exclusion of some of these moieties would best identify early changes associated with frailty 

progress. This analysis was limited to the 15 pre-identified myokines selected. The EMD Millipore 

assay selected also was not validated using additional biochemical methodology in this analysis. The 

cross-sectional nature of this analysis associating myokine concentrations with frailty scores 

means that a potential causative role of these myokines in frailty-related health declines cannot 

be explored.  

Notwithstanding these limitations, the study offers insight into the potential role that 

myokines may play as biomarkers of frailty in White females 55 years of age and older. These 

myokines may be used to identify early physiological dysfunction, facilitate early intervention, 

and lead to the development of therapeutic strategies to slow or reverse frailty progression.173,221 

The identification of myokines associated with frailty could also inform future interventional 

trials aimed at altering frailty-related myokine expression using exercise interventions, simulated 

exercise interventions such as with neuromuscular electrical stimulation,502 or using recombinant 

myokine injection in mouse models of frailty. Given the pleiotropic effects of myokines 

systemically, interventions targeting these may show success intervening with the broad 

deleterious effects of frailty – and may help to explain part of the success of physical activity 

interventions in this area already.97  

 

Conclusion 

 This study identified BDNF, FABP-3, OSM and OSTN as myokines that contributed to 

a stepwise regression model predicting FI score after adjusting for age, whereas only SPARC 
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remained in a stepwise model predicting FP score. Future work looking at creating and validated 

frailty biomarker tools should include these probable myokines of interest. The pleiotropic effects 

of myokines, the relevance of different serum concentrations, and the causes of acute/chronic 

fluctuations in myokine expression in people living with frailty requires further elucidation. 

Future work should look at the role these myokines play in frailty progression and aging, as well 

as their therapeutic potential through targeted therapies.  
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Table 14. Supplementary - Differences in myokine concentration by frailty index score 

 

Myokine 
Cohort 

n = 329 

Group 1  

≤0.08 

n = 28 

Group 2 

0.09-0.13 

n = 82 

Group 3 

0.14-0.19 

n = 111 

Group 4 

0.20-0.24 

n = 55 

Group 5 

≥0.25 

n = 53 

Apelin 87.79 (228.57) 109.29 (417.17) 90.47 (186.40) 86.00 (256.43) 64.60 (204.00) 111.04 (239.42) 

BDNF 2039.78 (2570.42) 2054.79 (2951.75) 1628.64 (2707.21) 1829.77 (2566.98) 2102.35 (2206.45) 2355.30 (3112.01) 

EPO 2795.80 (6029.97) 3365.70 (6295.04) 2188.90 (5969.33) 2795.80 (5694.81) 3317.17 (6179.55) 3317.17 (6178.76) 

FABP-3 2791.23 (1635.47) 2705.10 (1862.12) 2372.22 (1504.98) 2900.97 (1852.40) 2876.39 (1163.87) 3226.88 (1877.26)† 

FGF-21¶ 4.94 (0.00) 4.94 (0.00) 4.94 (0.00) 4.94 (0.00) 4.94 (0.00) 4.94 (5.32) 

FSTL-1 4513.17 (9007.53) 5719.97 (9773.14) 4648.63 (9261.89) 4211.05 (8918.28) 3597.36 (7488.07) 5010.64 (9445.16) 

Fractalkine 107.24 (280.19) 97.49 (304.43) 86.11 (260.17) 145.11 (307.51) 88.12 (241.45) 95.96 (328.86) 

IL-6¶ 0.33 (8.61) 3.26 (14.65) 0.26 (6.54) 0.90 (10.32) 0.26 (6.37) 0.26 (9.68) 

IL-15¶ 0.07 (3.74) 0.29 (5.83) 0.07 (2.00) 0.37 (4.16) 0.07 (1.22) 0.07 (4.35) 

Irisin¶ 30.27 (0.00) 30.27 (0.00) 30.27 (0.00) 30.27 (0.00) 30.27 (0.00) 30.27 (0.00) 

LIF 8.20 (43.46) 16.39 (84.68) 7.00 (49.27) 9.40 (45.13) 10.20 (49.27) 5.40 (32.67) 

Myostatin¶ 255.76 (0.00) 255.76 (1331.81) 255.76 (53.98) 255.76 (0.00) 255.76 (0.00) 255.76 (573.34) 

OSM 1.38 (2.91) 1.83 (5.34) 0.97 (2.47) 1.40 (2.37) 1.40 (3.24) 1.67 (3.96) 

OSTN 35.62 (42.60) 40.85 (58.82) 28.94 (39.46) 40.47 (37.65) 31.71 (44.48) 36.45 (49.74) 

SPARC 204.65 (138.01) 217.64 (140.38) 201.65 (122.17) 196.78 (129.90) 204.81 (139.02) 224.30 (111.21) 
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All values are presented in pg/mL. Continuous variables expressed as median (IQR) and compared using ANOVA on the log10 

transformed values. ¶indicates analytes with more than 35% of the total samples outside of range. BDNF, brain-derived neurotrophic 

factor; EPO, erythropoeitin; FABP-3, fatty acid-binding protein 3; FGF-21, fibroblast growth factor 21; FSTL-1, follistatin-like 1 

protein; IL-6, interleukin-6; IL-15, interleukin-15; LIF, leukemia inhibitory factor; OSM, oncostatin M; OSTN, osteocrin; SPARC, 

osteonectin. 

* indicates statistically significant difference from Group 1. † indicates statistically significant difference from Group 2. ‡ indicates 

statistically significant difference from Group 3. § indicates statistically significant difference from Group 4. 
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Table 15. Supplementary - Differences in myokine concentration by Fried Phenotype 

All values are presented in pg/mL. Continuous variables expressed as median (IQR) and compared using ANOVA on the log10 

transformed values. ¶indicates analytes with more than 35% of the total samples outside of range. BDNF, brain-derived neurotrophic 

factor; EPO, erythropoeitin; FABP-3, fatty acid-binding protein 3; FGF-21, fibroblast growth factor 21; FSTL-1, follistatin-like 1 

Myokine 
Overall Cohort 

n = 328 

0 

n = 270 

1 

n = 47 

2 

n = 11 

Apelin 87.79 (228.57) 92.26 (228.71) 48.56 (148.86) 194.84 (469.99) 

BDNF 2039.78 (2570.42) 1924.09 (2546.85) 2257.83 (2307.31) 4229.86 (6645.48) 

EPO 2795.80 (6029.97) 2624.33 (6060.13) 2188.90 (4707.23) 6182.37 (3945.60)*† 

FABP-3 2791.23 (1635.47) 2713.02 (1779.70) 3033.45 (1483.00) 3452.79 (1631.26) 

FGF-21¶ 4.94 (0.00) 4.94 (0.00) 4.94 (0.00) 4.94 (78.56) 

FSTL-1 4513.17 (9007.53) 4185.64 (9029.49) 4663.18 (10080.61) 6082.30 (12103.37) 

Fractalkine 107.24 (280.19) 96.45 (298.36) 96.00 (210.39) 261.46 (176.37) 

IL-6¶ 0.33 (8.61) 0.26 (8.60) 0.33 (6.53) 1.81 (27.83) 

IL-15¶ 0.07 (3.74) 0.07 (3.89) 0.07 (3.37) 0.07 (11.29) 

Irisin¶ 30.27 (0.00) 30.27 (0.00) 30.27 (0.00) 30.27 (1522.47) 

LIF 8.20 (43.46) 7.75 (47.26) 13.39 (31.27) 31.35 (33.94) 

Myostatin¶ 255.76 (0.00) 255.76 (0.06) 255.76 (0.00) 255.76 (4680.76) 

OSM 1.38 (2.91) 1.33 (2.85) 1.38 (2.54) 2.35 (5.23) 

OSTN 35.62 (42.60) 34.35 (43.32) 30.34 (30.61) 62.18 (41.54) 

SPARC 204.65 (138.01) 202.30 (127.95) 204.50 (168.32) 278.24 (110.88)* 
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protein; IL-6, interleukin-6; IL-15, interleukin-15; LIF, leukemia inhibitory factor; OSM, oncostatin M; OSTN, osteocrin; SPARC, 

osteonectin. 

* indicates statistically significant difference from Group 1. † indicates statistically significant difference from Group 2.  
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Table 16. Supplementary - Myokine concentration data ranges for duplicate samples 

Samples were all analysed in duplicate. With n = 329 participants, this resulted in 658 samples run per myokine. ¶ indicates analytes 

with more than 35% of the total samples outside of range. BDNF, brain-derived neurotrophic factor; EPO, erythropoeitin; FABP-3, 

Myokine Out of range (n) Out of range (%) 
Minimum value 

(pg/mL) 
Maximum value (pg/mL) 

Apelin 121 18% 0.25 20804.75 

BDNF 0 0% 46.00 15136.00 

EPO 218 33% 366.13 127769.41 

FABP-3 0 0% 410.00 14238.00 

FGF-21¶ 527 80% 4.94 2866.06 

FSTL-1 117 18% 104.00 211415.00 

Fractalkine 197 30% 8.78 7149.94 

IL-6¶ 327 50% 0.00 226.00 

IL-15¶ 403 61% 0.07 1160.48 

Irisin 531 81% 30.00 213892.00 

LIF 227 34% 0.08 3708.21 

Myostatin¶ 507 77% 256.00 624662.00 

OSM 71 11% 0.01 319.61 

OSTN 48 7% 1.00 1105.00 

SPARC 2 0% 33.86 3134.29 
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fatty acid-binding protein 3; FGF-21, fibroblast growth factor 21; FSTL-1, follistatin-like 1 protein; IL-6, interleukin-6; IL-15, 

interleukin-15; LIF, leukemia inhibitory factor; OSM, oncostatin M; OSTN, osteocrin; SPARC, osteonectin
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5.6 Brief Discussion of the Manuscript written exclusively by Kevin Boreskie 

This unpublished work built on the studies in the prior chapters, examining the 

association of myokines with frailty status in a number of different ways. Expert opinion in this 

space began discussing the importance of looking at biomarkers using multivariable analyses 

given the presumed complexity of their interactions in pathophysiological declines.175,221 Our 

previous research had only done univariable analyses in a relatively small sample size. 

Additionally, we had examined only the phenotype of frailty in association with myokines. 

