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ABSTRACT 

Background: Physical activity guidelines have been updated to recognise the 

importance of children participating in muscle-strengthening activities in addition 

to aerobic activities. These changes reflect a growing evidence base highlighting 

the health benefits of childhood muscular fitness, with an emerging area of 

research examining whether these health benefits span childhood to adulthood. As 

interest into childhood muscular fitness grows, how levels have changed over 

time and what factors determine higher levels is unclear. By better understanding 

these components of muscular fitness, a greater insight into childhood muscular 

fitness as a risk factor for future health outcomes can be gained. Also unknown, is 

whether low childhood muscular fitness is a risk factor for type 2 diabetes in later 

life.   

Aims: This thesis aimed to firstly gain a better understanding of childhood 

muscular fitness by quantifying the 30-year secular changes in childhood 

muscular fitness levels and identifying factors associated with childhood 

muscular fitness phenotypes. Secondly, this thesis aimed to determine if 

childhood muscular fitness was associated with measures of glucose homeostasis 

in young-adulthood and explore if these associations persist despite changes in 

muscular fitness into young-adulthood. Factors associated with the persistence or 

change in muscular fitness between childhood and young-adulthood were 

identified and the association between muscular fitness measured across the life 

course (childhood, young- and mid-adulthood) and prediabetes and type 2 

diabetes in mid-adulthood was explored. 
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Methods: This thesis used data from the Childhood Determinants of Adult Health 

(CDAH) Study and the Child Health CheckPoint Study (CheckPoint), two 

Australian-based cohort studies that assessed the muscular fitness of Australian 

children. Baseline muscular fitness data, in addition to a range of modifiable and 

environmental factors, for the CDAH Study were collected for children aged 7–15 

years in 1985. In 2015, the CheckPoint study examined the health and muscular 

fitness of Australian children aged 11–12 years. Therefore, muscular fitness data 

on two broadly representative samples of Australian children were available 30-

years apart. As part of the CDAH Study, participants were followed up in young- 

(aged 26–36 years) and mid-adulthood (36–49 years) where muscular fitness was 

remeasured, and cardiometabolic risk factor information was collected including a 

fasting blood sample tested for fasting glucose, glycated haemoglobin (HbA1c) 

and insulin. 

Results: A better understanding of childhood muscular fitness was gained by 

identifying that contemporary Australian children had lower muscular fitness 

compared with their counterparts from 30-years ago, independent of changes in 

body mass, and that adiposity, cardiorespiratory fitness, fat-free mass, flexibility 

and speed capability were determinants of muscular fitness preceding the secular 

decline. Higher childhood muscular fitness was associated with lower levels of 

measures of glucose homeostasis in young-adulthood and males with persistently 

high muscular fitness between childhood and young-adulthood had the most 

favourable glucose homeostasis profile in young-adulthood. Strategies aimed at 

obesity prevention and promoting physical activity, cardiorespiratory fitness, 

healthy dietary choices and increased education could have additional benefits of 
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maintaining or improving muscular fitness from childhood to adulthood. Lastly, 

muscular fitness measured in childhood, young-adulthood and mid-adulthood 

contributed approximately equally to prediabetes and type 2 diabetes risk in mid-

adulthood.  

Discussion: These findings suggest that given childhood muscular fitness levels 

have declined over the past 30-years and that low childhood muscular fitness is a 

risk factor for impaired glucose homeostasis in adulthood, more contemporary 

children could be at risk of developing impaired glucose homeostasis in later life. 

Risk reduction strategies are therefore essential, and childhood muscular fitness 

levels could be a potential target. Furthermore, as cumulative exposure to higher 

levels of muscular fitness across the life course was associated with less 

impairments in measures of glucose homeostasis and lower odds of developing 

prediabetes and type 2 diabetes in adulthood, strategies aimed at increasing 

muscular fitness could be implemented in childhood and maintained across the 

life course to reduce future development of type 2 diabetes. 
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1 INTRODUCTION 

The health benefits of living a physically fit and active life are well recognised1. 

Physical fitness includes the phenotypes of cardiorespiratory fitness (CRF) and 

muscular fitness. Of the work identifying the health benefits of physical fitness, 

CRF has primarily been the physical fitness phenotype of interest. By 

comparison, limited research has examined muscular fitness, incorporating the 

phenotypes of strength, power and endurance. Independent of CRF, low muscular 

fitness is emerging as a risk factor for adverse health outcomes. In adulthood, low 

muscular fitness associates with increased risk of stroke, myocardial infarction, 

cancer, type 2 diabetes and all-cause mortality2, 3. The health benefits of muscular 

fitness are not limited to adults, however. An emerging area of research highlights 

the importance of children participating in muscular strengthening activities, with 

links made between higher levels of childhood muscular fitness and 

improvements in bone health, self-esteem, adiposity status and cardiovascular 

disease risk4, 5. Although the benefits of childhood muscular fitness are becoming 

better understood, it is unknown if these findings are being translated into more 

children participating in muscular fitness activities. Moreover, how muscular 

fitness levels have changed over time and the factors associated with higher levels 

of muscular fitness are of interest. 

 

Although currently understudied, the longitudinal research examining childhood 

muscular fitness as a risk factor for future cardiometabolic outcomes, those 

related to cardiovascular and metabolic disease, have found lower levels of 

childhood muscular fitness are associated with metabolic syndrome, insulin 

resistance, beta cell dysfunction, cardiovascular risk, and mortality in adulthood, 
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independent of CRF and a measure of adiposity6-9. However, longitudinal data is 

sparse and the link with type 2 diabetes is largely unknown. Many studies are 

limited by having data on only one sex or have examined data from a cohort of 

older aged youth with a short follow-up period.  

 

Type 2 diabetes is characterised by insulin resistance, impaired insulin secretion, 

or both. The natural history of type 2 diabetes includes elevated fasting insulin, 

insulin resistance, beta cell dysfunction and hyperglycaemia; collectively referred 

to as measures of glucose homeostasis. Given the increasing prevalence of this 

chronic disease, strategies to reduce or limit the disease burden are required. To 

address if childhood muscular fitness is an independent risk factor for future 

impaired glucose homeostasis and type 2 diabetes, there is a need to better 

understand how exposure to muscular fitness over the life course translates to 

adult disease.  

 

Two overarching aims are assessed in this thesis. The first aim examines how 

muscular fitness levels have changed over the past 30-years and the modifiable 

and environmental factors associated with greater muscular fitness levels. The 

second aim identifies whether low childhood muscular fitness is a risk factor for 

impaired glucose homeostasis and type 2 diabetes in adulthood. 
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1.1 MUSCULAR FITNESS 

1.1.1 DEFINITION  

Physical fitness is a set of attributes that people have or achieve that relates to the 

ability to perform physical activity10. The health-related components of physical 

fitness include CRF, muscular fitness, body composition and flexibility10. Of 

interest in this thesis is muscular fitness. Muscular fitness incorporates the 

phenotypes of muscular strength, muscular power and muscular endurance. A 

broad definition of muscular fitness and each individual muscular fitness 

phenotype is presented in Figure 1.1. Generally defined, muscular strength is the 

muscle’s ability to generate maximal force on a single occasion11. Muscular 

strength is typically measured during a single maximal voluntary contraction 

under set conditions, varying with movement pattern, muscle contraction type 

(concentric, isometric, or eccentric) and contraction velocity12. Typically, 

muscular strength is measured as force registered by a dynamometer or a 

measurable external load resisted or moved against, using external weights or a 

weight machine12. Muscular power refers to the rate at which muscles perform 

work or the muscle’s ability to exert force per unit of time11, derived as the 

product of the force produced by a muscle or muscle group and the velocity of the 

muscle contraction during the action of interest12. The standing long jump and 

vertical jump are examples of common field-based tests to measure muscular 

power. Muscular endurance is the muscle’s ability to continue to perform 

successive exertions11. The assessment of muscular endurance includes a group of 

muscles performing repeated contractions against an external load for an extended 

period of time12. Muscular endurance is commonly assessed as the number of 

correctly performed push-ups or sit-ups completed within 30 or 60 seconds.
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Figure 1.1. Definition of muscular fitness. 

MUSCULAR FITNESS 

The muscle’s ability to generate force maximally (strength), quickly (power), and without fatigue (endurance). 

MUSCULAR STRENGTH 

The muscle’s ability to exert a 

maximal force on a single occasion. 

 

Common measures: 

 One-repetition maximum: 

o leg press 

o chest press 

 Dynamometry: 

o Grip strength 

 

 

 

MUSCULAR POWER 

The rate at which muscles perform 

work. 

 

Common measures: 

 Standing long jump/broad 

jump 

 Vertical jump 

 Squat jump 

 Countermovement jump 

 Abalakov jump 

 50 m sprint 

 Basketball throw 

MUSCULAR ENDURANCE 

The muscle’s ability to continue to 

perform successive exertions in a set 

time or without fatigue. 

Common measures: 

 Push-ups 

 Sit-ups 

 Plank 

 Static squat test 

 Dips 
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1.1.2 MUSCULAR FITNESS AND FUTURE HEALTH 

OUTCOMES 

The health benefits of muscular fitness are well established13. In the Prospective 

Urban-Rural Epidemiology (PURE) Study, a large longitudinal study including 

participants from 17 countries of varying incomes, the association between grip 

strength and a range of health outcomes were identified3. A five kg lower grip 

strength measured at age 35–70 years was associated with increased rates of 

stroke (hazard ratio [HR]=1.09, 95% confidence intervals [CI]=1.05, 1.15) and 

myocardial infarction (HR=1.07, 95% CI=1.02, 1.11) after a median follow-up of 

four years3. These associations were independent of potential confounders 

physical activity level, daily dietary energy intake, tobacco and alcohol use, and 

body mass index (BMI).  

 

The association between grip strength and cancer was not consistent among high- 

and low-income countries. Grip strength was associated with reduced rates of 

cancer in high-income countries (HR=0.92, 95% CI=0.88, 0.95), but with higher 

rates of cancer in low-income countries, although the effect was not statistically 

significant (HR=1.12, 95% CI=0.93, 1.34). Lower levels of muscular fitness have 

been shown to associate with higher rates of cancer in other adult cohorts2, 14. In 

half a million UK Biobank participants, a five kg lower grip strength was 

associated with increased rates of mortality from all cancers (females: HR=1.17, 

95% CI=1.13, 1.21; males: HR=1.10, 95% CI=1.07, 1.13), colorectal cancer 

(females: HR=1.17, 95% CI=1.04, 1.32; males: HR=1.18, 95% CI=1.09, 1.27), 

lung cancer (females: HR=1.17, 95% CI=1.07, 1.27; males: HR=1.08, 95% 
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CI=1.03, 1.13) and breast cancer (females: HR=1.24, 95% CI=1.10, 1.39), 

independent of confounders BMI category, physical activity and sedentary time2. 

 

Lower levels of muscular strength and endurance are associated with increased 

rates of all-cause mortality in adult populations2, 15-18. The focus of a previous 

systematic review, higher levels of upper and lower body muscular strength were 

associated with a reduced risk of mortality19. Results from the PURE Study 

showed a five kg lower grip strength to associate with higher all-cause (HR=1.16, 

95% CI=1.13, 1.20), cardiovascular (HR=1.17, 95% CI=1.11, 1.24), and non-

cardiovascular (HR=1.17, 95% CI=1.12, 1.21) mortality, independent of BMI and 

physical activity level3. Highlighting the predictive utility of grip strength, a one 

standard deviation (SD) decrease in grip strength and a one SD increase in 

systolic blood pressure were similarly associated with cardiovascular mortality 

(grip strength: HR=1.45, 95% CI=1.30, 1.63; systolic blood pressure: HR=1.43, 

95% CI=1.32, 1.57), but grip strength was a stronger predictor of all-cause 

mortality than systolic blood pressure (grip strength: HR=1.37, 95% CI=1.28, 

1.47; systolic blood pressure: HR=1.15, 95% CI=1,10, 1.21)3. Results from the 

UK Biobank study also showed lower grip strength to be associated with higher 

rates of all-cause mortality (females: HR=1.20, 95% CI=1.17, 1.23; males: 

HR=1.16, 95% CI=1.15, 1.17) and cardiovascular mortality (females: HR=1.19, 

95% CI=1.13, 1.25; males: HR=1.22, 95% CI=1.18, 1.26)2. In a Canadian study 

of over 100,000 participants, lower grip strength was associated with increased 

risk of all-cause mortality for males (lowest quarter vs highest quarter: relative 

risk [RR]=1.67, 95% CI=1.02, 2.74) but not females (RR=1.14, 95% CI=0.65, 

2.01), although the 95% CI for males included one upon adjustment for smoking 
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status, body mass and CRF (RR=1.49, 95% CI=0.86, 2.59)15. Muscular endurance 

results varied depending on the measure used. For both males and females, 

participants with the number of sit-ups performed in 60 seconds in the lowest 

quarter had an increased risk of all-cause mortality compared with those in the 

highest quarter (males: RR=2.72, 95% CI=1.56, 4.64; females: RR=2.26, 95% 

CI=1.15, 4.43), although this was not reflected in the results for push-ups (males: 

RR=1.25, 95% CI=0.77, 2.05; females: RR=0.61, 95% CI=0.32, 1.17)15. The 

authors hypothesised that the association between sit-ups and all-cause mortality 

could be confounded by central adiposity, although results remained unchanged 

upon adjustment for waist circumference15. Therefore, it remains unclear why a 

significant association was present for sit-ups and not push-ups. No data currently 

exists that has examined if muscular power is associated with mortality.  

 

Furthermore, higher muscular strength and muscular endurance are associated 

with lower levels of measures of glucose homeostasis20-23 and a decreased risk of 

type 2 diabetes23-27. Although the significant association between lower grip 

strength and incident type 2 diabetes was lost upon adjustment for confounders 

(daily dietary energy intake, physical activity level and BMI) in the PURE Study3,  

meta-analysis from 10 cohorts found a one SD increase in muscular strength was 

associated with a 13 % lower risk of type 2 diabetes (RR=0.87, 95% CI=0.81, 

0.94), independent of adiposity28. Further work is required to examine the 

association between muscular power and endurance with type 2 diabetes, 

particularly if the association remains independent of key confounders including 

CRF and measures of adiposity. The relationship between muscular fitness and 

type 2 diabetes will be further described in section 1.3. 
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Children also benefit from higher levels of muscular fitness. The association 

between childhood muscular fitness, including the phenotypes of strength, power 

and endurance, and a range of health outcomes are becoming better understood4, 5, 

29. For example, associations between higher muscular fitness with lower 

adiposity and cardiovascular and cardiometabolic risk factors, and higher bone 

health and self-esteem have been shown4, 5, 29. There is also evidence for long-

term health benefits of higher levels of muscular fitness in childhood30. Results 

from a systematic review and meta-analysis that included 30 studies and 21,686 

participants showed muscular fitness in childhood and adolescence to associate 

with BMI (correlation coefficient [r]=–0.14, 95% CI=–0.21, –0.07), skinfold 

thickness (r=–0.32, 95% CI=–0.40, –0.23), triglycerides (r=–0.22, 95% CI=–0.30, 

–0.13), bone mineral density (r=0.17, 95% CI=0.09, 0.24), insulin resistance (r=–

0.10, 95% CI=–0.16, –0.05) and cardiovascular risk (r=–0.29, 95% CI=–0.39, –

0.18) in future years30. However, this review included studies with a follow-up 

period of one year or more. This meant results from the meta-analysis included 

short-term longitudinal findings in childhood and long-term spanning childhood 

to adulthood. Evidence for the association between childhood muscular fitness 

and adult health outcomes is sparse and more research is required to understand if 

the health benefits of higher levels of childhood muscular fitness persist into 

adulthood. 