Therefore, we recruited a larger sample size (n = 329) from the initially recruited participants for 

the WARM Hearts cohort study (NCT03938155), a cohort study examining unique CVD risk in 

middle-aged and older women.  

This larger sample enabled a cross-sectional, multivariable analysis examining the 

association between a panel of selected myokines and frailty status. Frailty was assessed with 

both the Fried phenotype of frailty as well as with a Frailty Index (FI), as both are supported for 

use in different clinical contexts.74 Originally, we had planned on again examining the 

association of the myokines with CVD risk status, but the proposed statistical approaches were 

not feasible with this design and it took away from the important story of their association with 

frailty, our main outcome of interest. The progression of CVD and frailty are also interlinked 

bidirectionally, making it difficult to separate these concepts in their earlier stages.35,159,163 

Therefore, we decided to focus exclusively on frailty in the research design. Systemic myokine 

blood concentrations were determined using the same MILLIPLEX® Map Human Myokine 

Magnetic Bead Panel as Chapter 3. A stepwise, multivariable regression as used to assess the 

value of adding each of the selected 15 myokines to a model predicting both FI and FP after 

adjusting for age. This methodology would allow us to hopefully capture a more intricate 

interplay between myokines when examined in association with frailty status. It also allowed us 

to examine associations with both the FP and the multidimensional FI. This allows for a broader 

understanding of myokine associations with various frailty assessments; however, the FI is also 

measured in a more continuous fashion than the FP, enabling a more sensitive analysis of these 

associations.  

BDNF, FABP-3, OSM and osteocrin were all included in a stepwise multivariable 

regression predicting FI score while only SPARC added value to the model for FP in addition to 

age. The difference in myokines associated with the two frailty assessment modalities is likely 
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because they examine frailty differently, with the FI being more of a multidimensional 

assessment, and the FI is also more sensitive in identifying much more of our cohort living with 

frailty. These myokines should be considered of interest in future research examining biomarkers 

of frailty and their association with frailty-related health declines, although much work would 

still have to be done prior to their clinical implementation. For one, their effects throughout the 

body will have to be further elucidated, given their vast, pleiotropic effects. The identification of 

myokines associated with frailty-related health declines could also allow for the creation of a 

tool, such as an FI-Lab, incorporating these data points.80,173,177,182 FIs incorporating biomarkers, 

such as myokines, offer the opportunity to potentially identify frailty-related changes earlier 

before overt clinical outcomes like reduced grip strength, for example.80,181 It also identifies 

possible therapeutic targets. For example, if a panel of myokines was found to be associated with 

frailty, one could attempt to alter their expression through interventions, such as various physical 

activity modalities. Such an approach would then require further research into how their 

expression can be altered, and whether their altered expression would slow or mitigate frailty-

related progression.   
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Chapter 6: Thesis synthesis and conclusions   

6.1 Thesis synthesis 

 An aging population and longitudinal data suggesting an increase in the proportion of 

individuals living with a high degree of frailty mean that healthcare systems will have to adapt to 

meet this challenge.1,31,44,238 As outlined in this thesis work, frailty assessment can assist in a 

transition to healthcare provision that is more personalized and better serves a complex patient 

population.36,67,74,271,284 Frailty assessment provides a better description of this population, assists 

with more accurate direction of patient-centered care, and allows for opportunities for intervention, 

as compared to using chronological age to guide care pathways.74 Given the important role that 

frailty can play in health as well as in directing better care, clinicians must be able to identify it 

early in its progression to improve health, and as it is likely that frailty becomes increasingly 

difficult to intervene with after further progression.97,169,243 Not only this, but its 

pathophysiological progression must be better understood so that targeted therapeutic 

interventions can be implemented to improve patient trajectories. The work of this thesis has 

demonstrated the early potential of blood-based biomarkers, specifically myokines, as a means of 

doing this, as well as their relevance to the larger clinical picture of care provision for healthy 

aging. 

The Canadian Frailty Network (CFN) created a list of top ten priorities for research on 

patients with frailty following the methods of the James Lind Alliance by consulting those living 

with frailty and their caregivers (Table 17).235 Research should be patient-focused and thus work 

toward patient-identified needs. The works covered in this thesis document touch on at least six of 

these ten outlined priorities. First, to contextualize the importance of biomarkers in frailty 

assessment and progression, the importance of frailty was reviewed in thesis Chapter 2. Regardless 

of the acuity or setting of the clinical care being provided, frailty serves as an opportunity to better 

understand personalized prognosis, management, and disposition for that specific patient.74 

Chapter 2 summarizes important existing literature and aligns with the first, second, fifth, and ninth 

frailty priorities in the CFN top ten. Chapter 2 also serves to provide clinicians and researchers 

alike with knowledge to continue incorporating geriatric principles into their work through 

understanding how frailty assessment can be used in their own practice, directly addressing the 

sixth research priority of the CFN. This application will only become increasingly relevant with 
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an aging population1 that will require better characterization than chronological age can provide 

in order to navigate presentations with multi-comorbidity and social complexity.74  

 

Table 17. Canadian Frailty Network top ten frailty priorities235 

Top Ten Frailty Priorities Associated 

Thesis Chapter 

1. How can health systems be organized to provide integrated/coordinated 

care that would better meet the health and social care needs of older adults 

living with frailty, and their family/caregivers? 

Chapter 2 

2. How can care, services and treatments be tailored to meet the needs of 

older adults living with frailty who are isolated and/or without 

family/caregiver support or advocates? 

Chapter 2 

3. What is the impact of community- and home-based services, programs, 

and resources in preventing and managing frailty (including slowing 

progression and/or minimizing the impact of frailty)? 

 

4. What are the costs and benefits of alternative models of housing, 

including multigenerational or shared living, for older adults living with 

frailty? 

 

5. What would help avoid unnecessary hospitalizations and emergency 

department visits for older adults living with frailty? 

Chapter 2 

6. What frailty-related attitudes, skills and knowledge should health and 

social care providers have? What are effective ways of improving 

attitudes and providing skills and knowledge about frailty for health and 

social care providers? 

 

7. What would help older adults living with frailty and their 

family/caregivers recognize when living at home is no longer viable? 

 

8. What are effective ways of supporting family/caregivers of older adults 

living with frailty to maintain their own health and well-being and/or that 

of older adults living with frailty? 

 

9. How can frailty measures be used by health care practitioners, older 

adults and family/caregivers to inform treatment and care decisions? 

Chapter 2, 3, 4, 5 
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10. What is the impact of exercise and physical activity (including type, 

duration and intensity) in preventing and managing frailty (including 

slowing progression and/or minimizing the impact of frailty)? 

Chapter 3, 4, 5 

 

Measurement of myokine concentration in individuals to assist in an FI-Lab may also allow 

for further identification of specific pathophysiological changes that could be addressed through 

intervention and assessing for appropriate changes in concentration with said intervention. 

Interventions could be personalized based on the tracked response of these biomarkers to said 

intervention. Newer data continues to show that traditional risk markers of disease are not as 

effective in older adults, specifically in CVD. For example, in a systematic review of 12 studies 

including adults 60 years of age and older ranging from 302 to 40,825 participants, the authors 

found that current risk prediction modeling only performed moderately and the value of traditional 

risk factors were reduced.165 Specifically, age, sex and diabetes maintained their predictive value, 

but factors like cholesterol, BMI and left ventricular hypertrophy added no value. A more recent 

analysis of 339 older adults (mean age 75.2±9.1 years) demonstrated that the strength of associated 

traditional CVD risk factors such as smoking, hypertension and dyslipidemia was reduced with 

increasing frailty status.19 Furthermore, a large meta-analysis of 21,906 older adults found that 

individuals with frailty and hypertension were not at increased risk for mortality relative to their 

normotensive peers with frailty.166 These data, along with large datasets identifying frailty as 

outperforming traditional CVD risk detection tools20 indicate that a shift from traditional CVD risk 

factors to factors focusing more on function and broader health declines may be warranted.  

Chapter 2 introduces the contextual clinical utility of frailty assessment and, more 

specifically, the application of biomarker-based approaches to assessing frailty, such as the FI-

Lab.181 Using such an approach offers the availability of frailty assessment when there is a paucity 

of other information that may be needed to complete a typical FI, it is not feasible to perform 

extensive questionnaires or clinical testing, or an inability to complete testing that is often done as 

part of a phenotypic assessment, such as grip strength or gait speed. Past work has identified that 

FI-Labs using such an approach are predictors of mortality per unit increase in FI score as well as 

a variety of other adverse outcomes, supporting such an approach.95 It is unlikely that any single 

biomarker will be able to perform well compared to a more comprehensive FI, but their inclusion 

in an FI type model could help improve prognostic accuracy.451 FIs comprised entirely of lab 
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values have performed similarly to typical FIs in predicting adverse outcomes,80,181 but combining 

blood-based markers with clinical deficits has been shown to improve prognostication.182 

Importantly, one of the proposed benefits of a blood-based marker approach for frailty assessment 

is that it may be able to identify frailty progression earlier than clinical deficits typically assessed 

in FI-based approaches or phenotypic approaches to frailty.173–175 While many different 

pathophysiological processes have been suggested as contributing to frailty-related declines, this 

process is still not well understood. Identifying blood-based markers related to frailty may also 

help further elucidate this process.175 

The studies described in Chapters 3 and 4 started to address these knowledge gaps by 

performing an exploratory analysis into the association of biomarkers, specifically cytokines 

associated with physical activity and bone metabolism, with frailty status. Through a panel of pre-

identified myokines thought to be associated with frailty and CVD-related health declines, Chapter 

3 further supported the notion that immune modulating cytokines may play a role in the 

progression of the phenotype of frailty and thus, serve of biomarkers of same – specifically, 

fractalkine/CX3CL1.170 Cytokines associated with inflammation and the immune response, IL-6 

and IL-15 were also associated with CVD risk in this same analysis. With further support toward 

the notion of exerkines communicating with a variety of tissues across the body,207 Chapter 4 

explored a panel of cytokines associated with bone metabolism in association with phenotypic 

frailty status and CVD risk, as bone health can also be impaired with aging, and bone-muscle cross 

talk plays a role in the physiological benefits of physical activity with aging.223  None of these 