 

The association between muscular strength and future mortality risk spans 

childhood to adulthood. Higher muscular strength among over one million 

Swedish male military conscripts aged 16–19 years was associated with a 20–35 
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% lower risk of premature mortality (<55 years) due to any cause or 

cardiovascular disease after a period of 24-years, independent of BMI and blood 

pressure9. As CRF and physical activity data were not available, the authors were 

unable to determine if the association for muscular strength remained independent 

of these factors. Among Swedish military conscripts, lower levels of muscular 

strength at age 18 years was associated with stroke (lowest vs highest third: 

incidence rate ratio [IRR]=1.19, 95% CI=1.15, 1.24) and ischemic heart disease 

(lowest vs highest third: IRR=1.05, 95% CI=1.02, 1.08) in adulthood31, 32. Upon 

adjustment for CRF, BMI, family history of the outcome, education and 

socioeconomic status (SES), the association with stroke remained (IRR=1.10, 

95% CI=1.05, 1.14)31, but the association for ischemic heart disease was 

attenuated (IRR=0.98, 95% CI=0.95, 1.00)32. Higher levels of muscular strength 

in childhood are associated with a decreased risk of metabolic syndrome6, lower 

levels of a composite cardiovascular risk score8, insulin resistance, and beta cell 

function in adulthood7, independent of a measure of adiposity and CRF. Higher 

levels of childhood muscular power were also associated with a decreased risk of 

adult metabolic syndrome6. How childhood muscular fitness associates with adult 

type 2 diabetes is largely unknown. In a cohort of Swedish military conscripts, 

lower levels of muscular strength measured at age 18 years was associated with 

an increased risk of developing type 2 diabetes 10–40 years later (low versus high 

third: HR=1.72, 95% CI=1.65, 1.79), independent of CRF, BMI, family history of 

diabetes and SES33. However, data are needed to further examine the longitudinal 

association between a range of childhood muscular fitness phenotypes in both 

sexes of younger baseline ages with future cardiometabolic health outcomes, 

including measures of glucose homeostasis and type 2 diabetes. 
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1.1.3 PHYSICAL ACTIVITY GUIDELINES 

In response to the health benefits of muscular fitness becoming increasingly 

recognised, several physical activity guidelines for general health and chronic 

disease have been updated. The aim of these physical activity guidelines is to 

provide recommendations to help support people to build daily routines for better 

health. In 2010, the World Health Organisation released their Global 

Recommendations on Physical Activity for Health. These guidelines recommend 

children aged 5–17 years should accumulate at least 60 minutes of moderate- to 

vigorous-intensity physical activity daily. A majority of the daily physical activity 

should be aerobic in nature, although vigorous-intensity activities aimed at 

strengthening muscle and bone should be incorporated at least three times per 

week34. Guidelines were also updated for adults aged 18–64 years that combined 

aerobic guidelines (at least 150 minutes of moderate-intensity aerobic physical 

activity per week or at least 75 minutes of vigorous-intensity aerobic physical 

activity, or an equivalent combination of both) and muscle-strengthening 

activities on two or more days per week34. These physical activity guidelines 

emphasise the importance of performing activities aimed at strengthening muscle 

and bone in addition to aerobic activities for both children and adults34. 

 

In 2014, updated physical activity guidelines for Australians supported the stance 

that both aerobic and muscle-strengthening activities are beneficial for both 

children and adults35. For children, the updated guidelines suggest 60 minutes or 

more of moderate-to-vigorous physical activity should be performed daily and 

emphasise the importance of this 60 minutes being split between aerobic, muscle-
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strengthening and bone-strengthening activities35. For adults, the updated 

guidelines emphasise the importance of sitting less and participating in more 

moderate-to-vigorous physical activity and suggest doing any physical activity is 

better than doing none35. Collectively, the 2010 World Health Organisation 

physical activity guidelines and the 2014 physical activity guidelines for 

Australians have provided a clear set of recommendations for both children and 

adults. These guidelines promote the importance of sitting less and moving more 

and participating in both aerobic and muscle-strengthening activities. The United 

States36, Canada37 and the United Kingdom38 also recognise the importance of 

muscle-strengthening activities for children and adults in their national physical 

activity guidelines. 

 

These guidelines reflect evidence for the importance of resistance training and 

higher levels of muscular fitness with health-related benefits in adult populations. 

For children, a strong focus remains for aerobic activities with physical activity 

guidelines specifically stating that most daily physical activity should be aerobic, 

providing clear recommendations on the duration children should spend 

participating in these activities34. However, the guidelines do not provide specific 

duration and intensity recommendations for muscle-strengthening activities. The 

importance of children performing muscle-strengthening activities is not as well 

understood and consequently, muscle-strengthening activities are not actively 

encouraged. This could stem from negative parental attitudes towards strength 

exercise for their children39 and outdated concerns and myths regarding the safety 

of resistance training in childhood40-42 or the need for a gym membership or 

expensive equipment to increase muscular fitness43. However, resistance training 
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in childhood, when performed correctly under appropriate supervision, is 

appropriate40, 42, 44-46. In the World Health Organisation physical activity 

guidelines, muscle-strengthening activities are defined as physical activity and 

exercise that increases skeletal muscle strength, power, endurance, and mass. 

These activities could include strength training, resistance training, or muscular 

strength and endurance exercises34. Examples of muscle-strengthening activities 

recommended for children in the Australian physical activity guidelines include 

skipping, jumping and body mass exercises such as push-ups and sit-ups35.   

 

Higher levels of childhood muscular fitness are becoming increasingly recognised 

as a marker of current and future health30. However, for the long-term health 

benefits of childhood muscular fitness to be better promoted, additional research 

identifying longitudinal associations between childhood muscular fitness and 

health outcomes in later life is required. Of the longitudinal research available, it 

is largely unknown if low childhood muscular fitness is associated with the 

development of type 2 diabetes in adulthood. As the prevalence of type 2 diabetes 

increases47, 48, it is of interest to better understand childhood muscular fitness as a 

potential target to help prevent impaired glucose homeostasis and type 2 diabetes. 
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1.2 CHILDHOOD MUSCULAR FITNESS 

1.2.1 MEASUREMENT OF CHILDHOOD MUSCULAR FITNESS 

Muscular strength, power and endurance are independent muscular fitness 

phenotypes and are measured using different tests. Muscular fitness tests 

performed in a laboratory are often expensive and require qualified technicians 

and special equipment. Because these tests are not appropriate in school settings 

or in large population-based studies where there are time and economic 

constraints or a large number of participants, field-based tests to measure 

muscular fitness are used in their place. The validity and reliability of field-based 

tests to measure childhood muscular fitness have been established49, 50 and are 

overviewed below.  

 

1.2.1.1 Muscular strength 

The one repetition maximum (1-RM), the maximal force that can be generated by 

a specific muscle or muscle group, is considered the gold standard test of 

maximal muscular strength when appropriate equipment is available49. However, 

in school and field-based settings, the 1-RM is not feasible as appropriate 

equipment is often unavailable. Grip strength, assessed using hand 

dynamometers, is commonly used in place of the 1-RM in field-based settings to 

measure isometric muscular strength. Grip strength is correlated with 1-RM leg 

press, 1-RM chest press and isokinetic knee extensor torque (r=0.52–0.84)51, 52, 

with these findings highlighting moderate-to-strong construct validity. Systematic 

reviews suggest strong evidence for the reliability and validity of the grip strength 

test49, 50. In addition to its reliability, the grip strength test is cost effective and 

easy to administer, making it a popular test in field-based settings. Additional 
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field-based tests to measure childhood muscular strength include using a leg-back 

dynamometer to examine leg strength and using a shoulder and arm dynamometer 

to assess shoulder flexion and extension. Although validity and reliability 

estimates for these muscular strength tests are underreported, a previous study has 

shown the leg-back dynamometer to have reasonably high test-retest reliability53. 

 

1.2.1.2 Muscular power 

The standing long jump, or other jump tests such as the squat jump and vertical 

jump, are used to assess muscular power. As a result, the terms muscular power 

and jumping performance are used interchangeably within this thesis. Although 

only a small number of studies have examined the validity of the standing long 

jump and vertical jump49, 50, these jumping tests are considered valid measures of 

muscular power given jumping performance is significantly correlated with 

laboratory measures, including body mass adjusted 1-RM leg press and 1-RM 

chest press51. Jumping performance measured from a standing long jump test is 

significantly correlated with other muscular fitness field-based tests including 

push-ups, vertical jump, countermovement jump, and explosive basketball throw 

(r=0.66–0.91)51, 54. The standing long jump exhibits negligible test-retest 

differences55, 56 and strong test-retest reliability (r=0.83 to 0.99)57. Furthermore, 

controlling for body mass provides a more valid assessment of muscular power 

across ages51, 54. Therefore, the standing long jump is commonly used as an 

inexpensive, reliable and valid test to assess muscular power in children.  
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1.2.1.3 Muscular endurance 

Muscular endurance is typically assessed as the number of repetitions performed 

during a specific test within a set time or without rest. Examples of tests for 

muscular endurance include the number of correctly performed push-ups or sit-

ups within 30 or 60 seconds. Due to a small number of studies available, limited 

evidence supports the reliability of these tests49. The construct validity of these 

tests has also been questioned as body fat percentage is the main determinant of 

performance58. This finding highlights the potential influence of confounding by 

body mass on tests of muscular fitness and emphasises the importance of 

disentangling the effects of body mass when examining results from weight-

bearing muscular fitness tests. Push-up and sit-up tests remain popular in 

childhood settings as they are highly feasible. However, given the greater 

evidence supporting the reliability and validity of field-based tests of muscular 

strength and muscular power, grip strength and the standing long jump are most 

commonly used. 

 

1.2.2 SECULAR TRENDS IN CHILDHOOD MUSCULAR 

FITNESS 

As the importance of childhood muscular fitness on future health is becoming 

increasingly acknowledged, there is a need to better understand the epidemiology 

of childhood muscular fitness. Of interest is how childhood muscular fitness 

levels have changed over time, commonly referred to as secular changes. A meta-

analysis of over 20 million children and adolescents from 23 countries examined 

the secular changes in childhood anaerobic fitness, defined as the performance of 

power and speed tests, between 1958 and 200359. Although the authors concluded 
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there had been little international change (improvements of ~0.3 % per decade for 

power and ~0.04 % per decade for speed)59, there was no uniform pattern of 

change across this 45-year period. Improvements were present between the late 

1950s and mid 1980s and declines were present thereafter, with declines more 

pronounced for power. The secular changes in muscular fitness of 232,564 

Australasian children and adolescents aged 6–17 years between 1960 and 2002 

were similar to those observed within the global setting (improvements of ~0.5 % 

per decade in power and improvements of ~0.4 % per decade in speed)60. These 

two large meta-analyses provide substantial insight into what occurred between 

the late 1950s and the early 2000s. However, little data exists since the early 

2000s and it is unclear how childhood muscular fitness levels have continued to 

evolve to the present day. There is the potential for the declines observed between 

the late 1980s and early 2000s to have continued, although this requires 

confirmation. Understanding how childhood muscular fitness levels have 

continued to evolve using contemporary Australian data is required and will be 

examined as part of Aim 1A of this thesis using data from the Australian Schools 

Health and Fitness Survey (ASHFS) and the Child Health CheckPoint Study 

(CheckPoint). If childhood muscular fitness levels have declined, this will 

emphasise a greater need to target participation in muscle-strengthening activities.  

 

If muscular fitness levels of contemporary children are lower than their 

counterparts in previous years, efforts to reverse this decline will be necessary. To 

develop effective interventions aimed towards increasing childhood muscular 

fitness levels, a better understanding of the factors associated with higher 

muscular fitness is needed. Correlates of muscular fitness have been previously 
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identified. In a cohort of children aged 7–12 years (n=90), body mass and BMI 

were negatively correlated with measures of muscular fitness normalized by body 

mass (r=–0.28 to –0.84)51. In a cohort of 1,232 disadvantaged children from the 

United States, meeting age- and sex-specific standards for CRF performance, 

having ≥6,000 daily steps and having greater levels of vigorous physical activity 

were associated with increased odds of achieving optimal levels of muscular 

fitness (odds ratio [OR]=1.66 to 3.25, all p<0.04)61. Another study highlighted the 

positive association between vigorous physical activity and muscular fitness (beta 

coefficient []=0.133 SD, p=0.04), independent of adiposity and CRF62. 

Furthermore, researchers from the European Youth Heart Study showed that 

compared with children in lower muscular strength thirds, children in the highest 

third of muscular strength had higher CRF (highest third: 48.6 (5.6) O2/min/kg, 

middle third: 46.8 (5.4) O2/min/kg, lowest third: 43.5 (5.5) O2/min/kg, p<0.001) 

and greater monthly serves of fruit and vegetable intake (highest third: 44.5 (17.6) 

serves/month, middle third: 37.3 (16.8) serves/month, lowest third: 35.1 (17.2) 

serves/month, p<0.001)7. The positive association between SES and muscular 

fitness levels has also been highlighted63. However, past studies have had 

relatively small samples sizes or looked at only one or two factors. The 

associations between a range of modifiable and environmental factors in a large 

nationally representative sample is lacking. If there has been a secular decline in 

childhood muscular fitness, identifying factors associated with muscular fitness 

preceding the decline could provide important insight into targets for strategies 

aimed at increasing childhood muscular fitness levels and potentially, improving 

future health. Aim 1B of this thesis will address this using data from the ASHFS.  
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Quantifying how childhood muscular fitness levels have changed over time has 

important implications when interpreting findings from the emerging area of 

research examining the association between childhood muscular fitness and future 

health outcomes30. Given the current research gap, this thesis will focus on 

examining the association between childhood muscular fitness and impaired 

glucose homeostasis and type 2 diabetes in adulthood. If low childhood muscular 

fitness is an independent risk factor, and there has been a secular decline in 

childhood muscular fitness levels over the past 30-years, more contemporary 

children will be classified as having low muscular fitness and could be at greater 

risk of developing impaired glucose homeostasis and type 2 diabetes. However, 

whether an association exists between muscular fitness and type 2 diabetes related 

outcomes needs to be better established before these conclusions can be made. 
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1.3 ASSOCIATION BETWEEN MUSCULAR FITNESS AND 

MEASURES OF GLUCOSE HOMEOSTASIS AND TYPE 2 

DIABETES  

1.3.1 TYPE 2 DIABETES 

Type 2 diabetes is caused from the combination of the body becoming resistant to 

the normal effects of insulin and the pancreas progressively losing its ability to 

secrete sufficient insulin64. Type 2 diabetes is characterised by three basic 

metabolic defects: insulin resistance, reduced insulin secretion that is not auto-

immune related (referred to as beta cell dysfunction), and increased glucose 

production by the liver65. These three defects occur as a continuum throughout 

disease progression. As type 2 diabetes progresses, changes in fasting insulin, 

insulin resistance, beta cell function and fasting glucose occur. These are referred 

to throughout this thesis as measures of glucose homeostasis, with adverse levels 

highlighting impaired glucose homeostasis. Measures of glucose homeostasis are 

key components of the stages preceding type 2 diabetes onset, commonly referred 

to as “prediabetes”. Prediabetes, defined as raised glucose or glycated 

haemoglobin (HbA1c) above normal levels but below type 2 diabetes diagnostic 

cut-points64, 66, is a risk factor for type 2 diabetes. The diagnostic criteria used to 

define prediabetes and type 2 diabetes are presented in Table 1.1.  