‘bonekines’ were associated with frailty in this analysis, but it was thought that potentially this 

was only the case as our cohort population only consisted of robust and pre-frail females – none 

were frail based on the FP criteria.232 However, similar with our prior analysis, cytokines 

associated with immune response again were associated with CVD risk – specifically, IL-6 and 

TNF, as well as Leptin, which is thought to play a role in metabolism.439   

The findings from Chapters 3 and 4 provided some insight supporting, largely, the 

association of myokines playing a role in inflammation and immune function to frailty and CVD-

related health declines. This preliminary examination demonstrated the potential of these 

biomarkers and allowed us to work with the assay kits in a smaller initial sample. Chapter 5 built 

on this work further by incorporating current expert opinion that investigations into biomarkers of 
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frailty should likely look at the interplay of multiple biomarkers given the likely complex 

pathophysiology of frailty.174,180,455 The multivariable statistical approach used with the myokine 

assay panel allowed us to do this, as well as allowed us to incorporate both assessments of FP and 

an FI. The FI is a more multidimensional assessment of frailty, and is potentially more sensitive 

to frailty at less significant degrees, which better reflected our cohort as shown by the higher 

prevalence of frailty identified with this tool.233 The scoring of frailty on a continuous scale with 

more steps of discernment by increments of 0.01 with the FI also potentially allowed for a more 

sensitive assessment of associations with myokines, although clinically meaningful change in the 

FI is thought to likely be 0.03.325   

This investigation identified that BDNF, FABP-3, OSM and osteocrin all contributed to a 

stepwise regression model predicting FI score. These data again support the association of 

myokines related to inflammation and metabolic function with frailty, as well as with cognition. 

In contrast, only SPARC, a myokine related largely to muscle function and mass, added to the 

model predicting Fried score. The difference in myokines identified between the two models likely 

reflects the differences conceptually between these frailty models with a myokine related to muscle 

function/mass being associated with the phenotypic model. Additionally, as previously mentioned, 

the FI is assessed on more of a continuous scale and is more sensitive to lesser degrees of frailty, 

which may be why more myokines fit in the model. Interestingly, the multivariable models 

identified different myokines (BDNF, osteocrin, OSM, FABP-3 for FI; SPARC for FP) as being 

related to frailty than our prior univariable analyses (fractalkine). Our prior analyses were likely 

less sensitive given the categorization of variables as opposed to a continuous analysis, as well as 

the hope that the multivariable analyses would capture the interplay of multiple myokines, which 

aligns with expert opinion.175,455 

Overall, this thesis research contributes novel insights into the intricate relationship 

between myokines and frailty status. The identification of biomarkers, specifically myokines 

(Chapter 3 and Chapter 5), associated with frailty progression could also help address the ninth 

and tenth research priorities as established by the CFN.137 These include examining how frailty 

measures can inform treatment/care decisions and examining the relationship between physical 

activity and frailty. The ninth priority is also addressed in Chapter 2, but the identification of 

biomarkers associated with frailty progression could allow for personalized intervention should 

modification of these biomarkers also be elucidated through physical activity or through mimetics, 
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such as bioactive compounds or pharmaceuticals.207,400 These findings hold implications to support 

further research in this space and, eventually, the potential for clinical application which will be 

discussed further in Section 6.1 Future Directions.  

Research has increasingly focused on personalizing risk prediction and intervention for 

disease in older adults as our population ages. Past work has shown that creating FIs focusing on 

both clinical deficits and lab-based measures can identify individuals at risk for further 

physiological decline and may provide additional value in identifying subclinical deficit 

accumulation.95 The data in this thesis work has identified biomarkers that could add value to such 

an approach. Figure 11 describes such an approach with frailty assessment at the primary care level 

followed by multidisciplinary interventions, part of which could be personalized through the use 

of myokine assessment and modulation.  

 

Figure 11. Frailty, biomarkers, and the clinical context 

 

 

6.2 Thesis strengths and limitations 

 With an aging population, frailty prevalence is expected to continue to rise.233 This will 

make its identification, pathophysiological understanding and intervention increasingly relevant 

in order to support the health of an aging population. A strength of this thesis document is its 
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alignment with the Canadian Frailty Network top ten frailty priorities as established by those 

living with frailty and their caregivers.235 Biomarkers of frailty have specifically been identified 

as an area of interest within this research space because of their potential to identify frailty earlier 

and provide a better understanding of the underlying mechanisms of frailty progression.175,450 

This work not only aligns with these calls but, more specifically, with the calls for research 

examining myokines as biomarkers of frailty.175,221 Beyond these expert statements, prior to the 

research included in this thesis document, previous works had either examined biomarker panels 

only including a few myokines univariable myokine associations with frailty, or myokine 

associations with related, but distinct, conditions such as sarcopenia.451,455,457,503,504 This makes 

the multivariable analyses in this document novel.  

 The findings of this thesis are then bridged into clinical context by situating this 

biomarker work within practical frailty assessment frameworks across healthcare settings and 

through the identification of future potential translational studies, such as the proposal for the 

findings to be incorporated into an FI-Lab tool,80,181 charting a potential roadmap from discovery 

to intervention which will be discussed more in the subsequent section.   

 The results presented herein are limited by several factors and should be understood with 

the limits of the approaches used. All studies included in this work are of a cross-sectional 

design, precluding determination of whether altered myokine concentrations levels drive frailty 

progression or merely reflect changes that have already occurred. This could be addressed with 

future longitudinal works and intervention studies as discussed in section 6.3. These included 

analyses are also all on data collected from middle aged to older adult females collected in a 

convenience sample method, limiting generalizability to this population only. The analysis of 

myokine concentrations in this thesis also has limitations because of the work being novel and 

my decision that the tools used have an emphasis on being clinically feasible. Normal ranges of 

systemic myokine concentration are not well understood in different populations and several of 

the analytes used in the analyses either fell below standard curve limits and/or had wide inter-

individual variability, complicating their interpretation. This was a limitation of my thesis work 

and the field more broadly. Without analyses specifically measuring myokines as they are 

released from muscle (which can be done by measuring venous-arteriole differences in specific 

myokine concentrations across contracting muscle), it also remains unclear how systemic 

cytokine concentrations reflect release from muscle tissue versus contribution from immune or 
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other tissues. Lastly, while the association of myokines with frailty status was examined, these 

analytes have many pleiotropic effects, which makes it difficult to state the pathophysiological 

pathways linking them without future mechanistic studies.  

 

6.3 Future research directions 

This thesis supports the use of myokines as biomarkers of frailty and, in turn, identifies 

possible pathophysiological connections to elucidate the pathophysiological declines seen in 

frailty. This work is only preliminary - a significant amount of further research is needed to better 

characterize myokine concentrations in older adults living with frailty. Additional research is 

needed to more fully elucidate the role of the identified myokines in human physiology. Other 

research is needed to determine the optimal means of measuring myokines from blood samples 

collected that is clinically feasible. The results of this thesis require further validation in different 

cohorts as well as in samples that include both males and females to determine if these results 

differ by cohort and/or sex. 

In 2018, the CFN brought together a panel of experts to discuss the development of research 

on biomarkers for frailty.450 Aligned with this thesis document, CFN experts outlined the 

importance of biomarkers reflecting a pathophysiological pathway that is likely to play a role in 

frailty progression/development. The data and discussion of the physiological basis for cytokines 

and frailty in this document indicate what may be a role in this progression, meaning that 

impairments in this biomarker may be actionable.450 On that note, they also discuss that an ideal 

biomarker would be one that is able to help assess the efficacy of an intervention. Myokines may 

fit this ideal as their change in expression could be assessed after different modalities, such as 

physical activity.505 Finally, the expert discussion also concluded that personalized frailty 

assessment and care will likely require both biomarkers and existing assessment instruments in 

unison, something that will be possible to examine with this data set and cohort in the future. These 

recommendations are also reflected by those of the ICFSR task force previously discussed in this 

document.175  

The identification of myokines associated with frailty and CVD progression gets us closer 

to understanding the role physical activity may have in this trajectory, but the vast effects of even 

the few myokines used in the assays in this thesis are far from fully understood - not to mention 

the pleiotropic effects of the hundreds of other myokines identified thus far and the broader 
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exerkines.199,203,207 Future research will have to continue to explore the autocrine, paracrine and 

endocrine effects of these signaling molecules while also better defining expected norms for 

physiological ranges in a variety of populations. Expected concentration ranges and a better 

understanding of myokine effects will allow us to further refine their use as biomarkers, especially 

given the increased variability between subjects that has been identified in the works that have 

examined cytokines associated with frailty as well as with these thesis works.170,232,461 

Furthermore, longitudinal changes in myokine concentration and expression in relation to frailty 

and CVD trajectory has not been studied. While our data does indicate more substantial changes 

in systemic myokine concentration from pre-frail to frail individuals as compared to robust, 

longitudinal assessments are needed to determine directionality of the relationship between these 

changes in myokines and health status.  

While both myokine studies in this thesis were assessed from systemic blood samples at 

rest,170 there is an urgent need to identify the optimal timing and conditions under which to draw 

blood samples from participants. Myokine concentrations are altered by muscle contractions or 

after certain physiological stressors. Physical activity is thought to alter exerkine expression both 

acutely and chronically.207,209 For example, differences in systemic myokine concentrations 

between rest and post-exercise may provide more value as frailty biomarkers by identifying altered 

expression in the context of an acute stimulus. This alteration may be either due to an overall 

reduction in physical activity associated with frailty progression or a preceding change in muscle 

health that could subsequently also lead to reduced physical activity, creating a cycle as outlined 

by Fried in Figure 2. Examining the timeline of systemic myokine release following different 

exercise modalities, such as following resistance training versus following various aerobic training 

modalities, may provide a better understanding of how these signal proteins function and how we 

can best alter their release therapeutically. For those who may be unable to perform physical 

activity, identifying alternative means of altering myokine and exerkine expression will also be 

important for this work.207,400  

Research is needed to more fully understand how stimuli (e.g. health behaviours) modulate 

myokine expression and their influence on clinical outcomes after such modulation. Research is 

only just starting to identify the critical and vast influence of exerkines on a variety of aging and 

disease states.209 Further work examining the alteration of myokine systemic concentration pre- 

and post-both acute and chronic physical activity interventions in populations living with frailty 
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should be conducted to continue moving this research space forward, as this is still not well 

elucidated.207,505 These studies should also examine varying physical activity modalities, such as 

aerobic training versus strength training, although expert opinion suggests that focusing on 

myokines stimulated by resistance training, as opposed to aerobic training, should be the focus of 

future research in this space given age-related muscle declines seen in strength that may be related 

to part of frailty progression.220 Given the high heterogeneity seen in the resting systemic myokine 

concentrations seen in our work, it is possible that changes, or lack of, systemic myokine 

concentrations in response to a stimulus could be a better biomarker for frailty. This information 

could also inform future interventions for mitigating frailty progression by targeting myokine 

stimuli in myokines associated with frailty progression through different exercise modalities. A 

recent systematic review and meta-analysis found highly variable myokine response to acute 

resistance and acute aerobic training in commonly examined myokines (IL-15, irisin, SPARC, 

OSM and decorin) at varying time points.505 Of note, no significant difference in response was 

found between the resistance and aerobic training pooled data. This analysis was conducted in a 

grouped population of 1,193 participants with a median age of approximately 30 years and 

numerous sources of heterogeneity between interventions. Thus, much further work is needed to 

better inform this data.  