 

The prevalence of prediabetes and type 2 diabetes is increasing among children, 

adolescents and older populations47, 48. Implementing prevention strategies in 

childhood before unhealthy behaviours are developed could help reduce future 

development of type 2 diabetes67, 68. However, to implement effective prevention 
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strategies, a better understanding of early life modifiable risk factors for impaired 

glucose homeostasis and type 2 diabetes are required. This thesis will examine, 

and in turn better understand, the risk factor of childhood muscular fitness.
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Table 1.1. Fasting plasma glucose and glycated haemoglobin (HbA1C) cut-points used to define prediabetes and type 2 diabetes.  

  Prediabetes  Type 2 diabetes 

Organisation  Fasting plasma glucose HbA1c  Fasting plasma glucose HbA1c 

World Health Organisation69, 70  6.1–6.9 mmol/L (110–125 mg/dL) -  ≥7.0 mmol/L (≥126 mg/dl) ≥6.5 % 

Australian Diabetes Society71  6.1–6.9 mmol/L (110–125 mg/dL) -  ≥7.0 mmol/L (≥126 mg/dl) ≥6.5 % 

American Diabetes Federation64  5.6–6.9 mmol/L (100–125 mg/dL) 5.7–6.4 %  ≥7.0 mmol/L (≥126 mg/dl) ≥6.5 % 

International Diabetes Federation72  6.1–6.9 mmol/L (110–125 mg/dL) -  ≥7.0 mmol/L (≥126 mg/dl) ≥6.5 % 

Abbreviations: HbA1c, glycated haemoglobin.  
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1.3.2 ADULTHOOD EVIDENCE 

The association between muscular fitness phenotypes and measures of glucose 

homeostasis in adulthood has been studied20-23. In adult cross-sectional studies, 

higher levels of a muscular strength score, combining 1-RM leg press and 1-RM 

bench press, were associated with a lower prevalence of abnormal fasting glucose 

(quarter 1 (low strength): 16.3 %, quarter 2: 13.4 %, quarter 3: 12.0 %, quarter 4 

(high strength): 11.1 %, p-trend<0.001)20. However, the link between muscular 

strength and fasting glucose is inconsistent. Although associations with fasting 

glucose are in the expected direction, the effects are relatively weak. Among 686 

young adults (aged: 25.0 (4.6) years), muscular endurance, average of push-up, 

sit-up and repeated squat performance z-scores, was associated with fasting 

glucose (β=–0.14 SD, p<0.005) independent of CRF, although muscular strength, 

average of maximal isometric force of leg extension and bench press z-scores, 

was not (β=0.00 SD, p>0.05)22. As elevated fasting glucose does not occur until 

the later stages of type 2 diabetes progression, associations with fasting glucose 

could vary depending on the age of the cohort.  

 

A common measure of muscular strength is grip strength, measured in absolute 

values (kg) or normalised for body mass (kg divided by body mass). A 0.05 kg/kg 

decrease in normalised grip strength was associated with greater odds of 

hyperglycaemia in American (OR=1.46, 95% CI=1.39, 1.53) and Chinese 

(OR=1.11, 95% CI=1.07, 1.15) adults73. However, absolute grip strength was 

positively correlated with the homeostatic model assessment of insulin resistance 

– 1 (HOMA1-IR) in a cohort of Asian females (r=0.31, p=0.003) but not males 

(r=0.04, p>0.05)21. This highlights the importance of considering confounding by 
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body mass within these associations. Furthermore, grip strength, BMI and CRF 

associated with HOMA1-IR in males (adjusted r-squared=0.264), whereas age, 

waist circumference and CRF associated with HOMA1-IR in females (adjusted r-

squared=0.438)21, highlighting a potential sex difference. The authors were 

unclear why grip strength was a predictor of HOMA1-IR for males and not 

females and suggested future research should examine potential mechanisms to 

explain the sex-dependent association21.  

 

The association between muscular strength and type 2 diabetes risk has been 

examined in adulthood. In a meta-analysis including over one million participants 

from 10 cohorts, a one SD increase in muscular strength was associated with a 13 

% lower risk of type 2 diabetes (RR=0.87, 95% CI=0.81, 0.94) independent of a 

measure of adiposity28. Nine effect estimates not controlled for adiposity were 

available and when these were pooled, a one SD increase in muscular strength 

was associated with a 24 % lower risk of type 2 diabetes (RR=0.76, 95% 

CI=0.64, 0.91)28. The association between grip strength and type 2 diabetes has 

been examined in two Mendelian randomisation studies, with differing results. In 

a study including data from over 170,000 people, no association was present 

between two single nucleotide polymorphisms (SNPs) used as genetic 

instruments for grip strength and type 2 diabetes (rs3121278: OR=0.97, 95% 

CI=0.86, 1.08; rs752045: OR=1.00, 95% CI=0.93, 1.08)74. However, only two 

SNPs were included within this study. In another Mendelian randomisation study 

that included data from two large consortia including over 1 million participants 

and 130 SNPs, a one SD increase in grip strength was associated with 23 % lower 

odds of type 2 diabetes (OR=0.77, 95% CI=0.62, 0.95)75. Additional genome 
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wide association studies are required to identify more SNPs to better inform 

future Mendelian randomisation studies aimed at replicating these findings and 

reinforcing the causal link between grip strength and type 2 diabetes. 

 

In addition to observational research, randomised control trials have examined the 

effect of resistance training on cardiometabolic health outcomes. In a trial of 251 

adults aged 39–70 years with type 2 diabetes, after 22 weeks of exercise training, 

aerobic and resistance training groups had lower levels of HbA1c compared with 

the sedentary control group (aerobic training: change=–0.51 percentage point, 

95% CI=–0.87, –0.14; resistance training: change=–0.38 percentage point, 95% 

CI=–0.72, –0.22). However, those who participated in both aerobic and resistance 

training had additional reductions in HbA1c of –0.46 percentage points compared 

with the aerobic training alone group (95% CI=–0.83, –0.09) and –0.59 

percentage points compared with the resistance training alone group (95% CI=–

0.95, –0.23)76. The results from this trial in addition to two others conducted 

among people who were overweight or had obesity or within a cohort of 

participants with type 2 diabetes have been reviewed77. Findings highlight 

improvements in insulin sensitivity and glycaemic control after performing both 

aerobic and resistance training alone and in combination77. However, it is unclear 

if these findings were influenced by changes in body mass.  

 

The cardiometabolic health benefits of muscular fitness do not appear limited to 

adults; they are becoming increasingly recognised in children.  
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1.3.3 CHILDHOOD EVIDENCE 

The association between muscular fitness phenotypes and measures of glucose 

homeostasis has been examined in childhood. Higher levels of a range of 

muscular fitness measures, including grip strength, 1-RM upper body strength, 1-

RM leg strength, sit-ups and the standing long jump, were associated with lower 

levels of HOMA1-IR and homeostatic model assessment of insulin resistance – 2 

(HOMA2-IR)78-81, in addition to lower levels of other metabolic risk factors 

including waist circumference, triglycerides, systolic blood pressure and a 

combined metabolic risk score78, 79, 82. In a cohort of New Zealand children aged 

10–15 years (n=126), higher levels of a range of muscular strength measures were 

associated with lower HOMA2-IR81. Children who had muscular strength in the 

highest third were 98 % less likely to have higher HOMA2-IR, compared with 

children with muscular strength in the lowest third (OR=0.022, 95% CI=0.001, 

0.378), independent of maturation, waist circumference, body mass and CRF81. 

However, the effect estimate was reduced and the 95% CI crossed one when 

upper body strength was normalised for body mass (OR=0.154, 95% CI=0.018, 

1.335)81. Furthermore, in a study of European children aged 12.5–17.5 years, 

muscular strength was not significantly associated with HOMA1-IR (β=0.015 SD, 

p=0.80)83. In a cohort of Danish pre-adolescent children, two year changes in a 

composite muscular fitness score, including grip strength (strength), vertical jump 

(power) and shuttle run (agility), was associated with changes in a 

cardiometabolic risk score (β=–0.19 SD, 95% CI=–0.30, –0.07)84. However, 

when examining each metabolic component as an individual outcome, two year 

increases in muscular fitness were associated with decreases in triglycerides and a 

ratio of total cholesterol to high density lipoprotein cholesterol (HDL-C) z-scores 
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for girls and with decreases in waist circumference z-scores for both sexes, 

although no statistically significant association was present between muscular 

fitness and HOMA1-IR (boys: β=–0.12 SD, 95% CI=–0.30, 0.05; girls: β=–0.09 

SD, 95% CI=–0.29, 0.11)84.  

 

Many studies have examined the association between grip strength and 

cardiometabolic health. Higher grip strength was associated with lower levels of 

fasting insulin (log-transformed: β=–0.003, p=0.017), HOMA1-IR (log-

transformed: β=–0.003, p=0.025) and 2-hour glucose levels (β=–0.27 mg/dL, 

p<0.0001) in American children (n=958, aged 12–19 years)85 and with lower 

HOMA1-IR (log-transformed: β=–1.644, p=0.005) in a cohort of Columbian 

children (n=669, aged 8–14 years)86. Similar associations were present between 

grip strength and fasting insulin (log-transformed: β=–0.149, p=0.022 for absolute 

grip strength; β=–0.132, p=0.021 for grip strength normalised for body mass) and 

HOMA1-IR (power of 1/3 transformed: β=–0.156, p=0.017 for absolute grip 

strength; β=–0.142, p=0.014 for grip strength normalised for body mass) for 

males (n=499) in a cohort of European children (aged 12.5–17.5 years)80. 

Furthermore, grip strength has been shown to associate with ideal cardiovascular 

health87. Upon examining the individual components of ideal health, grip strength 

and grip strength normalised for body mass were higher for boys that met the 

ideal health criteria for fasting glucose, compared with boys that did not reach the 

ideal criteria (grip strength: 25.6 (0.4) kg vs 23.0 (1.9) kg, p=0.001; grip strength 

normalised for body mass: 0.545 (0.004) vs 0.540 (0.019), p=0.001)87. However, 

grip strength has generally not been associated with fasting glucose in 

childhood80, 85, 86, 88. Longitudinal associations in child cohorts have also been 
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examined. Previously, using longitudinal linear mixed models, higher levels of 

grip strength and back muscle endurance in a cohort of Australian children at ages 

10 and 14 years were associated with decreases in log transformed HOMA1-IR 

(grip strength: β=–0.003, 95% CI=–0.005, –0.002; back endurance: β=–0.001, 

95% CI=–0.001, –0.0006), independent of BMI89. In a cohort of European 

children, higher levels of upper-limb strength was associated with greater 

HOMA1-IR (β=0.040, p=0.030), although the association was reversed and not 

statistically significant two years later (β=–0.019, p=0.457)79. In comparison, 

greater standing long jump distance was associated with lower HOMA1-IR both 

cross-sectionally (β=–0.105, p<0.001) and two years later (β=–0.077, p=0.001). 

 

The effects of resistance training on insulin sensitivity have been examined in 

children and adolescents with obesity90, 91. A 16-week resistance training exercise 

intervention of 22 Latino males aged 15.1 (0.5) years found those who 

participated in resistance training two days per week had greater improvements in 

insulin sensitivity compared with the non-exercising control group (45.1 ± 7.3 % 

change vs –0.9 ± 12.9 % change, p=0.005)90. The improved insulin sensitivity of 

those in the resistance training group was independent of changes in total fat and 

lean body mass90. Similar findings were observed in a trial including 12 Hispanic 

adolescents aged 15.5 (0.5) years, where a 12-week resistance training program of 

two one-hour resistance training sessions increased muscular strength, lean 

muscle mass and improved hepatic insulin sensitivity (24 ± 9 %, p<0.05) and 

decreased glucose production rate (8 ± 1 %, p<0.01) pre versus post 

intervention91.  
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The association between muscular fitness and cardiometabolic health outcomes in 

childhood and adolescence are becoming better understood. However, it is largely 

unknown if low muscular fitness in childhood associates with adverse health 

outcomes such as impaired glucose homeostasis and type 2 diabetes in adulthood.  

 

1.3.4 LONGITUDINAL EVIDENCE FROM CHILDHOOD TO 

ADULTHOOD 

Longitudinal research has highlighted the association between higher levels of 

childhood muscular fitness and a decreased risk of the metabolic syndrome after a 

period of 20-years6 and decreased clustered cardiovascular risk 6–12 years later8. 

In each of these studies, childhood muscular fitness was weakly associated with 

fasting glucose in adulthood (high vs low combined muscular fitness score: β=–

0.07 mmol/L, p=0.076; per one-SD increase in muscular strength score: β=–0.04 

mmol/L, 95% CI=–0.09, 0.018). Looking specifically at associations with 

measures of glucose homeostasis were longitudinal findings from the European 

Youth Heart Study7. A one SD increase in muscular strength, defined as maximal 

voluntary contraction of abdominal and back muscles, measured at age 15 years 

(n=317) was associated with lower levels of fasting insulin (β=–11.2 %, 95% 

CI=–16.9, –5.0), HOMA1-IR (β=–12.1 %, 95% CI=–18.2, –5.6) and homeostatic 

model assessment of beta cell function – 1 (HOMA1-β) (β=–8.8 %, 95% CI=–

14.3, –2.9) up to 12-years later, independent of CRF and waist circumference7. 

No association was present between childhood muscular strength and adult 

fasting glucose (β=–0.02 mmol/L, 95% CI=–0.08, 0.03). This study examined the 

effects of both childhood muscular strength and CRF and highlighted the additive 

effect of both CRF and muscular fitness on future measures of glucose 
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homeostasis7. However, it is unclear how a range of childhood muscular fitness 

phenotypes measured at younger baseline ages associate with measures of glucose 

homeostasis, including HOMA2-IR and homeostatic model assessment of beta 

cell function – 2 (HOMA2-β), in a larger cohort, after a longer follow-up period.  