 Beyond systemic blood concentrations of various myokines, measurement of direct 

release of myokines from the muscle via novel myotube models is necessary to get more precise 

measurement of the cytokines only being released from muscle. There is crossover in release of 

some cytokines from immune cells, amongst other tissues, although myotube assessment is less 

feasible from a clinical standpoint.506,507 Nederveen et al. discuss the challenges associated with 

trying to track skeletal-muscle specific extracellular vesicles once they enter systemic 

circulation.201 While such an approach would potentially help solidify the role that cytokines 

released specifically from muscle play in frailty and assessing potential for exercise interventions 

subsequently, it would not be a feasible approach for identifying frailty in the clinical setting given 

the increased complexity of a measurement like this. Furthermore, it may be more important to 

examine the systemic release of these cytokines from various tissues in response to physical 

activity. Approaches could also be used to examine associations between various chronic 

movement patterns, such as physical activity or sedentary behaviour, and their association with 

systemic myokine concentrations, as well as their impact on frailty status.  
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The identification of myokines associated with frailty and CVD risk may get us closer to 

the creation of an optimized FI-Lab80,95,181 or an FI-B,182 or other blood-based frailty assessment 

that is better at identifying early subclinical changes before the appearance of observable frailty 

deficits. Past research from Dr. Rockwood’s group has identified that adding biomarkers to an FI 

composed of clinical deficits improved its ability to predict mortality.182 Even if an FI-Lab 

performs equivalently to clinical-based FIs in predicting adverse outcomes, as has been 

demonstrated with multiple datasets, lab markers potentially allow for easier and/or less expensive 

collection, especially in large datasets.95 Biomarkers could also be added to a quantile frailty index 

(FI-Q) that does not binarize deficits included in the FI, instead creating an average risk quantile 

for the included biomarkers.508 Such an approach may allow for richer prognostic information 

without the dichotomization of included deficits.95  

The data collected from this thesis may also be used to inform a randomized controlled 

trial in mouse models of frailty. Using data from the regression model, we have identified some 

specific myokines that may be of interest in the pathophysiological process of frailty progression, 

but it is important to establish their effects in an experimental study. While it is unethical to 

perform such an experiment in human participants without first completing phase 1 and 2 

experimental trials in model systems, the PolG mouse exhibits premature aging and frailty due to 

accumulated mitochondrial DNA (mtDNA) mutations,509 and can be used to test therapeutic 

approaches (such as pharmacological intervention) for the treatment of frailty and CVD risk using 

myokine treatment through tail intravenous injections. Frailty status could be assessed using 

specific frailty assessments for mice510,511 at baseline and then at various time points following 

recombinant protein injection to compare frailty progression between treatment and control arms. 

Similar experiments could be conducted to determine if health behaviour modification 

interventions targeting physical activity, sleep, or sedentary behaviours can also be conducted 

using the PolG mouse model. Further work still needs to be done in order to ensure that circulating 

cytokines in mice models respond similarly in relation to frailty status; however, as some suspected 

difference have already been identified.461 Building from these works, a randomized controlled 

trial could identify therapeutic approaches for slowing, or reversing, the progression of frailty 

using recombinant myokines. This would also provide further evidence for the myokines of 

importance in frailty progression so that their expression can be modified therapeutically to prevent 

progression, either through exogenous or endogenous means. 
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6.4 Summary and impact 

 This thesis adds data to address the calls from expert opinion asking for research to examine 

the potential association between myokines and frailty status.175,177 Given how few data sets have 

examined the association of a panel of myokines with frailty status, a data set this large, using a 

multivariable analyses examining both FP and FI is a step forward in this specific research area. 

Specifically, much of the prior work in related research areas have either looked at univariable 

markers or markers in association with aging more generally or sarcopenia. Significant further 

work on various fronts is needed to bring this data closer to clinical application. However, this data 

suggests that this may be an area worth continuing to pursue, providing some direction for future 

research. More generally, the work in this thesis also highlights the importance of frailty in aging, 

chronic disease progression, and quality of life. This will become increasingly relevant in an aging 

population. Incorporating frailty-aware care into clinical practice through research and its 

implementation in various settings will be crucial to better understand and, in turn, care for our 

older patients. The published works from this thesis, especially the review paper, have been cited 

by other experts with an interest in the field of frailty. While this work is still far from clinical 

implementation, it hopefully guides future research toward some of the steps outlined in the Future 

Directions section and allows others to build upon it.   
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Appendix A – Fried and Standardized Fried Frailty Phenotype 

 

Total Fried scores range from 0 to 5 depending on the number of variables present. These total 

scores are then used to stratify individuals into frailty groups (i.e. 0 = robust; 1-2 = pre-frail; ≥ 3 = 

frail). 

 

  FPC S-FPC 

Weight loss 
In the last year, have you lost more than 10 pounds (4.54 kg) unintentionally? 

If answer is yes, this criterion is positive.  
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Exhaustion 

Using the CES-D, the following two statements are read asking how often in the 

last week did you feel this way? 

-          I felt that everything I did was an effort 

-          I could not get going 

0 = rarely or none of the time (<1 day) 

1 = some or a little of the time (1-2 days) 

2 = a moderate amount of time (3-4 days) 

3 = most of the time 

Persons answering “2” or “3” to either of these questions are categorized as 

positive. 

Slowness 

Gait speed stratified by height 

Height ≤ 159cm… ≤ 0.65 m/s Height ≤ 161cm… ≤ 1.10 m/s 

Height > 159cm… ≤ 0.76 m/s Height > 161cm… ≤ 1.15 m/s 

If gait speed is lower than these cut-offs, the criterion is positive 

Weakness 

Grip strength stratified by gender and BMI quartiles 

BMI ≤ 23… ≤17 kg BMI ≤ 23.3… ≤21 kg 

BMI 23.1-26… ≤17.3 kg BMI 23.4-26.1… ≤22 kg 

BMI 26.1-29… ≤ 18 kg BMI 26.2-29.6… ≤ 22 kg 

BMI >29… ≤ 21 kg BMI >29.6… ≤ 22 kg 

If grip strength is lower than these cut-offs, the criterion is positive 

Low activity 

Kcal of leisure physical activity stratified by gender: 

<270 Kcal <640.1 Kcal 

If Kcal of leisure physical activity are under these cut-offs, the criterion is positive 

Appendix B – WARM Hearts Protocol Manuscript 

 

Protocol for the WARM Hearts study - Examining cardiovascular disease risk in middle 

aged and older women: A prospective, observational cohort study 

 

Authors: Alexandra V Rose, Kevin F Boreskie, Jacqueline L Hay, Liam A. Thompson, Rakesh C 

Arora, Todd A Duhamel 

 

Manuscript status: Published in the British Medical Journal Open, May 2021, Vol 11.459  
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ABSTRACT 

Introduction:  

Cardiovascular disease (CVD) is a leading cause of death for women. Novel approaches to detect 

early signs of elevated CVD risk are needed. Although traditional CVD risk assessment 

approaches are effective, enhancement through the addition of non-invasive procedures to assess 

physical function or frailty as well as novel biomarkers of cardiovascular, gut and muscle health 

could improve early identification. The Women’s Advanced Risk-assessment in Manitoba 

(WARM) Hearts prospective, observational cohort will examine a variety of non-invasive 

procedures and novel biomarker analyses to identify middle-aged and older women who are an 

elevated risk for adverse cardiovascular events in the 5-year period post-screening. 

Methods and analysis:  

One thousand women 55 years of age or older will be recruited using a convenience sampling 

approach and screened by the WARM Hearts protocol. The screening will include an assessment 

of medical history, body composition, cognition, frailty status through Modified Fried and Frailty 

Index approaches, functional fitness assessments, a 6-minute walk test, heart rate variability 

assessment, physical activity, sedentary behaviour and sleep patterns assessed by accelerometry, 

blood analyses to enable the measurement of lipid and novel biomarker profiles, stool samples to 

support the characterization of gut microbiota, resting blood pressure (BP), BP response to 3-

minutes of moderate intensity exercise, a non-invasive measure of arterial stiffness measured by a 

Mobil-O-Graph device, physical activity questionnaires (Paffenbarger Physical Activity Scale, 

and the International Physical Activity Questionnaire), symptoms of depression through the 

Patient Health Questionnaire-9, quality of life through questionnaires like the EUROQOL Five 

Dimension Five Level and EuroQol Visual-Analog Scale, self-identified gender identity and 

gender variables collected through the GENESIS-PRAXY Gender Questionnaire, sleep behaviour 

assessed through the Pittsburgh Sleep Quality Index,  and risk for impaired nutritional states 

assessed using the Seniors in the Community: Risk Evaluation for Eating and Nutrition Version II 

(SCREEN II)  tool. The Framingham Risk Score will be calculated as the current clinical standard 

of assessing CVD risk in Canada. A data management plan will be implemented so the electronic 

data and bio-banked biological samples are accessible to collaborators. The incidence of the 

adverse cardiovascular outcomes (namely, ischemic heart disease, acute myocardial infarction, 
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stroke, percutaneous coronary intervention, coronary artery bypass surgery, congestive heart 

failure, and new cases of hypertension) will be assessed 5-years after screening using health 

administrative records housed at the Manitoba Centre for Health Policy Population Health 

Research Data Repository.   

Ethics and dissemination 

The University of Manitoba Health Research Ethics Board (Version 4.0 dated October 7th, 2019) 

and the St. Boniface Hospital Research Review Committee (Version 4.0 dated October 7th, 2019) 

approved the trial (ClinicalTrial.gov identifier NCT03938155). Recruitment for the cohort started 

October 10, 2020 and will be completed prior to September 30, 2021. Study status will be reported 

annually. A final study notification will be forwarded at completion of the study or in the event of 

early termination. The tenets of Good Clinical Practice will be followed. Data gathered from the 

WARM Hearts study will be published in peer-reviewed journals and presented at national and 

internal scientific conferences.  

 

STRENGTHS AND LIMITATIONS 

1. Strength-The Women’s Advanced Risk-assessment in Manitoba (WARM) Hearts study will 

identify adverse cardiovascular outcomes 5-years after screening using the Personal Health 

Information Number of each participant and the administrative records housed by the Manitoba 

Centre for Health Policy Population Health Research Data Repository. This approach is superior 

to self-reported methods to document adverse CVD outcomes.  

2. Strength- The WARM Hearts study will extensively characterize 1000 middle-aged and older 

women using traditional CVD risk scores, as well as additional non-invasive techniques to assess 

physical function, frailty status, physical activity, sedentary behaviour and sleep behaviour 

patterns, BP and arterial stiffness at rest and following moderate intensity exercise, as well as 

biomarkers of cardiovascular, gut and muscle health. 

3. Strength- The WARM Hearts study will be recruiting exclusively women as well as measures 

of gender roles, relations and identity. This aligns with the recommendations made by the Heart 

and Stroke Foundation of Canada to improve heart health research by focusing on sex and gender 

in cardiovascular disease research where women have been underrepresented.  
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4. Limitation- The WARM Hearts study will use convenience sampling which has the inherent 

recruitment bias, in that participants who already may be active health consumers are more likely 

to participate.  

 

Trial registration number: This trial has been registered on ClinicalTrials.gov, a registry and 

results database of privately and publicly funded clinical studies (NCT03938155). 

Keywords: Cardiovascular disease, Risk factors, Gender, Women, Females, Frailty, Biomarkers, 

Accelerometers, Screening program, Early detection. 
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INTRODUCTION 

Cardiovascular disease (CVD) is the leading cause of death for Canadian women137. In the 

province of Manitoba, women tend to develop heart disease approximately 10-15 years later than 

males, with a prevalence rate similar between sexes after women turn 55 years of age142. Even so, 

78% of women who report to a hospital with symptoms go undetected for early signs of a 

myocardial infarction (MI)512. Additionally, Canadian women, who have previously had an acute 

MI, were more likely to die within a 1 year period compared to men513.  

Current efforts in Canada for identifying people with an elevated risk of experiencing a future 

adverse CVD event (i.e. 10-year estimate of risk for a future heart attack or stroke) focus on 

traditional risk factors such as age, sex, smoking, cholesterol and blood pressure (BP)514 using the 

Framingham Risk Score (FRS) approach 515. However, there is room to improve these methods as 

the FRS poorly discriminated between those who had onset CVD and those who did not, in an 

eight year follow up study of older adults514,516. In fact, the absolute risk was markedly 

underestimated in women (51%) versus men (8%)514,516. There is inadequate evidence and a lack 

of research that supports sex and gender specific guidelines for the treatment of CVD. This results 

in women being under-represented, underdiagnosed and under treated in Canadian healthcare 

system513.  

Implementing prognostic tools that examine parameters of physical functioning or frailty, 

assessment of cardiovascular function through pulse wave velocity (PWV) and central blood 

pressure, as well as novel biomarker analyses of cardiovascular, gut and muscle health may 

enhance CVD risk profiling. In fact, evidence indicates there is a relationship between frailty and 

CVD517. Moreover, a recent pooled analysis in a cohort of 154,000 with a mean age of 71 years 

identified that frail older adults were at higher risk for CVD morbidity (RR 1.91, 95% CI 1.85-

2.08) and CVD mortality (HR 1.91, 95% CI 1.77-2.05) over a median 3.2 year follow-up as 

compared to robust older adults518. Additionally, novel blood-based biomarkers of CVD risk may 

provide additional value to risk prediction by identifying pathophysiological processes earlier519. 

For example, our previous work identified myokines that may act as biomarkers of frailty-related 

CVD progression520.  However, evidence is needed to establish that parameters such as these have 

prognostic value in CVD risk profiling. 
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The Women’s Advanced Risk-assessment in Manitoba (WARM) Hearts study is a CVD screening 

program adapted from the Assessment of Large and Small Artery Elasticity for the Early Detection 

of Cardiovascular Disease trial (see ClinicalTrials.gov Identifier: NCT02863211) to include a 

broader number of non-invasive procedures to assess physical function, frailty status, physical 

activity, sedentary or sleep behaviour patterns as well as novel blood and stool-based 

biomarkers521. Although the procedures utilized in the WARM Hearts screening protocol were 

selected based on literature, it is not known if the approaches are feasible and have sufficient 

predictive value to potentially implement within the Canadian healthcare system. Therefore, the 

objective of this prospective, observational cohort is to: (1) determine if individual markers of 

CVD risk collected in the WARM Hearts cardiovascular screening protocol identify women 55 

years of age and older who are at an elevated risk for experiencing adverse cardiovascular 

outcomes within a 5-year period after screening; (2) to create a novel CVD risk score for women 

incorporating the best markers of CVD risk collected in the WARM Hearts study; (3) compare the 

predictive ability of the WARM Hearts protocol and the FRS for predicting future adverse 

cardiovascular outcomes in women. We hypothesize that the WARM Hearts protocol will provide 

better diagnostic accuracy in identifying middle-aged and older women at an elevated risk for 

experiencing adverse cardiovascular outcomes in the 5-year period post-screening, as compared 

with the FRS. 

 

Potential impact of study: 

The WARM Hearts study may provide a novel CVD risk prognostic tool specifically for women. 

This prognostic tool could be considered for implementation in primary care healthcare settings if 

it was to demonstrate superior ability to screen women at elevated risk for future CVD compared 

to traditional methods.  

 

METHODS AND ANALYSIS 

Study design  

The WARM Hearts protocol paper was developed based on the Standard Protocol Items: 

Recommendations for Intervention Trials (SPIRIT) guidelines522. WARM Hearts publications will 

follow the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)523 
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and the Sex and Gender Equity in Research (SAGER)524 reporting guidelines. This research is 

using a prospective, observational design to determine if the use of novel CVD prognostic tools 

identifies women that are at high risk for experiencing an adverse cardiovascular event in the 5-

year period after screening (Figure 1). A description of the trial was registered on 

ClinicalTrials.gov (NCT03938155).  
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Figure 1: WARM Hearts Flow Chart. 

 

 

Patient and Public Involvement- Patient engagement  

A formal participant engagement process was not utilized in the design of the trial.  

 

Study setting 

The WARM Hearts study will be conducted in Winnipeg, Manitoba, Canada. Data collection 

appointments will be conducted at two sites to support the scheduling of appointments, namely the 

University of Manitoba Active Living Centre and at the St. Boniface General Hospital Asper 

Clinical Research Institute.  

 

Recruitment  

One-thousand women, aged 55 years or older will be recruited through newspaper articles, an 

online webpage describing the project, media interviews, poster advertisement or presentations at 

community events to generate a convenience sample. Women who are interested to learn more 

about the research will be instructed to contact the WARM Hearts team by email or telephone. The 

research team will then provide an overview of the study and assess potential participants for 

eligibility. Table 1 identifies the inclusion and exclusion criteria of the study.  
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Table 1. Inclusion and exclusion criteria 

Inclusion criteria  

(both need to be fulfilled for eligibility) 

Exclusion criteria 

(any of the following result in ineligibility) 

3) Women aged 55 and older Pre-hospitalisation for:  

4) Possess a Manitoba Personal 

Health Information Number 

1) Ischemic heart disease 

1) Acute myocardial infarction 

 2) Stroke 

 3) Percutaneous coronary intervention  

 4) Coronary artery bypass surgery 

 5) Congestive heart failure 

 6) Peripheral artery disease 

 

Additional exclusion: 

 7) Previous participant in the 

Assessment of Large and Small 

Artery Elasticity for the Early 

Detection of Cardiovascular Disease 

(NCT02863211)  
*Previous hospitalization or diagnosis for the listed conditions 

 

WARM Hearts Protocol 

Study Procedures  

Eligible participants will be invited to attend two research appointments. The first appointment 

will be scheduled for 90 minutes at the University of Manitoba and used to secure written informed 

consent and Day 1 data collection. At the end of this first appointment, each participant will be 

provided an accelerometer, a stool sample collection kit and a Take-home assessment package. 

The participants will be asked to complete these protocols on their own schedule at home.  A 

second research appointment will then be scheduled to occur 8-14 days after the first appointment 

at the St Boniface Hospital Asper Clinical Research Institute. This approach enables the 

participants to return the accelerometer, stool sample and Take-home assessment to the research 

team and to complete the Day 2 data collection protocol, which requires approximately 45 minutes 

to compete. Table 2 summarizes the data collected at each visit and in the Take-home assessment. 
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Table 2. WARM Hearts data collection design  

  

Day 1 (University of Manitoba Active Living Centre)  

Variable  Instrument/questionnaire  

Consent process   Protocol and biological sample consent forms  

Demographic information  Questionnaire (age, sex, gender)  

Medical history  
Questionnaire (past medical history, and 

cardiovascular related testing)  

Cognition  Montreal Cognitive Assessment (MoCA)11  

Body composition  

Bioelectrical impedance analysis (InBody 270)9  

Waist circumference  

Body mass index   

Grip strength  Hand dynamometer  

5-meter walk test  Gait speed test  

Fried Frailty Phenotype variables  

Questions about self-reported exhaustion, 

unintentional weight loss. Physical activity levels 

assessed by the Paffenbarger Physical Activity 

Scale.  