 

Longitudinal data spanning childhood to adulthood is sparse and many studies are 

not able to examine type 2 diabetes as an outcome owing to low case numbers in 

the relatively young adult populations. The link between childhood physical 

fitness and adult type 2 diabetes has only been shown in a large cohort of males, 

with a baseline age of 18 years33. In this cohort of male Swedish military 

conscripts, participants with muscular strength in the lowest third compared with 

the highest third at age 18 years had an increased risk of type 2 diabetes 10–40 

years later (HR=1.52, 95% CI=1.47, 1.56), independent of CRF33. The 

combination of low CRF and low muscular strength was associated with the 

greatest risk of type 2 diabetes33. However, conclusions made in this study were 

based on a cohort of males having their muscular strength measured at age 18 

years. Therefore, the longitudinal association between a range of childhood 

muscular fitness phenotypes measured in younger children and adult type 2 

diabetes in a cohort that includes both sexes, is currently unknown. These 

associations will be examined in this thesis using data from the Childhood 

Determinants of Adult Health (CDAH) Study as part of Aim 2A. 

 

If low childhood muscular fitness is a risk factor for future impaired glucose 

homeostasis and type 2 diabetes, it is worth examining whether these associations 

persist independent of adult muscular fitness levels. Muscular fitness persists, or 
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tracks, between childhood and adulthood92-94. Using CDAH data, the tracking of 

several measures of muscular fitness were quantified94. Results highlighted the 

relative stability of measures of muscular strength and power between childhood 

and adulthood94. Children with low muscular fitness were four times more likely 

to have low muscular fitness in adulthood compared with having high child 

muscular fitness94. However, muscular fitness did not track perfectly into 

adulthood. Of those with low muscular strength in childhood, only 56.7 % 

remained classified as having low muscular strength in adulthood. A similar trend 

was present for muscular power. Results showed 52.9 % of participants 

maintained a low muscular power status into adulthood94. Collectively, these 

results suggest that for some children, muscular fitness levels persist and for 

others, levels change over time. It is unclear how the association between 

persistence or change in muscular fitness between childhood and adulthood is 

associated with future type 2 diabetes risk. Whether maintaining a high level of 

muscular fitness across the life course or increasing levels between childhood and 

adulthood are associated with a lower risk of type 2 diabetes is unknown. 

Additional research is required to understand these associations. When data from 

two time-points are available, participants can be categorised as having 

persistently high, persistently low, decreasing or increasing muscular fitness and 

the association between these tracking groups and future type 2 diabetes risk can 

be examined. Identifying modifiable and environmental factors associated with 

the persistence or change in muscular fitness over the life course could help 

inform strategies aimed at promoting the most favourable muscular fitness 

tracking group. This could help to increase muscular fitness levels and prevent 
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future impaired glucose homeostasis and type 2 diabetes. These questions will be 

examined in this thesis using CDAH data as part of Aim 2B.  

 

It would be valuable to identify when in the life course low muscular fitness 

levels are having the greatest impact on the development of type 2 diabetes. This 

can be best addressed when muscular fitness data is available at more than two 

time-points. How exposure to muscular fitness across the life course associates 

with impaired glucose homeostasis and type 2 diabetes in adulthood is unknown. 

Whether there are sensitive periods throughout the life course, where exposure to 

low muscular fitness has a stronger effect on future risk of type 2 diabetes at one 

time period compared with another or at only one time period in the case of a 

critical period, or whether accumulated exposure of low levels from childhood 

into adulthood is driving the association, is unclear95. The results of future studies 

that address these research gaps could identify a period in the life course where 

low muscular fitness is playing the most important role. This gap will be 

addressed in this thesis using data from the CDAH Study examining muscular 

fitness in childhood, young-adulthood and mid-adulthood (Aim 2C of this thesis). 

These findings will provide insight into whether muscular fitness could be a target 

for intervention strategies aimed at preventing impaired glucose homeostasis and 

type 2 diabetes and identify the period(s) in the life course where intervention 

strategies might be most effective. 
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1.4 SOURCES OF DATA 

Observational epidemiology can provide insight into the potential causal pathway 

between exposures and future outcomes. The research gaps identified in the 

previous sections include investigating how modifiable and environmental factors 

associate with muscular fitness levels in childhood and across the life course, and 

how childhood and life course muscular fitness associates with measures of 

glucose homeostasis and type 2 diabetes in adulthood. A randomised control trial 

examining the association between childhood muscular fitness and adult type 2 

diabetes status spanning a period of 20–35 years is non-existent due to ethical and 

economic constraints. Therefore, the use of observational data to address these 

research questions is more feasible96. Findings from observational research 

addressing gaps in available knowledge can help inform and provide important 

insight into future interventions. To address the aims of this thesis, novel data 

from two Australian-based cohort studies were used. The data sources included 

the CDAH Study and CheckPoint. 

 

1.4.1 THE CHILDHOOD DETERMINANTS OF ADULT HEALTH 

(CDAH) STUDY 

The CDAH Study is an Australian-based cohort that has repeated measures of 

participant health and fitness from childhood to adulthood. Participants first 

completed the ASHFS as children and were followed up as part of the CDAH 

Study into mid-adulthood. The overarching aim of the CDAH Study is to 

determine the contribution of childhood factors to the risk of future health 

outcomes, including cardiovascular disease and type 2 diabetes. This thesis will 
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focus on better understanding childhood low muscular fitness as a risk factor for 

impaired glucose homeostasis and type 2 diabetes in adulthood. 

 

1.4.1.1 The Australian Schools Health and Fitness Survey (ASHFS) 

(1985) 

Between May and October 1985, a nationally representative sample of 8,498 

Australian school children aged 7–15 years (51 % males) participated in the 

ASHFS. To achieve a nationally representative sample, a two-stage probability 

sample was used. The sampling of schools was included in the first stage and the 

sampling of male and female children in each age group was included in the 

second stage. An equal distribution of males and females were included and 

schools were selected to represent each Australian state and territory97. The 

ASHFS was conducted to provide benchmark data on the health and fitness of 

Australian school children97. The ASHFS included children aged 7–15 years from 

109 different Australian primary or secondary schools. Children provided a range 

of health, physical fitness (CRF and muscular fitness) and sociodemographic data. 

Due to time and economic constraints, a subset of children aged 9, 12 and 15 

years (n=2,726) received additional measurements of physical fitness (a sub-

maximal measure of CRF, muscular strength), skinfolds, blood pressure and 

provided a blood sample. Children aged 9–15 years completed questionnaires and 

children aged 10 years and older completed a 24-hour food recall. The muscular 

fitness phenotypes examined at ASHFS were muscular strength, assessed using 

dynamometers as right and left grip strength, shoulder flexion and extension and 

leg strength, muscular power, measured as the distance of a standing long jump, 

and muscular endurance, assessed using a push-up test.  
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1.4.1.2 CDAH-1 follow-up (2004–06) 

Approximately twenty years after the ASHFS was conducted, participants were 

traced and invited to attend one of 34 clinics held across Australia as part of the 

first CDAH follow-up (CDAH-1). Of 5,170 (61 % of original ASHFS cohort) 

ASHFS participants that were successfully traced, 2,410 (28.4 % of original 

ASHFS cohort) attended and provided data at a follow-up clinic. Participants 

attended clinics during 2004–06 when aged 26–36 years. Participants had their 

health, physical fitness (CRF, muscular fitness) and sociodemographic data 

remeasured and provided a fasting blood sample that was tested for glucose and 

insulin. Muscular fitness phenotypes available at CDAH-1 included muscular 

strength, assessed using dynamometers as right and left grip strength, shoulder 

flexion and extension and leg strength, and muscular power, measured using a 

standing long jump test. Muscular endurance was not assessed. Participants 

completed questionnaires prior to clinic attendance and were issued a pedometer 

to gather objectively measured physical activity data.  

 

1.4.1.3 CDAH-2 follow-up (2009–10) 

In 2009–10, 3,029 participants aged 31–41 years completed questionnaires as part 

of the second CDAH follow-up, CDAH-2. Depending on the participants’ 

availability, short or full questionnaires were available via mail or telephone. A 

total of 1,786 participants completed the full questionnaire and 1,263 participants 

provided data by completing the short questionnaire. Participants provided 

information on their lifestyle, demographic and metal health status. No 
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objectively measured muscular fitness data were collected as part of CDAH-2 and 

therefore, data from this follow-up is not used in this thesis. 

 

1.4.1.4 CDAH-3 follow-up (2014–19) 

The third CDAH follow-up, CDAH-3, was conducted between 2014–19 where 

1,568 participants attended one of 28 clinics held in major cities across Australia. 

Participants were aged 36–49 years and had their health, physical fitness (CRF, 

muscular fitness) and sociodemographic data measured, for a third time for some 

participants. Muscular strength, assessed using dynamometers as right and left 

grip strength, shoulder flexion and extension and leg strength, was the only 

muscular fitness phenotype assessed at CDAH-3 clinics. A fasting blood sample 

was collected and tested for glucose, insulin and HbA1c. In additional to field 

based tests, participants completed questionnaires where lifestyle and 

demographic data were collected.  

 

1.4.2 THE CHILD HEALTH CHECKPOINT STUDY 

(CHECKPOINT) 

CheckPoint is an additional phase of the Longitudinal Study of Australian 

Children (LSAC). CheckPoint was conducted in 2015–16 as a cross-sectional 

study aimed at assessing the physical health of Australian children aged 11–12 

years98.  
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1.4.2.1 The Longitudinal Study of Australian Children (LSAC) 

(2004–present) 

The LSAC, also known as Growing up in Australia, is a large Australian-based 

nationally-representative longitudinal study designed in 2002. In 2004, two 

representative cohorts were recruited. These included the Birth (“B”) cohort of 

participants aged 3–19 months, and the Kindergarten (“K”) cohort of participants 

aged 4–5 years. LSAC employed a two-stage clustered sampling design, with 

postcodes selected first, and children selected second. Since 2004, LSAC has 

conducted seven biennial “waves” of data collection where participants have 

provided comprehensive general health and anthropometric data.  

 

1.4.2.2 Child Health CheckPoint Study (CheckPoint) (2015–16) 

CheckPoint is nested within Wave 6 and Wave 7 of the LSAC. In 2014, 3,764 

LSAC participants part of the B cohort (then aged 10–11 years) were available to 

participate in Wave 6 of LSAC data collection. Contactable families of the B 

cohort (n=3,513) were invited to consent to be approached the following year for 

participation in CheckPoint. CheckPoint was conducted in 2015–16 when 1,874 

Australian families participated. Each child and their accompanying 

parent/guardian provided data on a range of biophysical markers by attending 

assessment centres (n=1,505) held across Australia or at home visits (n=363). 

Data collected as part of CheckPoint included anthropometric, fitness (CRF, 

muscular power), heart and lung health, vision and dietary measures. Muscular 

power was assessed using a standing long jump test at both assessment centres 

and home visits as part of CheckPoint.  
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1.5 SUMMARY 

Muscular fitness, incorporating the phenotypes of strength, power and endurance, 

is a unique component of physical fitness. An emerging research area is the 

independent health benefits of higher levels of muscular fitness in childhood and 

exploring if childhood muscular fitness could be a potential target for strategies 

aimed at improving future health. Despite increased attention on the health 

benefits of childhood muscular fitness and recent updates to physical activity 

guidelines that now encourage children to participate in muscle-strengthening 

activities at least three times per week34, it is unclear how childhood muscular 

fitness levels have changed over time and what range of factors are associated 

with higher levels. By better understanding the secular changes in childhood 

muscular fitness levels and identifying determinants of muscular fitness, a greater 

understanding of childhood muscular fitness and its association with future health 

can be gained.  

 

Childhood muscular fitness has been linked with a range of health outcomes4, 5, 29, 

30, although how it associates with type 2 diabetes is currently understudied. 

Higher muscular fitness is associated with less impairments in measures of 

glucose homeostasis in childhood80, 81, 85 and with a reduced risk of type 2 

diabetes risk in adulthood28. However, whether these associations span childhood 

to adulthood has been examined only once. In a cohort of Swedish male military 

conscripts, lower muscular strength at age 18 years was associated with an 

increased risk of type 2 diabetes 10–40 years later33; if this association is 

consistent for a range of muscular fitness phenotypes measured in a cohort 

including both sexes with younger baseline ages is not known. This thesis will 
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identify the longitudinal relationship between childhood muscular fitness and 

impaired glucose homeostasis in adulthood and examine whether associations 

persist despite changes in muscular fitness between childhood and adulthood. 

Furthermore, it is unclear when exposure to low muscular fitness across the life 

course has the greatest impact on future impaired glucose homeostasis and type 2 

diabetes. Collectively, the findings from this study will provide better 

understanding of childhood muscular fitness and how muscular fitness in 

childhood and across the life course is associated with adult measures of glucose 

homeostasis and type 2 diabetes.  
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1.6 AIMS OF THIS THESIS 

This thesis uses data from the CDAH Study and the CheckPoint Study, two 

unique Australian based data resources to address two main research aims. These 

two data resources collected muscular fitness data on two broadly representative 

samples of Australian children approximately 30-years apart allowing the change 

in childhood muscular fitness levels to be quantified. Furthermore, if muscular 

fitness levels have declined, these data can provide insight into modifiable and 

environmental factors associated with childhood muscular fitness preceding the 

decline. Collectively, these data can help to better understand childhood muscular 

fitness; the first aim of this thesis. 

  

How childhood muscular fitness associates with future type 2 diabetes risk is 

largely unknown. The longitudinal design of the CDAH Study enables the 

association between muscular fitness in childhood and across the life course and 

measures of glucose homeostasis and type 2 diabetes in adulthood to be 

identified; the second aim of this thesis.  

 

The specific aims of this thesis (Figure 1.2) were: 

Aim 1: To gain a better understanding of childhood muscular fitness, by 

identifying: 

A. the secular changes in childhood muscular fitness (power) over the 

past 30-years (Chapter 2). 

B. factors associated with muscular fitness (strength and power) in 

childhood (Chapter 3). 
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Aim 2: To determine whether muscular fitness in childhood is independently 

associated with measures of glucose homeostasis and type 2 diabetes in adulthood 

by: 

A. identifying the longitudinal association between childhood 

muscular fitness (strength, power, endurance) and glucose 

homeostasis measures (fasting glucose, fasting insulin, insulin 

resistance, beta cell function) in adulthood, independent of 

childhood CRF and adiposity (Chapter 4). 

B. examining whether the association between childhood muscular 

fitness (power) and measures of glucose homeostasis (fasting 

glucose, fasting insulin, insulin resistance, beta cell function) 

persist despite changes in muscular fitness (power) between 

childhood and adulthood, independent of changes in CRF and 

adiposity (Chapter 5). These associations will be examined by 

categorising muscular fitness into groups representing persistence 

or change over time. Factors associated with the persistence or 

change in muscular fitness (power) will also be examined (Chapter 

6). 

C. identifying the life course model that best describes the association 

between muscular fitness (strength) measured in childhood (ages 

9–15 years), young-adulthood (ages 28–36 years) and mid-

adulthood (ages 38–49 years) and the risk of type 2 diabetes in 

mid-adulthood (Chapter 7)
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Figure 1.2. Overview of the study aims. 
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2 THE GREAT LEAP BACKWARD: CHANGES IN 

THE JUMPING PERFORMANCE OF 

AUSTRALIAN CHILDREN AGED 11–12 YEARS 

BETWEEN 1985 AND 2015  

2.1 PREFACE 

As low childhood muscular fitness levels become increasingly recognised as a 

risk factor for adverse future health outcomes30, physical activity guidelines, in 

both Australia and internationally, have been updated to highlight the importance 

of children participating in muscular strengthening activities at least three times 

per week34, 35. However, it is unknown how the muscular fitness levels of 

contemporary children compare with their counterparts from previous years. 

 

Of interest throughout this thesis is whether childhood muscular fitness is 

associated with measures of glucose homeostasis and type 2 diabetes in 

adulthood. In successive chapters, these associations will be examined using data 

from the CDAH Study, with baseline muscular fitness data available from 

childhood in 1985. Before exploring these longitudinal associations, there is a 

need to better understand childhood muscular fitness levels. Of interest in Chapter 

2, is how muscular fitness levels differ between Australian children included as 

part of the 1985 cohort and their present-day counterparts. In line with Aim 1A of 

this thesis, Chapter 2 will quantify how the muscular fitness levels, specific to 

jumping performance, of Australian children have changed over the past 30-years 

using data from the ASHFS in 1985 and the CheckPoint study in 2015. The 
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following text in this chapter has been published in the Journal of Sports Sciences 

(Appendix A1).  
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2.2 INTRODUCTION 

Muscular fitness is a term used to represent muscular strength, endurance and 

power. Generally defined, muscular strength is the muscle’s ability to generate 

maximal force on a single occasion, endurance is the muscle’s ability to continue 

to perform successive exertions, and power (or explosive strength) refers to the 

rate at which muscles perform work11. The importance of muscular fitness is 

becoming increasingly recognised in both paediatric and adult settings. In 

adulthood, low muscular fitness is a strong correlate of mortality3, 15. In children 

and adolescents, associations have been reported linking muscular fitness to lower 

adiposity and cardiovascular risk factors, and better self-esteem and bone health4, 

5. Low childhood and adolescent muscular fitness has also been associated with 

cardiometabolic disease outcomes6, 7, 99 and all-cause mortality in later life9. In 

paediatric populations, resistance training interventions have improved muscular 

fitness levels100-102. Collectively, these data highlight resistance training as a 

potential strategy to help benefit future health. Although efforts continue to 

promote the importance of muscular fitness, what effect a changing backdrop of 

physical, social and behavioural factors has had on paediatric muscular fitness is 

of interest. 

 

Secular trends in paediatric muscular fitness have been the focus of previous 

meta-analyses. Globally, muscular fitness levels, defined as jumping 

performance, appear to have been relatively stable for the past half a century59. In 

a systematic analysis of 20.8 million children and adolescents aged 6–19 years 

from 23 countries, Tomkinson59 indicated very small improvements in mean 

jumping performance of 0.3 % per decade between 1958 and 2003, though, a 
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uniform pattern of change was not present across the 45-year period. 

Improvements in jumping performance were present from the late 1950s to the 

mid 1980s and declines were present thereafter. It is plausible that jumping 

performance has continued to decline in recent years, although additional research 

extending trends to include contemporary cohorts is required to confirm this. 

Secular changes in paediatric jumping performance have been examined in part 

since 2003, although research is limited, and results vary. Independent of changes 

in body size, the jumping performance of Spanish adolescents decreased between 

2001–02 and 2006–07103, a similar trend observed for Lithuanian boys between 

2002 and 2012104. However, the jumping performance of English children 

improved between 1998 and 2008105. Given these inconsistencies, there is a need 

to better understand how the jumping performance of children and adolescents 

has evolved over time using contemporary data.  

 

Using data from two population-based samples of Australian children aged 11−12 

years, we aimed to determine the 30-year secular changes in jumping 

performance and assess whether these secular changes remained independent of 

changes in body mass. We hypothesised that jumping performance had declined 

between 1985 and 2015 and changes in body mass would explain only part of the 

decline. 
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2.3 METHODS 

2.3.1 PARTICIPANTS 

This study used cross-sectional data from two national Australian cohorts, the 

ASHFS and the CheckPoint nested within the LSAC.  

 

The ASHFS, conducted in 1985, collected data on a nationally representative 

sample of 8,498 Australian school children aged 7 to 15 years from 109 schools. 

Additional details on the two-stage probability sampling strategy have been 

published elsewhere106. Participants provided information on their health and 

fitness, with muscular fitness and anthropometric measures recorded. Consent 

was obtained from parent and assent from the child prior to inclusion in the 

ASHFS, with the State Directors-General of Education approving the study. 

 

The second data source was CheckPoint98. In 2004 as part of LSAC, 5,107 infants 

aged 0–1 year were recruited as a nationally representative birth cohort. These 

children were followed up biennially, providing general health, fitness and 

anthropometric data. In 2014, 3,764 LSAC participants were available at age 10–

11 years for data collection. At this point, contactable families of LSAC birth 

cohort participants were invited to consent to be contacted the following year 

regarding possible participation in CheckPoint (n=3,513), a cross-sectional wave 

of comprehensive biophysical data. In 2015, 1,874 Australian families 

participated in CheckPoint and provided informed consent for use of their data. 

CheckPoint was approved by The Royal Children’s Hospital Melbourne Human 

Research Ethics Committee (33225D) and The Australian Institute of Family 
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Studies Ethics Committee (14-26). A parent/guardian provided written informed 

consent for their child’s participation and children provided assent.  

 

To obtain comparable samples, participants aged 11 or 12 years who performed a 

standing long jump test were included within this study (1985: n=1,967; 2015: 

n=1,765).  

 

2.3.2 MUSCULAR FITNESS 

The standing long jump test was used as a measure of muscular fitness in both 

1985 and 2015. In children and adolescents, the standing long jump demonstrates 

very strong-to-nearly perfect test-retest reliability (r=0.83 to 0.9957). Negligible 

test-retest differences in mean jumping performance have been previously 

reported55, 56. In childhood, the standing long jump demonstrates moderate-to-

strong construct validity with established measures of lower-body strength (e.g. 1-

RM leg press/body mass: r=0.3951), upper body strength (e.g. 1-RM chest press: 

r=0.3551; push-ups: r=0.6654) and overall muscular strength (r=0.7754). The 

standing long jump also correlates strongly (r=0.70-0.91) with other lower- and 

upper-body field-based explosive strength tests (e.g. vertical jump, 

countermovement vertical jump, explosive basketball throw) in 6−17-year-olds, 

controlling for age, sex, body mass, or BMI51, 54. In this study, the standing long 

jump test was administered by physical education graduates in 1985 and by 

research assistants in 2015. All personnel were trained to administer the test and 

instructed to verbally encourage participants. Participants used a double-leg take 

off to jump horizontally for the greatest possible distance, swinging their arms 

and bending their knees preparatory to take off. Standing long jump was recorded 
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as the better of two trials to the nearest 0.1 cm in 1985 and as the best of three 

trials to the nearest 0.1 cm in 2015. To replicate the same standing long jump 

measure across the two cohorts, the maximum distance of the first two trials was 

used. To create a jumping performance measure not attributable to body mass, 

body mass was regressed on standing long jump distance and the residuals were 

used107.  

 

2.3.3 ANTHROPOMETRIC MEASURES 

In 1985, a constant-tension tape was used to measure waist circumference at the 

level of the umbilicus, to the nearest 0.1 cm. Using regularly calibrated weighing 

scales, body mass was measured to the nearest 0.5 kg, whilst a KaWe height tape 

(KaWe Kirchner & Wilhelm, Asperg, Germany) was used to measure height to 

the nearest 0.1 cm. BMI was calculated as mass in kilograms divided by height in 

metres squared. BMI values were used to categorise participants as normal 

weight, overweight or obese according to Cole cut-points108. Fat-free mass was 

calculated using mass and estimates of percentage body fat derived from the sum 

of skinfolds. Triceps, biceps, subscapular, and suprailiac skinfolds were measured 

to the nearest 0.2 mm using Holtain calipers (Holtain, Crymych, UK). Body 

density was calculated from the log of the sum of four skinfolds using age-

specific regression estimates109, 110, and fat percentage was estimated111. Fat mass 

was calculated by percentage body fat multiplied by body mass and fat-free mass 

was then calculated by subtracting fat mass from total body mass. In 2015, 

anthropometric data were measured in light clothing without shoes or socks. 

Using an InBody230 (InBody230, Biospace, Seoul, Korea) bioelectrical 

impedance analysis scale, body mass was measured to the nearest 0.1 kg and fat 
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mass and fat-free mass were derived from body composition equations. Height 

was measured using a portable rigid stadiometer (Invicta IP0955, Leicester, UK) 

with BMI subsequently derived. A steel anthropometric measuring tape (Lufkin 

Executive Diameter W606PM, Maryland, USA) was used to measure waist 

circumference at the narrowest point between the 10th rib and the iliac crest, or at 

the midpoint between these landmarks if no narrowing was present.  

 

2.3.4 SOCIOECONOMIC STATUS 

In 1985, area-level SES was derived from residential postcode, using the 

Australian Bureau of Statistics Socio-economic Index for Areas (SEIFA) index of 

relative SES disadvantage and 1981 census data. A similar approach was used in 

2015, whereby area-level SES was derived from residential postcode using the 

SEIFA Disadvantage Index and 2011 census data. Participants were categorised 

as least disadvantaged, 2nd least disadvantaged, middle, 2nd most disadvantaged or 

most disadvantaged. As area-level SES was scaled differently in the two studies, 

the ASHFS measure (range 1–4) was rescaled to have the same range as the 

CheckPoint measure (range 1–5). 

 

2.3.5 STATISTICAL ANALYSES 

All statistical analyses were performed using Stata (Version 15.0, StataCorp, 

College Station, Texas).  
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2.3.5.1 Demographics 

Characteristics of participants in 1985 and 2015 were stratified by sex and 

presented as mean and SD for continuous variables or number of participants 

(percentage) for categorical variables. 

 

2.3.5.2 Secular changes in jumping performance 

Multivariable linear regression was used to examine changes in mean jumping 

performance and multivariable quantile regression (at 1st, 5th, 10th, 20th percentile, 

25th, 50th, 75th, 80th, 90th, 95th and 99th percentiles) was used to examine percentile 

shifts in jumping performance between 1985 and 2015. For both the linear and 

quantile regressions, two multivariable models with successive adjustment were 

considered. Model one adjusted for age and sex, and model two adjusted for age, 

sex and body mass. Wald’s test of the coefficient of the binary term for cohort 

provided a test of the statistical difference in mean or specific quantile values 

between the two time-points. To assess whether changes in jumping performance 

over time were more marked for males or females, we presented these data both 

sex-combined and sex-stratified. Percent change was determined by the 

percentage difference in mean jumping performance. Standardised change was 

calculated as Cohen’s d (categorised as small [~0.2], moderate [~0.5] and large 

[~0.8])112. 
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2.4 RESULTS 

2.4.1 DEMOGRAPHICS 

Characteristics of the 3,732 participants are presented in Table 2.1. All 

participants had a mean (SD) age of 11.5 (0.5) years. Participants in 2015 were 

generally taller and heavier than participants in 1985. At both time-points, the 

distribution of area-level SES was skewed with those most disadvantaged under-

represented. 
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Table 2.1. Characteristics of participants.  

   ASHFS 

1985 

 CheckPoint 

2015 

   Male  Female    Male  Female 

Characteristic  n  Statistic*  Statistic*  n  Statistic*  Statistic* 

Age, years 1967  11.5 (0.5)  11.5 (0.5)  1765  11.5 (0.5)  11.5 (0.5) 

Standing long jump, cm 1967  151.3 (21.2)  142.9 (20.8)  1765  137.7 (23.4)  131.2 (22.2) 

Standing long jump not attributable to body mass, cm 1966  151.5 (23.9)  141.9 (22.0)  1764  133.5 (28.4)  127.0 (24.6) 

Height, cm 1966  148.7 (8.0)  150.2 (7.9)  1764  153.3 (8.2)  154.3 (7.8) 

Body mass, kg 1966  40.9 (8.9)  42.0 (8.7)  1764  44.9 (10.6)  46.3 (10.2) 

BMI, kg/m2 1965  18.4 (2.8)  18.5 (2.7)  1764  19.0 (3.4)  19.3 (3.4) 

BMI categories            

 Normal  1731  862 (87.1)  869 (89.1)  1363  701 (78.3)  662 (76.2) 

 Overweight 192  102 (10.3)  90 (9.2)  321  152 (17.0)  169 (19.5) 

 Obese 42  26 (2.6)  16 (1.6)  80  42 (4.7)  38 (4.4) 

Waist circumference, cm 1966  65.9 (8.2)  64.0 (7.5)  1763  66.8 (8.6)  65.2 (8.0) 

Fat-free mass, kg 974  34.4 (5.5)  32.9 (4.9)  1435  34.9 (6.2)  34.8 (5.6) 

Fat mass, kg 974  8.4 (4.6)  11.4 (4.2)  1754  9.7 (6.6)  11.3 (6.2) 

ASHFS socioeconomic status coding, % 1876           
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   ASHFS 

1985 

 CheckPoint 

2015 

   Male  Female    Male  Female 

Characteristic  n  Statistic*  Statistic*  n  Statistic*  Statistic* 

 High   223 (23.9)  236 (25.1)       

 Medium-high   275 (29.4)  264 (28.1)       

 Medium-low   356 (38.1)  351 (37.3)       

 Low   81 (8.7)  90 (9.6)       

CheckPoint socioeconomic status coding, %      1761     

 Least disadvantaged         324 (36.3)  295 (34.0) 

 2nd Least disadvantaged         201 (22.5)  211 (24.3) 

 Middle         159 (17.8)  171 (19.7) 

 2nd Most disadvantaged         132 (14.8)  127 (14.6) 

 Most disadvantaged          77 (8.6)  64 (7.4) 

*Mean and standard deviation for continuous variables and n (%) for categorical variables.  

Abbreviations: ASHFS, Australian Schools Health and Fitness Survey; BMI, body mass index; CheckPoint, Child Health CheckPoint study. 
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2.4.2 SECULAR CHANGES IN JUMPING PERFORMANCE  

The secular changes in mean jumping performance of Australian children aged 

11−12 years between 1985 and 2015 are presented in Table 2.2. Participants in 

1985 could jump on average 16.4 cm further than participants in 2015 (percent 

change 11.2 %, 95% CI 10.2 to 12.2; standardised change 0.66 SD, 95% CI 0.60 

to 0.73), independent of age and sex. Upon additional adjustment for body mass, 

the mean difference between 1985 and 2015 was 11.1 cm (percent change 7.7 %, 

95% CI 6.7 to 8.6; standardised change 0.51 SD, 95% CI 0.44 to 0.57), 

representing a moderate decline in jumping performance. The secular decline in 

jumping performance, independent of body mass, was somewhat more marked in 

males than in females (males: absolute change −12.0 cm, 95% CI −14.0 to −10.0; 

percent change 8.0 %, 95% CI 6.7 to 9.3; standardised change 0.55 SD, 95% CI 

0.45 to 0.64; females: absolute change −10.4 cm, 95% CI −12.4 to −8.4; percent 

change 7.4 %, 95% CI 6.0 to 8.8; standardised change 0.48 SD, 95% CI 0.39 to 

0.57). Although, a consistent trend was present; in 1985 participants could jump 

further than those in 2015.
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Table 2.2. Secular changes in jumping performance between 1985 and 2015*. 