Physical function  Senior Fitness Test12  

Aerobic fitness  

Six-minute walk test10 with heart rate variability 

assessed with heart rate monitor and 

accelerometer 

Personal Health Information Number  Collected via questionnaire  

  

Take-home assessments*  

Variable  Instrument/questionnaire  

Demographic information  Questionnaire  

Cardiovascular risk factors  

Questionnaire (smoking status, medications, 

menopause status, history of cardiovascular 

disease)  

Physical activity characteristics  Accelerometer worn for approximately one week  

Physical activity levels  International Physical Activity Questionnaire13  

Gut microbiome  Stool collection kit sent home with participants  

Quality of life  EuroQol Five Dimension Five Level14 & EQ-VAS 

Self-esteem   Self-Esteem Scale21  

Gender information  GENESIS-PRAXY Gender Questionnaire15  

Sleep quality  Pittsburgh Sleep Quality Index (PISQI)16  

Risk for impaired nutritional states SCREEN II 17  

Self-compassion  Self-compassion Scale19  

Health anxiety  
Health anxiety subscale of the Multidimensional 

Health Questionnaire20  

*completed on paper or via REDCap online survey  
 

Day 2 (Asper Clinical Research Institute)  
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Variable  Instrument/questionnaire  

Collect accelerometer and stool samples    

Fasting blood sample  Phlebotomy 

Depression symptoms  Patient Health Questionnaire-922  

Arterial stiffness  Mobil-O-Graph® NG23   

Resting blood pressure  Mobil-O-Graph® NG23  

Blood pressure response to moderate exercise  Mobil-O-Graph® NG23  

 

Demographic, medical history and gender  

Demographic and medical history data will be collected via questionnaire. A process 

recommended by the Williams Institute 525 and supported by the Canadian Institute for Health 

Research (CIHR) Institute of Gender and Health 526 is used to collect sex and gender identity data. 

Specifically, a 2 question format similar to Tate et al.473 is used to ask participants: (1) What is 

your assigned sex at birth?; and (2) What is your gender Identity? [man, woman, transgender, two 

spirit or prefer to self-identify (open-ended response)]. Participants will also complete the 

validated gender-related score questionnaire 527 previously used by the GENESIS-PRAXY 

investigators to examine gender as a continuous variable528. Pelletier et al. have previously used 

this tool to identify the impact of gender and its association with risk factors in patients with 

premature acute coronary syndrome527,528. It was found when categorizing according to gender-

related scores, characteristics traditionally ascribed to women had a 5% rate of recurrent acute 

coronary syndrome, compared to 2% in the other two groups (masculine characteristics vs. 

masculine and feminine characteristics)528. These approaches are also being utilized because 

gender identity affects disease risk, health outcomes and how individuals seek health care 

independently of sex524. Gender differences in the CVD risk factor profiles have been historically 

under examined529.  

 

Anthropometry and body composition 

Body composition impacts CVD risk factors530,531 and cardiovascular mortality532. Participant 

height will be measured on a portable Seca stadiometer to the nearest 0.5cm. Waist circumference 

will be measured in accordance with the Canadian Society for Exercise Physiology (CSEP) 

guidelines at the level of the superior iliac crest463,464. Body composition, including skeletal muscle 
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mass and body fat mass, will be assessed through bioelectrical impedance analysis using the 

InBody 270 body465,466.  

  

Frailty status 

Frailty will be assessed using two approaches. The Modified Fried Criteria (MFC)533 will utilize 

the traditional measures previously described by Fried et al.534, along with measures of depression 

and cognitive impairment. Briefly, this phenotypic MFC approach to frailty assessment classifies 

participants as frail if three or more of the following criteria are met: (1) unintentional weight loss, 

(2) self-reported exhaustion, (3) weakness, (4) slow walking speed, (5) low physical activity, (6) 

depression, and (7) cognitive impairment. Exhaustion is assessed by the Center for Epidemiologic 

Studies – Depression Scale481. Self-reported physical activity levels are assessed by the 

Paffenbarger Physical Activity Scale482 and unintentional weight loss is measured via a 

questionnaire. Gait speed is assessed by the 5-meter walk test483. Weakness is assessed by grip 

strength dynamometer483. Cognitive impairment is assessed using the Montreal Cognitive 

Assessment (MoCA) 471.  

The second assessment of frailty will involve the creation of a frailty index (FI) using variables 

collected in WARM Hearts study. This assessment methodology is based on frailty being an 

accumulation of deficits535. The FI will be created according to the general guidelines discussed 

by Searle et al.458 Briefly, these guidelines involve the following criteria for variable selection: (1) 

deficits must have an association with health status; (2) selected deficit prevalence should increase 

with chronological age; (3) selected health deficits should not saturate too early; (4) selected 

deficits should cover a broad range of physiological systems; (5) frailty indices should be kept the 

same if planned to be used on the same cohort at multiple time points.   

 

Functional Fitness Assessments 

The Senior Fitness Test will be used to assess functional ability536. This test measures upper and 

lower body strength through arm curls and 30 second chair stand respectively. The 8-foot up-and-

go measures agility and dynamic balance. Upper body flexibility is measured by the back-scratch 

test, while lower body flexibility is measured by chair sit and reach. Each test has an associated 
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risk zone threshold. Participants scoring below this threshold are considered at risk of loss for the 

associated functional ability.  

 

6-minute walk test (6-MWT) 

Participants are instructed to walk as much distance as possible on a 172.5 meter track over a 6-

minute period537. The distance covered during the 6-MWT test is recorded. Walk-based testing is 

an assessment of functional exercise capacity538, which has been shown to influence risk of CV 

mortality in adult populations539.  

 

Blood Sampling 

A blood sample will be collected to examine traditional CVD risk biomarkers for use in the FRS 

as well as novel biomarkers of cardiovascular and muscle health. Fifteen (15) mL of blood will be 

drawn by a phlebotomist and separated into 4 tubes: a serum silica tube (1x4mL), a lithium heparin 

tube (1x4mL), and two EDTA tubes (2x3mL). Two aliquots of whole blood from the serum silica 

tube will be snap frozen and stored at -80oC. After allowing the whole blood to coagulate and 

centrifuging at 2000x g for 10 minutes, 2 aliquots of serum will be collected, snap frozen and 

stored at -80oC. Blood samples in the EDTA and lithium heparin tubes will be centrifuged at 2000 

x g for 10 minutes and then the plasma will be snap frozen and 8 aliquots will be stored at -80oC. 

The planned blood analyses include: (1) total cholesterol, low-density lipoprotein (LDL) 

cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides and fasting blood glucose 

using one of the lithium heparin plasma samples. The additional blood samples of serum, plasma 

and whole blood will be stored at -80oC and saved in a biobank for the future analysis of novel 

biomarkers of CVD risk. 

 

Stool sample collection 

Emerging evidence suggests a link between the gut microbiome and the progression of 

atherosclerosis, hypertension, and heart failure540–542. To characterize the gut microbiome in the 

cohort, stool will be collected using an EasySampler® stool sample kit (American Laboratory 

Products Company, NH, USA). Participants will be provided a stool sample collection kit 

following the completion of the Day 1 research appointment and asked to collect a small sample 
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in the provided container at some point during the following 8-14 days. Participants will transport 

their stool sample with an ice pack and then return the stool sample to the research team at the 

second appointment. The sample container will then be stored at -80oC prior to being aliquotted 

and processed. Stool sample aliquots will be extracted from the sample container using a 

disposable biopsy punch (Miltex®, Integra LifeSciences, NJ, USA). One aliquot will be processed 

and stored in a ZR BashingBead Lysis Tubes (Zymo Research, CA, USA), and sent to the National 

Microbiology Laboratory (Winnipeg, MB) to characterize gut microbiota via 16S rDNA 

sequencing. Three additional stool aliquots will be created and stored at -80oC. 

  

Resting Blood Pressure 

In accordance with Canadian Cardiovascular Society guidelines467, the BP measurement will be 

made at the left upper arm while the participant is seated using a validated oscillometric device 

(Mobil-O-Graph)469. The Mobil-O-Graph ambulatory BP monitor is validated for the non-invasive 

assessment of systolic, diastolic, and central BP543. Systolic and diastolic BP is a predictor of CVD 

risk544 and CV mortality545. Central BP, an indirectly assessed measure of BP at the ascending 

aorta, is thought to potentially be a more important measure of BP as it better reflects the pressure 

exerted on target organs137,546–548. 

For adults, a resting BP of 120/80 mmHg or less is considered normal, 120-139/80-89 mmHg is 

considered pre-hypertensive, and greater than 140/90 mmHg is classified as hypertension469. A 

resting BP of 160 mmHg systolic and 90 mm Hg diastolic and a heart rate of 100 beats per minute 

is being used as screening cutoffs for proceeding with the data collection appointments as 

recommended by the CSEP guidelines464. Participants whose values exceed these cutoffs are given 

5 minutes to rest before the measurement is retaken. Scoring above the cutoff on two consecutive 

measurements terminates the appointment and participants are then recommended to visit their 

primary healthcare provider for an assessment. 

  

Non-invasive measure of arterial stiffness 

In addition to BP measurements, the Mobil-O-Graph assesses arterial stiffness. Using brachial 

oscillometry the Mobil-O-Graph calculates aortic pulse wave velocity (PWV) and additional 

central hemodynamic indices like augmentation index, the augmentation pressure divided by pulse 
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pressure multiplied by 100. PWV and the measures of central hemodynamics are  estimated though 

analysis of the brachial cuff waveform and have acceptable accuracy as compared with intra-aortic 

readings549 and cardiac magnetic resonance imaging550. The Mobil-O-Graph’s use has been 

validated in healthy individuals as well as patients with essential hypertension551,552.  Arterial 

stiffness is associated with CVD risk and is predictive of CVD mortality in a variety of 

populations553–557.  

 

Blood pressure response to 3-minutes of exercise 

   An exaggerated BP responses to exercise may be an indicator for new onset hypertension558–560, 

CVD-related morbidity and mortality558. Following the measurement of resting BP as already 

described, the participant will stand up and complete 3-minutes of moderate intensity exercise (i.e.; 

a 5 metabolic equivalent (MET) workload) on a treadmill. Immediately following the exercise 

protocol (within 30 seconds), the participants will move to a seated position and have their BP 

measured again using the Mobil-O-Graph device. A normal BP response to exercise is defined as 

a rise in systolic BP of under 30 mmHg and an absolute systolic BP of less than 169 mmHg. A 

borderline response is defined as a rise of 30-39 mmHg and an absolute systolic BP of 170-179; 

whereas, an abnormal response is defined as a rise of 40 mmHg or more in systolic BP and an 

absolute systolic BP of 180 mmHg or higher. All participants with an abnormal BP response to 3-

minutes of exercise will be advised to speak with their primary healthcare provider.   