    Model 1†  Model 2‡ 

Sex  n   (95% CI) SE p-value   (95% CI) SE p-value 

Combined           

  3730  −16.4 (−18.0, −14.8) 0.8 <0.001  −11.1 (−12.5, −9.7) 0.7 <0.001 

Males           

  1886  −18.0 (−20.4, −15.6) 1.2 <0.001  −12.0 (−14.0, −10.0) 1.0 <0.001 

Females           

  1844  −14.8 (−17.0, −13.0) 1.1 <0.001  −10.4 (−12.4, −8.4) 1.0 <0.001 

* Beta coefficients, 95% CI and standard errors are expressed in cm.  

† Model 1 adjusted for age and sex (sex combined) or adjusted for age (sex stratified).  

‡ Model 2 adjusted for Model 1 covariates and body mass.  

Abbreviations: , beta coefficient; CI, confidence intervals; SE, standard error. 
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Results from quantile regression models highlighting the secular changes in 

jumping performance distributional characteristics between 1985 and 2015 are 

shown in Appendix B1. A secular decline in jumping performance was evident at 

all examined percentiles, although the decline in jumping performance for 

females at the 1st and 99th percentile was not statistically significant (p>0.05). The 

distribution of standing long jump percentile values for participants in each 

cohort, adjusted for age, sex and body mass, are presented in Appendix B2 and 

visually shown in Figure 2.1.  

 

 

Figure 2.1. Distribution of standing long jump (cm) percentile values for 

Australian children aged 11–12 years in 1985 and 2015, adjusted for age, sex and 

body mass. 
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2.4.3 SENSITIVITY ANALYSES 

In a series of sensitivity analyses, we additionally considered the influence of 

height, BMI, waist circumference, fat-free mass and fat mass on changes in mean 

jumping performance by replacing body mass with each of these body measures 

in turn in model 2 (Appendix B3). Secular declines remained after adjustment for 

these variables, with effect estimates reducing by 12−21 %. Furthermore, when 

area-level SES was included in model 2, the magnitude of the observed secular 

decline became 3.6 % greater. 
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2.5 DISCUSSION 

This study quantified the 30-year secular changes in the jumping performance of 

Australian children aged 11−12 years, with estimates suggesting that jumping 

performance has declined moderately between 1985 and 2015. Australian 

children aged 11−12 years in 1985 could jump approximately 11 cm further than 

their peers could in 2015, independent of age, sex and body mass. The observed 

decline was a moderate shift equivalent to 7.7 % or to approximately half a 

standard deviation. This secular decline was also independent of area-level SES. 

Our results contribute to the field by not only identifying the secular changes in 

mean jumping performance, but also examining the secular changes in jumping 

performance distributional characteristics. The secular decline in jumping 

performance was relatively uniform throughout the distribution, suggesting 

children aged 11−12 years irrespective of their performance level, should be 

targeted with strategies aimed at reversing this decline.  

 

The most comprehensive analysis of secular trends in jumping performance 

available suggests there has been little change internationally (improvements of 

~0.3 % per decade) in over 20 million children and adolescents from 23 (mostly 

high income) countries between 1958 and 200359. A similar trend was presented 

in a meta-analysis of muscular fitness of 105,360 Australian children and 

adolescents aged 6–17 years (improvements of ~0.5 % per decade in jumping 

performance) between 1960 and 200260. Although the results of these two large 

studies indicate that jumping performance has remained relatively stable 

throughout the last half of the 20th century, the international pattern of change 

presented by Tomkinson59 was not uniform over the entire 45-year period. There 
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was evidence of improvements from the late 1950s to the mid-1980s 

(improvements of 0.4 % per annum in the 1960s and 0.3 % per annum in the 

1970s) and declines thereafter (declines of 0.04 % per annum in the 1980s and 0.2 

% per annum in the 1990s)59. Unfortunately, we were unable to determine the true 

time-related pattern of change between 1985 and 2015 because we were limited to 

a linear analysis between two time-points. However, it is possible that our 

findings reflect the declines in jumping performance presented by Tomkinson59 to 

have continued past the early 2000s. Though, additional studies extending current 

trends to include contemporary cohorts are required to help confirm this.  

 

Recent studies have examined secular changes in jumping performance after 

controlling for changes in body size using contemporary data, although results 

vary. Annual decreases in jumping performance have been observed between 

2001–02 and 2006–07 (1.04 % for males; 1.68 % for females) for Spanish 

adolescents (n=791, aged 12–17 years)103 and between 1985 and 2015 (0.29 % for 

males; 0.24 % for females) in the current study of Australian children aged 11−12 

years. These findings conflict with annual increases in jumping performance of 

0.57 % (sexes combined) observed between 1998 and 2008 for 10-year-old 

English children (n=624) by Cohen et al.105. However, Cohen et al. found other 

examined measures of muscular fitness (grip strength, sit-up performance) 

declined over the same time period. Although Cohen et al. suggested the observed 

increase in jumping performance could be an anomaly, this difference could 

potentially reflect varying secular changes for different phenotypes of muscular 

fitness. Although declines in jumping performance after the year 2000 seem 
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plausible, additional research and more recent data is required to confirm these 

findings.  

 

The secular decline in jumping performance of Australian children aged 11−12 

years could partly be due to the concurrent secular increase in paediatric 

overweight and obesity113. Increases in obesity are commonly operationalised as 

increases in BMI, although greater BMI may indicate both increased fat mass and 

fat-free mass60. An increase in fat-free mass has the potential to positively 

influence jumping performance by increasing the body’s ability to perform the 

jumping action, whereas an increase in fat mass is likely to have a negative 

impact by adding weight that does not confer any functional advantage. The 

observed decline in jumping performance could partly be explained by the 

detrimental effect of increased fat mass overriding the benefit of increased fat-

free mass. The decline was only partly attenuated following adjustment for body 

mass and fat-free mass. Obesity rates in Australian children have plateaued since 

the late 1990s114; however, it is possible that the stabilisation in BMI masks a 

decrease in fat-free mass and a concomitant increase in fat mass. The potential 

impact this has on jumping performance requires additional research. The secular 

decline in jumping performance could alternatively reflect a general decline in 

Australian adolescents’ overall physical activity levels. Although data on secular 

trends in paediatric physical activity are limited, consistent declines in active 

transport have been reported115. Variations in the administration of the standing 

long jump test could also potentially explain the change in jumping performance. 

Differences in the background of administrative staff, the training received, and 

the level of encouragement provided to participants could have influenced 
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jumping performance. Furthermore, Tomkinson et al.116, 117 previously argued that 

a network of environmental, social, behavioural, physical, psychosocial and 

physiological factors that probably underlie international declines in paediatric 

cardiorespiratory fitness. The declines observed in this study are also likely to be 

explained by a similar causal network of factors.  

  

The importance of paediatric muscular fitness has recently been advocated in 

physical activity guidelines, both in Australia and internationally34, 35, which 

suggest muscle-strengthening exercises should be performed in addition to 

endurance exercise on at least three days a week in childhood. Despite these 

recent guideline changes, the results of this study suggest paediatric muscular 

fitness requires continued encouragement.  

 

This study captured two time-points, making it possible to determine absolute 

linear change rather than exact pattern and timing of the secular change. Strengths 

of this approach included secular changes being examined: i) using similar 

standing long jump protocols collected by trained measurement teams; ii) in two 

samples controlled for age, sex, body size and area-level SES related differences 

in standing long jump; and iii) across two random national samples that were 

broadly representative of their source population at each time-point. Therefore, 

irrespective of the pattern of change, our analysis provides a good approximate of 

the overall magnitude of change between 1985 and 2015. 

 

Study limitations include concurrent secular trends in biological maturation, 

which today is reached earlier118, 119. Therefore, children aged 11−12 years in 
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2015 were possibly more biologically advanced than children aged 11−12 years 

in 1985, which theoretically would favour children of the same chronological age 

in 2015. As standing long jump performance increases with age, an age-related 

improvement in jumping performance is expected based on earlier biological 

maturation alone. However, our results show a decline in jumping performance 

between 1985 and 2015, with this decline potentially underestimating the true 

effect. A conservative pubertal advancement of three months per decade would 

equate to a nine-month advancement over 30-years. Based on previously defined 

normative data for Australian adolescents120, the magnitude of this 

underestimation could be estimated as approximately five cm for males and four 

cm for females.  

 

Additional limitations include the inability to examine what effect changes in 

ethnic distribution and motor competence/ability had on jumping performance, as 

these data were not available at both time-points, and our conclusions being based 

on results from only one measure of muscular fitness. However, the standing long 

jump test is commonly used in field settings and is a good surrogate measure of 

overall muscular fitness, demonstrating very good test-retest reliability55, 56 and 

good construct validity49, 51. Moreover, under-representation of the most 

disadvantaged could have potentially introduced bias and limited generalisability. 

Further, different sampling approaches were used to recruit participants in 1985 

and 2015. This could partly explain the observed secular decline in jumping 

performance; however, when analyses were repeated considering sampling 

weights, weighting did not appreciably change the effect estimates shown.  
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In conclusion, there has been a moderate decline in the jumping performance of 

Australian children aged 11−12 years between 1985 and 2015. Notwithstanding 

the limitations outlined, this study provides the most up-to-date analysis of 

secular changes in the jumping performance of Australian children aged 11−12 

years over a 30-year period from 1985 to 2015, extending the end of the previous 

temporal picture from 2002 to 2015. Growing recognition of the benefits of 

muscular fitness in children and adolescents highlights the importance of efforts 

to promote it and to reverse this decline.  
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2.6 POSTSCRIPT 

Chapter 2 identified the secular decline in jumping performance of Australian 

children aged 11–12 years between 1985 and 2015. The key finding from Chapter 

2 was that Australian children in 2015 could jump 11.1 cm less than children in 

1985, independent of increases in body mass over the same period. This trend was 

consistent for both sexes, with a decline of 12 cm observed for males and 10.4 cm 

for females. Chapter 2 also examined secular changes in the distribution of 

jumping performance, with secular declines observed at all examined quantiles. 

As the secular decline in childhood jumping performance was relatively uniform 

throughout the distribution, it was concluded that all children should be targeted 

with strategies aimed at reversing this decline. It is important to note that different 

sampling approaches were used to recruit participants in 1985 and 2015. If the 

1985 sample was not representative of all 11–12-year-old Australian 

schoolchildren in 1985, and/or the 2015 sample was not representative of all 11–

12-year-old Australian children in 2015, the observed secular decline in jumping 

performance may not be an accurate reflection of the true difference in jumping 

performance between 11–12-year-old Australian children in 1985 and their 

counterparts in 2015. Reassuringly, however, the effect estimates reported were 

not changed appreciably when the analyses were repeated using sampling weights 

that accounted for the design of each survey. 

 

While the findings of Chapter 2 were under review at Journal of Sports Sciences, 

Hardy et al published a study examining the 30-year changes in Australian 

children’s jumping performance using New South Wales data from the ASHFS in 

1985 and findings from the 2015 New South Wales Schools Physical Activity and 
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Nutrition Survey121. Although sharing a similar aim, there were a few differences 

between the two studies. Hardy et al included participants aged 9–15 years from 

New South Wales, whereas the findings in Chapter 2 included participants aged 

11–12 years from across Australia. Hardy et al suggested jumping performance 

declined by 4.4 cm for boys and 8.4 cm for girls aged 9–11 years and by 7.6 cm 

for boys and 9.5 cm for girls aged 12–15 years after adjustment for height, 

weight, SES and linguistic background121, producing declines smaller in 

magnitude than those observed in Chapter 2. Interestingly, when stratifying their 

results by each individual age group, no difference in jumping performance was 

observed for 11-year-old boys and 12-year-olds of both sexes, with significant 

declines observed for all other ages. This differed to the results of Chapter 2 

where significant declines in jumping performance for children of both sexes 

aged 11–12 years were identified, independent of body mass and socioeconomic 

status. Why these results differ is unknown. Similar analytic techniques were used 

in both studies, although there were some differences. In Chapter 2, results were 

combined for those aged 11–12 years, whereas results were presented separately 

for children aged 11 and 12 years in the study by Hardy et al. Furthermore, Hardy 

et al adjusted their results for linguistic background, whereas a measure of 

ethnicity was not available in Chapter 2. Changes in ethnic distribution could 

influence results as cultural factors may be important. However, it is unlikely 

changes in ethnicity would account for the magnitude of decline observed in 

Chapter 2. A similarity of both studies is that there was no adjustment for pubertal 

status. As outlined in the Discussion of Chapter 2, not considering advances in 

biological maturation, a factor that may result in age-related improvements in 

jumping performance, could underestimate the true effect.  
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Collectively, the findings presented in Chapter 2 and in the manuscript published 

by Hardy et al suggest the muscular fitness levels, defined as jumping 

performance, of Australian children have declined over the past 30-years. Though 

one marker of muscular fitness, these data suggest efforts to reverse this decline 

and continue to promote the importance of children participating in muscular 

strengthening activities are required. One way to help inform these strategies is to 

gain a better understanding of factors associated with childhood muscular fitness 

preceding the decline. In addition to muscular fitness data, a range of modifiable 

and environmental factors were collected as part of the ASHFS. Using these data, 

factors associated with higher levels of childhood muscular fitness could be 

identified and these could help inform potential strategies aimed at increasing 

childhood muscular fitness levels. This will be examined in Chapter 3. 
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3 FACTORS ASSOCIATED WITH MUSCULAR 

FITNESS PHENOTYPES IN AUSTRALIAN 

CHILDREN: A CROSS-SECTIONAL STUDY 

3.1 PREFACE 

In Chapter 2, a decline in jumping performance of 11.1 cm was observed in 

Australian children aged 11–12 years between 1985 and 2015. It was concluded 

Australian children in 1985 had greater muscular fitness compared with their 

counterparts in 2015. As the magnitude of this decline was significant, renewed 

efforts to reverse this decline were recommended. However, it is unclear what the 

most effective strategy could be to reverse this decline. Identifying modifiable 

and environmental factors associated with higher levels of muscular fitness 

preceding the secular decline could provide important insight and identify 

potential factors that strategies could target. The overarching aim of the ASHFS 

was to provide a benchmark for the health and fitness of Australian children. 

Therefore, data collected as part of the ASHFS provides an unprecedented 

opportunity to examine how a range of factors are associated with childhood 

muscular fitness levels preceding the secular decline.  

 

To address Aim 1B of this thesis, Chapter 3 will identify modifiable and 

environmental factors associated with childhood muscular strength and muscular 

power in 1985 using data from the ASHFS. The text in Chapter 3 has been 

accepted for publication in the Journal of Sports Sciences (Appendix A2). 
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3.2 INTRODUCTION 

Muscular fitness incorporates the phenotypes of strength, power and endurance50. 

The role muscular fitness plays in general health and chronic disease is becoming 

increasingly recognised, with previous research highlighting low muscular fitness 

levels as an independent risk factor for poor cardiometabolic health outcomes and 

all-cause mortality in adults15, 122. Recently, the benefits of high childhood 

muscular fitness on adiposity levels, skeletal health, self-esteem and 

cardiovascular risk factors have been summarised4, 5 and the association of low 

childhood muscular fitness levels with increased risk for poor adult health 

outcomes has been reported6, 8, 99. In recognition of the purported health benefits 

of muscular fitness in preventing chronic disease, the World Health Organisation 

physical activity guidelines have been revised to incorporate activities aimed at 

strengthening muscle and bone at least twice per week, in addition to aerobic 

activities, in both children and adults34.  

 

Globally, childhood muscular fitness levels have declined between the mid 1980s 

and early 2000s59 and in Australia, declines were observed between 1985 and 

2015121, 123. In 1985, the health and fitness of a nationally representative sample of 

Australian school children was examined as part of the ASHFS. The ASHFS 

provides an opportunity to examine correlates of childhood muscular fitness 

preceding the secular decline. To develop effective interventions aimed at 

increasing childhood muscular fitness and reversing this decline, a better 

understanding of the factors associated with higher muscular fitness is needed. 

Analysing the ASHFS data can help address this research gap as it was from a 

period where muscular fitness levels were greater than they are currently. 
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Modifiable (e.g. adiposity, physical activity behaviours, dietary intake) and 

environmental (e.g. socioeconomic position) correlates of muscular fitness have 

been identified7, 62, 63, 124, 125. However, past studies have looked at only one or two 

factors, examined data collected during the secular decline period or had 

relatively small sample sizes. A comprehensive analysis into the association 

between a wide range of factors and muscular fitness levels within one large 

cohort of children preceding the secular decline in muscular fitness levels, is 

lacking. Using data from the ASHFS we aimed to identify modifiable and 

environmental factors associated with muscular fitness in Australian children. 
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3.3 METHODS 

3.3.1 PARTICIPANTS 

In 1985, the ASHFS collected data on a nationally representative sample of 8,498 

Australian children aged 7–15 years. Additional details on the sampling strategy 

have been published elsewhere106. Children of all ages had their standing long 

jump measured (n=8,459), whilst a subset of children aged 9, 12 and 15 years had 

muscular strength measures taken (n=2,745). Anthropometric, CRF, physical 

activity, dietary and sociodemographic data were also collected. Children who 

provided a measure of muscular strength or had their standing long jump 

measured were included in analyses (n=8,469). Parents provided consent and 

students provided assent prior to inclusion into the ASHFS. The State Directors 

General of Education approved the study. 

 

3.3.2 MUSCULAR FITNESS 

Muscular strength was tested by maximum voluntary contraction using isometric 

dynamometers (Smedley’s Dynamometer, TTM, Tokyo, Japan) at five different 

sites: right and left grip, shoulder flexion and extension, and leg. Each participant 

was allowed one attempt at grip strength and two attempts at all other tests. The 

maximum result from each site was used in analyses. Right and left grip strength 

was measured by gripping the hand dynamometer with maximum force with one 

hand, whilst the dynamometer rested on the opposite shoulder. To measure 

shoulder flexion and extension, participants held the dynamometer in front of 

their chest with both hands parallel to the ground and pulled (extension) or 

pushed (flexion) with maximum effort. Leg strength was measured by 
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participants standing on a leg-back dynamometer with flat feet, a straight back 

and with their body flat against a wall behind them. With an overhand grip, 

participants then held a bar with straight arms whilst they flexed their knees until 

an angle of 115 was reached. At this point, a chain was attached from the 

dynamometer to the bar and participants slid their body up the wall whilst pulling 

the bar as far upwards as possible6. The five strength measures were combined 

into a single muscular strength score using principal component analysis, where 

the first principal component of each strength measure was obtained6, 107. 

Muscular power was measured from a standing long jump test, where a two-

footed take-off and landing was required. The longest distance (cm) recorded 

from the two attempts was used in analyses. Measures of muscular fitness not 

attributable to body mass were created by regressing each muscular fitness 

measure on body mass and using the residuals6, 107. Each muscular fitness 

measure was age- and sex-standardised.   

 

3.3.3 ADIPOSITY AND FAT-FREE MASS 

BMI was calculated as body mass (kg) divided by height (m) squared. Body mass 

was measured using regularly calibrated scales to the nearest 0.5 kg and height 

was measured to the closest 0.1 cm using a KaWe height tape (KaWe Kirchner & 

Wilhelm, Aspeg, Germany). BMI values were used to categorise participants as 

normal weight, overweight or obese according to Cole’s international cut-points 

for children108. Using a constant tension tape, waist circumference was measured 

to the nearest 0.1 cm at the level of the umbilicus. Body mass and estimates of 

percentage body fat derived from the sum of four skin folds, were used to 

calculate fat-free mass109. Holtain calipers (Holtain, Crymych, UK) were used to 
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measure triceps, biceps, subscapular, and suprailiac skinfolds to the nearest 0.2 

mm for children aged 9, 12 and 15 years (n=2,777). Using age-specific regression 

estimates109, the log of the sum of skinfolds were used to calculate body density 

and fat percentage. The Siri formula was used to calculate body fat from body 

density126, and fat-free mass was estimated as the difference between total body 

mass and fat mass. 

 

3.3.4 CARDIORESPIRATORY FITNESS 

For children aged 9, 12 and 15 years (n=2,622), CRF was measured as physical 

work capacity at a heart rate of 170 beats per minute (PWC170) using a Monark 

818E bicycle ergometer (Monark Exercise AB, Vansbro, Sweden). This sub-

maximal test included three successive 3-minute workloads that incrementally 

increased resistance. In the final minute of each workload, heart rate and watts 

were recorded, plotted and extrapolated to provide PWC170. As the absolute work 

load achieved in these tests is a function of muscle mass127, we created measures 

of PWC170 not attributable to fat-free mass107. CRF was additionally measured as 

time to complete a 1.6 km run (all children), with maximal oxygen consumption 

(VO2 max) estimated using a generalised equation proposed and validated by 

Cureton et al128.  

 

3.3.5 FLEXIBILITY AND SPEED CAPABILITY 

Flexibility was measured using a sit and reach test. Participants were seated with 

straight legs and the soles of both feet flat against the front of a sit and reach box. 

Participants reached forward as far as they could. After holding this position for 
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three seconds, a research technician recorded the distance reached at the level of 

the participants’ fingertip to the nearest complete centimetre. Positive results 

suggest children could reach past their toes and negative results suggest children 

could not reach their toes. This test was performed twice, and the best result was 

used in analyses. Speed capability was measured as time to complete a 50-meter 

run with times recorded to the nearest 0.01 of a second. As speed capability was 

measured in seconds, a lower run time reflects a better result. 

 

3.3.6 PHYSICAL ACTIVITY 

Children aged 9 years and over were administered a questionnaire relating to 

sport and exercise participation and their parents exercise habits. Children 

completed this questionnaire in groups of four under the supervision of trained 

assessors. This questionnaire was developed in the early 1980s specifically for 

this survey. Self-reported physical activity participation has been shown to be 

reported at acceptable levels (retest-reliability: 0.60–0.98) for children aged 9 

years and older129. The levels of physical activity self-reported in ASHFS were 

consistent with those observed in other cohorts130, 131 and demonstrated similar 

positive relationships with CRF (r=0.2) to those observed for other self-reported 

measures132. Physical activity levels were categorised based on responses to the 

questionnaire133. ‘School physical activity’ was defined as the sum of school 

physical education and school sport. ‘Non-school physical activity’ was defined 

as the sum of active commuting and leisure time physical activity. The sum of all 

individual physical activity domains was used as an estimate of ‘total physical 

activity’133. Children reported parental exercise habits by being asked “Does your 

father exercise regularly (2 or more times a week)?” and “Does your mother 
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exercise regularly (2 or more times a week)?”. Parental exercise was categorised 

as ‘Both parents inactive’, ‘Father active only’, ‘Mother active only’ or ‘Both 

parents active’.  

 

3.3.7 DIETARY QUALITY AND INTAKE 

Children aged 10–15 years (n=5,024) completed a 24-hour food diary. In small 

groups, students were shown how to measure and record their intake by trained 

data collectors. A database compiled for the study was used to calculate nutrient 

intake. Total daily intake of protein in grams and total daily serves of core food 

groups and discretionary foods (those that are not essential for a healthy diet and 

are high in saturated fat, sugar, salt or alcohol. For example, ice-cream, chocolate, 

soft drinks) were calculated from gram weight or kilojoule content. For fruit and 

vegetable intake, responses were grouped into “1 serve or less”, “2–3 serves” and 

“4 or more serves”. Total daily serves of protein were calculated by summing the 

daily serves of meat and alternatives (lean and non-lean) with the daily servings 

of dairy and alternatives. Daily protein serves were grouped as “2 serves or less”, 

“3–4 serves” and “5 or more serves”. A dietary guideline index (DGI) score was 

calculated from the sum of nine individual dietary component scores134. Each 

individual component was scored from 0 to 10, with the exception of 

discretionary food intake which was scored from 0 to 20. The DGI score was 

based on compliance with the age and sex specific recommendations in the 2013 

Australian Dietary Guidelines135. Larger DGI values reflect a healthier diet. 
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3.3.8 SOCIOECONOMIC STATUS 

For children aged 9–15 years (n=6277), area-level SES was estimated using the 

Australian Bureau of Statistics SEIFA and 1981 census data. Area-level SES was 

categorised as low, medium-low, medium-high and high. Children attended state 

(public or non-fee paying), Catholic (private or fee-paying) or independent 

(private or fee-paying) schools.  

 

3.3.9 STATISTICAL ANALYSES 

All statistical analyses were performed using Stata (Version 15.0, StataCorp, 

College Station, Texas).  

 

3.3.9.1 Demographics 

Characteristics were sex-stratified and presented as mean (standard deviation) or 

median (interquartile range) values for continuous variables, and percentages 

(number of participants) for categorical variables.  

 

3.3.9.2 Factors associated with muscular fitness 

Factors associated with age- and sex-standardised muscular fitness phenotypes 

were identified using sex-stratified univariable linear regression adjusted for age. 

Analyses were stratified by sex as significant (p≤0.05) sex interactions were 

observed for multiple factors. All covariates were appropriately scaled, and beta 

coefficients represent the estimated difference in muscular fitness phenotypes per 

one-unit increase in a continuous variable from its mean. For each regression 

model, r-squared values were presented and interpreted as a measure of effect 
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size. R-squared values greater than 0.02 suggest the association meets Cohen’s 

threshold for an important effect112. Factors that were significantly (p≤0.05) 

associated with muscular fitness phenotypes at a univariable level were included 

within multivariable models to identify if associations remained independent of 

other modifiable and environmental factors. Where two or more factors in the 

same category (categories: adiposity, CRF, individual physical activity) had a p-

value ≤0.05, the factor with the greatest r-squared value was carried forward into 

final multivariable models.  
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3.4 RESULTS 

3.4.1 DEMOGRAPHICS 

Participant characteristics are presented in Table 3.1. On average, males had 

higher muscular fitness and CRF, and were taller and heavier, compared with 

females. Females had higher sum of skinfolds and BMI compared with males.
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Table 3.1. Characteristics of participants. 

   Sex 

    Male  Female 

Characteristic n  Statistic  Statistic 

Age, years 8469  11.0 (2.6)  10.8 (2.5) 

Right grip strength, kg 2793  25.2 (10.2)  21.0 (6.8) 

Left grip strength, kg 2793  24.8 (10.0)  20.1 (6.4) 

Shoulder flexion, kg 2756  20.2 (13.7)  18.0 (9.0) 

Shoulder extension, kg 2757  17.4 (9.4)  13.9 (6.2) 

Leg strength, kg 2783  114.8 (55.7)  83.3 (33.0) 

Combined strength score 2745  –0.01 (1.63)  0.01 (1.62) 

Standing long jump, cm 8459  150.5 (30.6)  135.6 (25.0) 

Body mass, kg 8469  40.2 (13.6)  39.4 (12.4) 

Height, cm 8465  146.7 (16.3)  144.8 (14.4) 

BMI, kg/m2 8465  18.1 (2.8)  18.3 (3.0) 

Waist circumference, cm 8464  64.5 (8.9)  62.6 (8.2) 

Sum of skinfolds, mm 2777  32.3 (17.7)  43.7 (19.4) 

Fat-free mass, kg 2777  35.1 (10.0)  31.9 (7.3) 

1.6 km run, mins 7876  8.4 (1.7)  10.1 (1.8) 

PWC170, watts 2645  107.3 (42.1)  78.9 (26.1) 

Estimated VO2 max, 

ml/kg/min 

7863  50.2 (4.3)  44.5 (3.8) 

Sit and reach, cm 8443  2 (–2, 6)  7 (2, 11) 

50m run, sec 8057  9.0 (1.1)   9.5 (1.0) 

School physical activity, 

mins/week 

5643  120 (80–200)  120 (80–

180) 

Non–school physical activity, 

mins/week 

5672  240 (115–

480) 

 185 (90–

360) 

Total weekly physical 

activity, mins/week 

6390  356 (200–

620) 

 290 (165–

500) 

Parental exercise 5909     

 Both parents inactive   43.4 (1301)  40.9 (1191) 

 Father active only   20.9 (627)  19.3 (563) 
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   Sex 

    Male  Female 

Characteristic n  Statistic  Statistic 

 Mother active only   17.3 (518)  18.3 (532) 

 Both parents active    18.4 (550)  21.5 (627) 

Dietary Guidelines Index 5024  44.7 (12.1)  43.3 (11.7) 

Fruit intake 5024     

 1 serve or less   61.7 (1562)  60.6 (1510) 

 2–3 serves   23.7 (599)  26.2 (654) 

 4 or more serves   14.6 (369)  13.2 (330) 

Vegetable intake 5024     

 1 serve or less   45.3 (1147)  48.4 (1208) 

 2–3 serves   28.9 (732)  32.7 (815) 

 4 or more serves   25.7 (651)  18.9 (471) 

Protein, grams 5024  82.4 (33.7)  63.8 (23.6) 

Protein intake 5024     

 2 serves or less   37.4 (945)  52.7 (1313) 

 3–4 serves   37.0 (935)  34.6 (863) 

 5 or more serves   25.7 (650)  12.8 (318) 

Socioeconomic status 6277     

 Low   9.7 (309)  8.8 (271) 

 Medium-Low   38.5 (1228)  38.5 (1189) 

 Medium-High   28.6 (913)  28.5 (881) 

 High   23.2 (740)  24.2 (746) 

School type 8469     

 State   75.1 (3228)  74.9 (3125) 

 Catholic   19.2 (824)  20.3 (845) 

 Independent   5.7 (246)  4.8 (201) 

Statistics are mean (standard deviation) or median (interquartile range) for 

continuous variables or percentages (n) for categorical variables.  