 

Questionnaires 

Participants will complete a series of questionnaires: 

7. The International Physical Activity Questionnaire (IPAQ) short version474 will be used to 

collect self-reported amount and intensity of physical activity completed in the last 7 days. 

Low levels of physical activity are linked to elevated CVD risk561, CVD morbidity, and CVD 

mortality562.  

8. The EUROQOL Five Dimension Five Level (EQ-5D-5L) will be used to evaluate the 

dimensions of mobility, self-care, usual activities, pain/discomfort, and anxiety/depression. It 

is routinely used for this purpose in the general population563 and a variety of disease states564–
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566. The EuroQol Visual-Analog Scale (EQ-VAS) will also be used, as it provides 

complementary information of the patients’ views of their health476. 

9. Sleep quality and disturbances over a 1-month time interval are assessed using the Pittsburg 

Sleep Quality index (PSQI)477. Previous research has suggested that abnormal sleep is 

associated with elevated risk for CVD567 

10. The Seniors in the Community: Risk Evaluation for Eating and Nutrition Version II (SCREEN 

II) will be utilized for the identification of risk for impaired nutritional states in community-

living older adults478. Diet contributes to hypertension, diabetes, obesity, and CVD 568. Healthy 

dietary patterns influences the prevention of CVD568.  

11. The Patient Health Questionnaire-9 (PHQ-9) will be used to screen for depressive 

symptoms569. Depression as an independent risk factor for CVD570, and an association between 

depression and CV mortality571 and CV morbidity570. PHQ-9 scores of 5, 10, 15, and 20 

represent mild, moderate, moderately severe and severe depression respectively. Question 9 

on the PHQ-9 screens for the presence of and duration of suicidal ideation. Participants with 

scores on this question in the moderately severe to severe range will receive a recommendation 

to contact a primary healthcare provider. Participants with scores in the severe depression 

range or whose response indicate thoughts of self-harm will be immediately directed to a 

healthcare provider. If the participant does not have access to a healthcare provider, they will 

be escorted to emergency care at the St. Boniface General Hospital.  

 

Actigraphy  

Actigraph wGTX+ accelerometers worn on the non-dominant wrist over a 7-day period will be 

used to measure physical activity, sedentary and sleep behaviour572,573. Parameters collected by 

the Actigraph wGTX+ accelerometer will include raw acceleration, activity counts, steps taken, 

energy expenditures, body position, and sleep/wake measurements. Physical activity 561, 

sedentary574 and sleep behaviour575–577 are associated with CVD risk or CVD outcomes in adults.  

 

Framingham Risk Score 

A multivariate risk factor algorithm described by D’Agositino et al131  is used to calculate the FRS 

for each participant. This tool is recommended for use in the clinical setting in Canada by the 
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Canadian Cardiovascular Society467. Age, sex, and smoking status are collected by questionnaire; 

whereas, fasting glucose, HDL, and total cholesterol measured from blood samples. BP is recorded 

as already described using the Mobil-O-Graph. 

 

Adverse cardiovascular outcomes: 5-year follow-up 

Five years after screening, the incidence of adverse cardiovascular outcomes will be assessed in 

the cohort using Personal Health Information Numbers (PHINs) and the health administrative 

records housed by the Manitoba Centre for Health Policy Population Health Research Data 

Repository. De-identified data from administrative records of Manitobans are stored in the 

repository with a corresponding scrambled identifier which allows the record to be linked in each 

of the datasets. The specific databases that will be accessed are outlined in Table 3. Resources 

including hospital separation abstracts, medical claims, and the Drug Program Information 

Network will also be accessed to provide information on medications usage, hospitalisations, 

diagnoses, and procedures related to cardiovascular disease. In addition, vital statistics from the 

repository will provide information on cause of death to allow for mortality rate tracking. We have 

defined adverse cardiovascular outcomes as hospitalization or death due to ischemic heart disease, 

acute myocardial infarction, stroke, percutaneous coronary intervention, coronary artery bypass 

surgery, congestive heart failure, or new cases of hypertension. International Classification of 

Disease (ICD) Codes will be used to identify the adverse outcomes listed in Table 4 as 

recommended by the MCHP. The data will then be used to determine if any of the screening 

approaches are predictive of elevated risk for experiencing an adverse cardiovascular event in the 

5-year period after screening.  

 

Table 3. Manitoba Centre for Health Policy data acquisition  

Database Data fields/variables Rationale 

Hospital Separation 

Abstracts 

Hospitalisation for cardiac diseases 

and cardiac procedures performed 

Capture adverse cardiac events to 

test diagnostic accuracy of 

WARM Hearts risk score 

variables versus the Framingham 

Risk Score 

Medical claims (Physician 

billings) 

Diagnosis with cardiac diseases and 

procedures performed 

Track adverse cardiovascular 

events 

Other: vital statistics Cause of death Track mortality rates 
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Drug program information 

network 

Cardiac and other medications used Track the purchases of 

cardiovascular medications 

 

Table 4. Primary outcomes – adverse cardiovascular outcomes 

ICD-9-CM, International Classification of Diseases, 9th revision, clinical modification; ICD-10-CA, International Classification of 

Diseases, 10th revision, Canada 

* this outcome will only be used for those participants with no prior diagnosis of hypertension 

 

Data management  

Initial WARM Hearts study data collection is expected to be complete in late 2021. Deidentified 

data will be available 6-months after that. Researchers wishing to access data should contact Dr. 

Todd Duhamel (tduhamel@sbrc.ca; orcid.org/0000-0001-8467-4800). A data dictionary will be 

available upon request. An itemized list of the data being requested along with a brief proposal 

that outlines the rationale, hypotheses, and proposed analyses will be required. Since biological 

samples represent a finite resource, the proposed analyses will be considered with regard to ethical 

approval, feasibility and novelty. A Data Sharing Transfer Agreement or a Material Transfer 

Agreement must be signed and adhered to by collaborating parties and their respective institutions. 

Electronic data formats will be made available through the University of Manitoba Dataverse 

repository, following policies and procedures consistent with Tri-Council requirements. 

 

Statistical analysis  

Adverse cardiovascular outcomes Example ICD codes 

Ischaemic heart disease ICD-9-CM codes 410 or ICD-10-CA codes 

I20-I22, I24, I25 

Acute myocardial infarction ICD-9-CM code 410 or ICD-10-CA code I21 

Stroke ICD-9-CM codes 431,434,436 or ICD-10-CA 

codes I61, I63, I64 

Coronary artery bypass surgery ICD-9-CM codes 36,10-36, 14 or CCI code 

1.IJ.76 

Congestive heart failure ICD-9-CM codes 428 or ICD-10-CA code I50 

Hypertension*  ICD-9-CM codes 401-405 or ICD-10-CA 

codes I10-I13, I15 

Prescription of cardiac and other medications ATC codes 
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Using estimations of adverse outcomes from published literature used in our previous large cohort 

CVD screening project, we predict 187-241 adverse health outcomes to occur in the 5-year period 

after the data collection in the cohort521. This estimate is based on rates of ischemic heart disease, 

acute MI, stroke, congestive heart failure, new prescriptions for cardiac medications (ACE 

inhibitors and statins), and new diagnoses of hypertension from the Sex Differences in Health 

Status, Health Care Use, and Quality of Care: A Population-Based Analysis for Manitoba’s 

Regional Health Authorities document467 and age stratified data from the Chronic Disease and 

Injury Indicator Framework467. Stepwise regression will be used to identify variables collected 

from the WARM Hearts study that provide additional statistically significant improvement of the 

model fit for predicting adverse cardiovascular events in a risk score tool at the end of the follow-

up period. Comparative predictability between the WARM Hearts CVD risk tool and the FRS will 

be assessed using survival analysis techniques, such as Kaplan-Meier methods or a Cox 

proportional hazards model and calculating c-statistics. Model discrimination will be assessed 

using techniques like receiver operating characteristic curves and integrated discrimination 

improvement. Net Reclassification Improvement will be used to assess change in risk category for 

participants between our developed risk score and the FRS screening protocol. The number of 

estimated CVD-related outcomes will allow us to conservatively use 10 variables in our model. 

Distribution and end results may dictate analyses used.   

 

Informed consent 

The University of Manitoba Health Research Ethics Board (REB; Version 4.0 dated 7 October 

2019) and the St. Boniface Hospital Research Review Committee (Version 4.0 dated 7 October 

2019) approved the trial (ClinicalTrial.gov identifier NCT03938155). Minor editorial revisions to 

the protocol documents were approved by the REB on 22 November 2019, 27 February 2020 and 

1 April 2020.  

Individuals will be verbally informed of the study procedures by a research assistant and provided 

a copy of the patient information and consent forms. Each individual will have an adequate amount 

of time to consider their participation in the WARM Hearts study and will be given the opportunity 

to ask questions. After this process, if the individual decides to participate in the study, they will 

be asked to provide written consent upon arrival at their first research appointment. Participants 
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can decide not to participate in the study or to withdraw from the study at any time. Participants 

will be asked if they are willing to be contacted about future research studies. If they agree, they 

will be added to a database for this purpose.  

 

Trial Monitoring and Safety 

The research team is responsible for the study design, management, ethical conduct, analysis and 

dissemination of the WARM Hearts results. If a participant has a serious adverse event during the 

testing period, the protocol will be stopped. The participant will then be informed of the reasons 

for stopping the protocol. The appropriate steps will then be made to report the event to the 

University of Manitoba Health Research Ethics Board and the St. Boniface Hospital Research 

Review Committee.  

 

End of study 

The WARM Hearts recruitment and CVD risk screening data collection phases of the research will 

end when 1000 participants have been successfully enrolled, which should be accomplished prior 

to September 30, 2021. Cross-sectional data analysis to characterize the cohort and examine 

associations between variables will be explored at this time. Adverse cardiovascular event data 

will be accessed through the MCHP five years after the completion of screening. Analyses of the 

adverse cardiovascular event data will then occur.  

 

Study status 

Recruitment for the WARM Hearts study began in October 10, 2019. Four hundred and eighty 

(480) individuals were recruited to participate in the WARM Hearts trial as of March 23, 2020. Of 

these individuals, a total of 240 completed data collection. This date is relevant because it is when 

the University of Manitoba and St. Boniface Hospital suspended research activities with human 

participants due to the COVID-19 public health pandemic. Recruitment and data collection will 

recommence when public health officials in Manitoba and the institutions deem it is appropriate 

to relaunch the research. The cohort recruitment will be completed prior to September 30, 2021. 
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Appendix D – WARM Hearts Frailty Index 

# 
Domain 

WARM Hearts 

assessment tool Variable Cut offs Reference 

1 Physical Hand Dynamometer Grip Strength (kg) 

[BMI ≤ 23, 1=≤ 17 kg, 0=>17 kg], [BMI 23.1-26, 

1=≤ 17.3 kg, 0=>17.3 kg], [BMI 26.1-29, 1=≤ 18 

kg, 0=>18 kg], BMI >29, 1=≤21 kg, 0=>21 kg] 

Fried (2001)15   

2 Physical Seniors Fitness Test Chair Stand 

[Age 50-64: 1=<12, 0=>12], [Age 65-69: 1=<11, 

0=>11], [Age 70-74: 1=<10, 0=>10], [Age 75-79: 

1=<10, 0=>10], [Age 80-84: 1=<9, 0=>9], [Age 

85-89: 1=<8, 0=>8], [Age 90-94: 1=< 4, 0=> 4] 

Rikli & Jones 

(2002)578 

3 Physical 5 M Gait Speed Test Gait Speed (m/s) 
[Height < 159 cm - 1=< 0.76 m/s, 0=>0.76 m/s], 

[Height >159 cm - 1=< 0.65 m/s, 0=>0.65 m/s] 
Fried (2001)15   

4 Physical 
Paffenbarger PA 

Questionnaire 

Self Report PA 

(kcal/week) 
1= < 270 kcal/week, 0= > 270 kcal/week Fried (2001)15   

5 Physical Seniors Fitness Test Arm Curls 

[Age 50-64: 1=<13, 0=>13], [Age 65-69: 1=<12, 

0=>12], [Age 70-74: 1=<12, 0=>12], [Age 75-79: 

1=<11, 0=>11], [Age 80-84: 1=<10, 0=>10], 

[Age 85-89: 1=<10, 0=>10], [Age 90-94: 1=<8, 

0=>8] 

Rikli & Jones 

(2002)578 

6 Physical Seniors Fitness Test Back Scratch (cm) 

[Age 50-64: 1=<-3, 0=>-3], [Age 65-69: 1=<-3.5, 

0=>-3.5], [Age 70-74: 1=<-4.0, 0=>-4.0], [Age 

75-79: 1=<-5, 0=>-5], [Age 80-84: 1=<-5.5, 0=>- 

5.5], [Age 85-89: 1=<-7, 0=>-7], [Age 90-94: 

1=<-8, 0=>-8] 

Rikli & Jones 

(2002)578 

7 Physical Seniors Fitness Test Sit and Reach (cm) 

[Age 50-64: 1=<-0.5, 0=>-0.5], [Age 65-69: 1=<- 

0.5, 0=>-0.5], [Age 70-74: 1=<-1, 0=>-1], [Age 

75-79: 1=<-1.5, 0=>-1.5], [Age 80-84: 1=<-2, 

0=>-2], [Age 85-89: 1=<-2.5, 0=>-2.5], [Age 90- 

94: 1=<-4.5, 0=>-4.5] 

Rikli & Jones 

(2002)578 

8 Physical Seniors Fitness Test 8Ft Up and Go (s) 

[Age 50-64: 1=>6.0, 0=<6.0], [Age 65-69: 

1=>6.4, 0=<6.4], [Age 70-74: 1=>7.1, 0=<7.1], 

[Age 75-79: 1=>7.4, 0=<7.4], [Age 80-84: 

1=>8.7, 0=<8.7], [Age 85-89: 1=>9.6, 0=<9.6], 

[Age 90-94: 1=>11.5, 0=<11.5] 

Rikli & Jones 

(2002)578 
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9 Physical Seniors Fitness Test 6 Min Walk Test (m) 

[Age 50-64: 1=<498.35, 0=>498.35], [Age 65-69: 

1=<457.20, 0=>457.20], [Age 70-74: 1=<438.91, 

0=>438.91], [Age 75-79: 1=<397.76, 0=>397.76], 

[Age 80-84: 1=<352.04, 0=>352.04], [Age 85-89: 

1=<310.90, 0=>310.90], [Age 90-94: 1=<251.46, 

0=>251.46] 

Rikli & Jones 

(2002)578 

10 
Body 

composition 
Tape Measure 

Waist Circumference 

(cm) 
1=>88 cm, 0=< 88 cm Kehler (2020)579 

11 
Body 

composition 
InBody Fat Mass (kg) 1=<18.2 or >36.1, 0=18.2-36.099 Kehler (2020)579 

12 
Body 

composition 
InBody Fat-Free Mass (kg) 

1=<40.9, 0.75=40,9-<43.3, 0.50=43.3-<45.8, 

0.25=45.8-<49.3, 0=>49.30 
Kehler (2020)579 

13 Psychological PHQ-9 PHQ-9 Score 

1=20-27 (severe), 0.80=15-19 (moderately 

severe), 0.60=10-14 (moderate), 0.40=5-9 (mild), 

0.20=1-4 (minimal), 0=0 (none) 

Kroenke (2001)479 

14 Psychological Medical History 
Clinical Diagnosis of 

Depression/Anxiety 
1=yes, 0=no  

15 Cognition MoCA MoCA 1= < 25, 0= > 26 
Nasreddine 

(2006)472 

16 Nutrition Self Report Questionnaire 
Unintentional Weight 

Loss 
1=yes, 0=no Fried (2001)15   

17 Nutrition Self Report Questionnaire Decline in Food intake 1=yes, 0=no  

18 Nutrition/QOL SCREEN II 

Is biting or chewing 

food difficult 

for you? 

1=Often or always, .6666=Sometimes, 

.3333=Rarely, 0=Never 
Keller (2005)478 

19 Nutrition/QOL SCREEN II 

Do you have any 

problems getting 

your groceries? 

1=Always, .6666=Often, .3333=Sometimes, 

0=Never or Rarely 
Keller (2005)478 

20 Exhaustion  CES-D 
Feel everything was an 

effort 

1=Most (3), .6666=Moderate (2), 

.3333=Sometimes (1), 0=Rarely (0) 
Fried (2001)15   

21 Exhaustion CES-D Could not "get going" 
1=Most (3), .6666=Moderate (2), 

.3333=Sometimes (1), 0=Rarely (0) 
Fried (2001)15   

22 Quality of life EQ-5D-5L Mobility 
1=Extreme, 0.75=Severe, 0.50=Moderate, 

0.25=Slight, 0=None 
Janssen (2008) 

23 Quality of life EQ-5D-5L Self Care 1=Extreme, 0.75=Severe, 0.50=Moderate, Janssen (2008) 
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0.25=Slight, 0=None 

24 Quality of life EQ-5D-5L Usual Activities 
1=Extreme, 0.75=Severe, 0.50=Moderate, 

0.25=Slight, 0=None 
Janssen (2008) 

25 Quality of life EQ-5D-5L Pain/Discomfort 
1=Extreme, 0.75=Severe, 0.50=Moderate, 

0.25=Slight, 0=None 
Janssen (2008) 

26 Quality of life EQ VAS Rate Health today 1-(EQ-VAS score/100) Janssen (2008) 

27 Comorbidities Medical History Diabetes 1=yes, 0=no Kehler (2017)26 

28 Comorbidities Medical History Arthritis 1=yes, 0=no Kehler (2017)26 

29 Comorbidities Medical History Sleep Apnea 1=yes, 0=no Kehler (2017)26 

30 Comorbidities Medical History Cancer 1=yes, 0=no Kehler (2017)26 

31 Comorbidities Medical History IBD 1=yes, 0=no  

32 Comorbidities Medical History Asthma 1=yes, 0=no Kehler (2020)579 

33 Lab values Blood Pressure Resting Systolic BP 1= <90 or >140 mmHg, 0= 90-140 mmHg Kehler (2020)579 

34 Lab values Blood Pressure Pulse Pressure 1= <30 or >60 mmHg, 0= 30-60 mmHg Kehler (2020)579 

35 Lab values Heart Rate Monitor Resting HR 1= <60 or >99 bpm, 0= 60-99 mmHg 
Kehler (2017)26 

Kehler (2020)579 

36 Lab values Blood Draw Glucose (Fasting) 1=<3.9 or >6.1 mmol/L, 0=3.9-6.1 mmol/L 
Kehler (2017)26 

Kehler (2020)579 

37 Lab values Blood Draw Total Cholesterol 1= > 6.2 mmol/L, 0= < 6.2 mmol/L Kehler (2020)579 

38 Lab values Blood Draw Triglycerides 1= > 1.67 mmol/L, 0= <1.67 mmol/L Kehler (2020)579 

39 Lab values Blood Draw HDL Cholesterol 1= < 1.03 mmol/L, 0= > 1.03 mmol/L Kehler (2020)579 
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40 Lab values Blood Draw LDL Cholesterol 1= <0.98 or >3.36 mmol/L, 0= 0.98-3.36 mmol/L Kehler (2020)579 

41 Sleep quality PSQI PSQI 1=5-21, 0=0-4 Buysse (1989)477 

42 Medications # of Medications # of Medications 1=>5, 0=0-4  

BMI, body mass index; PA, physical activity; PHQ-9, Patient Health Questionnaire-9; QOL, quality of life; MoCA, Montreal 

Cognitive Assessment; SCREEN II, Seniors in the Community: Risk evaluation for eating and nutrition Version II; CES-D, Center for 

Epidemiologic Studies Depression Scale; EQ-5D-5L, EuroQol 5-Dimension 5-Level; EQ VAS, EuroQol Visual Analogue Scale; IBD, 

inflammatory bowel disorder; BP, blood pressure; HR, heart rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; 

PSQI, Pittsburgh Sleep Quality Index. 