Percentages may not total 100 due to rounding.  
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Abbreviations: BMI, body mass index; PWC170, physical work capacity at a heart 

rate of 170 beats per minute; SES, socioeconomic status; VO2 max, maximal 

oxygen consumption.
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3.4.2 FACTORS ASSOCIATED WITH MUSCULAR FITNESS 

Table 3.2 displays associations between single factors and the combined muscular 

strength score. Continuous BMI (females), BMI categories (both sexes), waist 

circumference (females), sum of skinfolds (both sexes) and speed capability (both 

sexes) were inversely associated with muscular strength. The positive association 

between continuous BMI and muscular strength for males (p=0.28) is explained 

by the scaling of BMI (quadratic). The association with muscular strength differs 

per one-unit increase in BMI from its 25th (=0.13, 95% CI=0.08 to 0.19, r-

squared=0.08, p<0.001), 50th (=0.05, 95% CI=0.01 to 0.10, r-squared=0.08, 

p=0.02) and 75th (=–0.06, 95% CI=–0.09 to –0.03, r-squared=0.08, p<0.001) 

quartile. A negative association was present at higher levels of BMI and at all 

examined percentiles upon adjustment for other modifiable factors including fat-

free mass (data not shown). Fat-free mass, CRF, flexibility (both sexes), school, 

non-school (females) and total weekly physical activity levels (both sexes) were 

positively associated with muscular strength. Having two active parents was 

associated with higher muscular strength compared with having no active parents 

(females). Greater intakes of fruit, vegetable and protein were positively 

associated with muscular strength (males) and having 3 to 4 serves of protein per 

day was associated with higher muscular strength compared with having 2 serves 

or less (females). Compared with low area-level SES and attending a state school, 

higher area-level SES and attending an independent (fee paying) school were 

positively associated with muscular strength (both sexes).
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Table 3.2. Associations between modifiable and environmental factors and the combined muscular strength score for males and females, 

adjusted for age.  

 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

Adiposity and fat-free 

mass 

         

 BMI, kg/m2 1388 0.02 (–0.02, 0.06) 0.08 0.28  1356 –0.04 (–0.08, –0.00) 0.03 0.05 

 BMI categories          

  Normal  1230 REF 0.06 REF  1190 REF 0.03 REF 

  Overweight 132 –0.72 (–1.01, –0.44)  <0.001  144 –0.59 (–0.87, –0.32)  <0.001 

  Obese 26 –2.41 (–3.03, –1.80)  <0.001  22 –1.87 (–2.55, –1.20)  <0.001 

 Waist circumference, 

per 10 cm 

1389 –0.08 (–0.21, 0.05) 0.07 0.23  1355 –0.43 (–0.59, –0.27) 0.03 <0.001 

 Sum of skinfolds, per 

10 mm 

1378 –0.29 (–0.34, –0.25) 0.10 <0.001  1345 –0.21 (–0.26, –0.17) 0.06 <0.001 

 Fat-free mass, per 1 kg 1378 0.08 (0.06, 0.10) 0.04 <0.001  1345 0.07 (0.05, 0.09) 0.04 <0.001 

Cardiorespiratory 

fitness 
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 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

 1.6 km run, per 1 min 1310 –0.29 (–0.35, –0.24) 0.08 <0.001  1237 –0.33 (–0.38, –0.27) 0.09 <0.001 

 PWC170, per 10 watts 1312 0.15 (0.12, 0.19) 0.05 <0.001  1262 0.27 (0.20, 0.34) 0.05 <0.001 

 Estimated VO2 max, 

per 1 ml/kg/min 

1309 0.11 (0.09, 0.13) 0.08 <0.001  1237 0.09 (0.07, 0.11) 0.06 <0.001 

Flexibility and speed 

capability 

         

 Sit and reach, per cm 1385 0.07 (0.05, 0.08) 0.06 <0.001  1351 0.06 (0.04, 0.07) 0.06 <0.001 

 50m run, per second 1322 –0.91 (–1.06, –0.75) 0.22 <0.001  1271 –0.94 (–1.04, –0.83) 0.21 <0.001 

Physical activity          

 School physical 

activity, per 60 

mins/week 

1183 0.04 (–0.01, 0.10) 0.00 0.10  1142 0.05 (0.01, 0.09) 0.01 0.02 

 Non–school physical 

activity, per 60 

mins/week 

1227 0.01 (–0.01, 0.02) 0.00 0.44  1158 0.03 (0.01, 0.04) 0.01 0.001 
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 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

 Total weekly physical 

activity, per 60 

mins/week 

1363 0.02 (0.01, 0.04) 0.01 0.008  1338 0.04 (0.02, 0.06) 0.02 <0.001 

 Parental exercise          

  Both parents are 

inactive 

553 REF 0.00 REF  546 REF 0.02 REF 

  Father active only 252 0.09 (–0.16, 0.33)  0.49  228 0.14 (–0.11, 0.39)  0.26 

  Mother active only 223 0.02 (–0.23, 0.27)  0.90  207 0.22 (–0.04, 0.47)  0.10 

  Both parents are 

active 

227 0.15 (–0.10, 0.40)  0.24  276 0.57 (0.34, 0.81)  <0.001 

Dietary quality and 

intake 

         

 Dietary Guidelines 

Index, per 10 units 

810 0.05 (–0.05, 0.16) 0.01 0.29  812 0.07 (–0.03, 0.16) 0.00 0.16 

 Fruit intake          

  1 serve or less 503 REF 0.01 REF  491 REF 0.00 REF 
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 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

  2–3 serves 189 0.09 (–0.19, 0.36)  0.53  209 0.05 (–0.21, 0.31)  0.71 

  4 or more serves 118 0.36 (0.03, 0.68)  0.03  112 0.10 (–0.23, 0.43)  0.55 

 Vegetable intake          

  1 serve or less 358 REF 0.01 REF  395 REF 0.00 REF 

  2–3 serves 234 0.03 (–0.24, 0.30)  0.84  254 0.06 (–0.20, 0.31)  0.66 

  4 or more serves 218 0.41 (0.13, 0.68)  0.004  163 0.16 (–0.13, 0.46)  0.28 

 Protein, total daily 

intake per 10 grams 

810 0.05 (0.02, 0.08) 0.01 0.004  812 0.04 (–0.00, 0.09) 0.00 0.06 

 Protein intake          

  2 serves or less 269 REF 0.00 REF  424 REF 0.01 REF 

  3–4 serves 309 0.01 (–0.25, 0.28)  0.92  275 0.37 (0.13, 0.62)  0.003 

  5 or more serves 232 0.20 (–0.09, 0.49)  0.18  113 0.06 (–0.28, 0.39)  0.74 

Socioeconomic status          

 Area–level SES          

  Low 125 REF 0.01 REF  118 REF 0.01 REF 

  Medium–low 508 0.18 (–0.13, 0.50)  0.26  520 0.36 (0.04, 0.69)  0.03 
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 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

  Medium–high 379 0.16 (–0.17, 0.49)  0.33  368 0.23 (–0.10, 0.57)  0.18 

  High 326 0.46 (0.13, 0.80)  0.006  314 0.45 (0.11, 0.79)  0.01 

 School type          

  State 1037 REF 0.01 REF  1026 REF 0.00 REF 

  Catholic 268 –0.12 (–0.35, 0.09)  0.25  272 0.08 (–0.14, 0.29)  0.49 

  Independent 84 0.55 (0.19, 0.91)  0.003  58 0.56 (0.13, 0.99)  0.01 

* Beta coefficient represents the estimated difference in the age- and sex-standardised combined muscular strength score per one-unit 

increase in a continuous variable from its mean or for each level of a categorical variable.  

Abbreviations: , beta coefficient; BMI, body mass index; CI, confidence interval; PWC170, physical work capacity at a heart rate of 

170 beats per minute; SES, socioeconomic status; VO2 max, maximal oxygen consumption. 
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Factors associated with muscular power are presented in Table 3.3. Measures of 

adiposity and speed capability (measured in seconds, with higher run time 

reflecting lower speed capability) were inversely associated with muscular power 

(both sexes). Fat-free mass (males), CRF, flexibility and physical activity 

behaviours (both sexes) were all positively associated with muscular power. 

Compared with having no active parents, having two active parents was 

associated with higher muscular power (females). Higher diet quality and greater 

daily intake of fruit, vegetable and protein were associated with greater muscular 

power (both sexes). Area-level SES was positively associated with muscular 

power (both sexes) and attending a Catholic school (males) and independent 

school (both sexes) were associated with greater muscular power, compared with 

attending a state school. 
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Table 3.3. Associations between modifiable and environmental factors and muscular power for males and females, adjusted for age. 

 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

Adiposity and fat-free 

mass 

         

 BMI, kg/m2 4292 –0.05 (–0.06, –0.03) 0.03 <0.001  4163 –0.04 (–0.06, –0.03) 0.02 <0.001 

 BMI categories          

  Normal  3810 REF 0.03 REF  3655 REF 0.02 REF 

  Overweight 410 –0.44 (–0.54, –0.34)  <0.001  443 –0.34 (–0.44, –0.25)  <0.001 

  Obese 72 –0.78 (–1.01, –0.55)  <0.001  65 –0.58 (–0.82, –0.34)  <0.001 

 Waist circumference, 

per 10 cm 

4294 –0.18 (–0.22, –0.13) 0.03 <0.001  4160 –0.24 (–0.30, –0.18) 0.02 <0.001 

 Sum of skinfolds, per 

10 mm 

1399 –0.18 (–0.22, –0.15) 0.08 <0.001  1370 –0.14 (–0.17, –0.11) 0.07 <0.001 

 Fat-free mass, per 1 kg 1399 0.04 (0.03, 0.05) 0.03 <0.001  1370 0.01 (–0.00, 0.03) 0.04 0.14 

Cardiorespiratory 

fitness 
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 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

 1.6 km run, per 1 min 4038 –0.24 (–0.26, –0.22) 0.13 <0.001  3827 –0.25 (–0.27, –0.22) 0.12 <0.001 

 PWC170, per 10 watts 1331 0.04 (0.02, 0.07) 0.01 <0.001  1284 0.09 (0.06, 0.12) 0.03 <0.001 

 Estimated VO2 max, 

per 1 ml/kg/min 

4035 0.08 (0.07, 0.10) 0.10 <0.001  3826 0.07 (0.06, 0.07) 0.07 <0.001 

Flexibility and speed 

capability 

         

 Sit and reach, per cm 4283 0.04 (0.03, 0.05) 0.05 <0.001  4151 0.04 (0.03, 0.04) 0.05 <0.001 

 50m run, per second 4103 –0.62 (–0.67, –0.57) 0.28 <0.001  3952 –0.63 (–0.66, –0.60) 0.25 <0.001 

Physical activity          

 School physical 

activity, per 60 

mins/week 

2882 0.03 (0.01, 0.05) 0.00 0.001  2758 0.06 (0.04, 0.09) 0.01 <0.001 

 Non–school physical 

activity, per 60 

mins/week 

2930 0.01 (0.00, 0.02) 0.00 0.008  2734 0.01 (0.00, 0.02) 0.00 0.002 
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 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

 Total weekly physical 

activity, per 60 

mins/week 

3245 0.02 (0.01, 0.02) 0.01 <0.001  3135 0.03 (0.02, 0.03) 0.01 <0.001 

 Parental exercise          

  Both parents are 

inactive 

1299 REF 0.00 REF  1187 REF 0.01 REF 

  Father active only 626 0.03 (–0.06, 0.13)  0.49  563 0.10 (–0.00, 0.20)  0.06 

  Mother active only 518 0.01 (–0.10, 0.11)  0.92  531 0.09 (–0.01, 0.19)  0.08 

  Both parents are 

active 

550 0.05 (–0.05, 0.15)  0.33  626 0.24 (0.14, 0.33)  <0.001 

Dietary quality and 

intake 

         

 Dietary Guidelines 

Index, per 10 units 

2528 0.06 (0.03, 0.09) 0.01 <0.001  2490 0.06 (0.03, 0.09) 0.01 <0.001 

 Fruit intake          

  1 serve or less 1561 REF 0.01 REF  1507 REF 0.00 REF 
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 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

  2–3 serves 598 0.14 (0.05, 0.24)  0.003  654 0.10 (0.01, 0.19)  0.03 

  4 or more serves 369 0.25 (0.14, 0.36)  <0.001  329 0.13 (0.01, 0.25)  0.04 

 Vegetable intake          

  1 serve or less 1145 REF 0.00 REF  1206 REF 0.00 REF 

  2–3 serves 732 –0.02 (–0.11, 0.07)  0.66  813 0.07 (–0.02, 0.16)  0.12 

  4 or more serves 651 0.13 (0.03, 0.22)  0.01  471 –0.01 (–0.12, 0.09)  0.82 

 Protein, total daily 

intake per 10 grams 

2528 0.07 (0.05, 0.08) 0.03 <0.001  2490 0.03 (0.02, 0.05) 0.01 <0.001 

 Protein intake          

  2 serves or less 945 REF 0.01 REF  1311 REF 0.01 REF 

  3–4 serves 934 0.07 (–0.02, 0.16)  0.12  861 0.05 (–0.03, 0.14)  0.22 

  5 or more serves 649 0.30 (0.20, 0.40)  <0.001  318 0.24 (0.12, 0.36)  <0.001 

Socioeconomic status          

 Area–level SES          

  Low 309 REF 0.00 REF  269 REF 0.01 REF 

  Medium–low 1228 0.10 (–0.02, 0.23)  0.10  1185 0.21 (0.08, 0.34)  0.002 
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 Males  Females 

Characteristic n  (95% CI)* r-

squared 

p-value  n  (95% CI)* r-

squared 

p-value 

  Medium–high 910 0.18 (0.06, 0.31)  0.005  881 0.24 (0.10, 0.37)  0.001 

  High 740 0.19 (0.06, 0.33)  0.004  745 0.30 (0.16, 0.44)  <0.001 

 School type          

  State 3225 REF 0.00 REF  3119 REF 0.00 REF 

  Catholic 824 0.11 (0.03, 0.18)  0.007  844 –0.01 (–0.09, 0.06)  0.77 

  Independent 246 0.21 (0.08, 0.34)  0.001  201 0.28 (0.14, 0.42)  <0.001 

* Beta coefficient represents the estimated difference in the age- and sex-standardised measure of muscular power per one-unit increase 

in a continuous variable from its mean or for each level of a categorical variable.  

Abbreviations: , beta coefficient; BMI, body mass index; CI, confidence interval; PWC170, physical work capacity at a heart rate of 

170 beats per minute; SES, socioeconomic status; VO2 max, maximal oxygen consumption. 
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Factors that remained associated with muscular fitness phenotypes in final 

multivariable models are presented in Appendix C1 (muscular strength) and  

Appendix C2 (muscular power). Fat-free mass, flexibility (both sexes) and CRF 

(females) remained positively associated with muscular strength. Negative 

associations remained for adiposity and speed capability (both sexes). Attending a 

Catholic school was associated with lower muscular strength and attending an 

independent school was associated with greater muscular strength, compared with 

attending a state school (males). Factors that remained positively associated with 

muscular power included flexibility, area-level SES (both sexes), fat-free mass 

(males) and CRF (females). Attending a Catholic (males) or an independent 

school (both sexes) was associated with greater muscular power, compared with 

attending a state school. Negative associations were retained for adiposity and 

speed capability (both sexes). 
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3.5 DISCUSSION 

This study identified the association between modifiable and environmental 

factors and childhood muscular fitness levels. Of all examined factors, measures 

of adiposity, fat-free mass, CRF, flexibility and speed capability were associated 

with muscular fitness at a level that met Cohen’s threshold for important effects. 

These findings highlight the multifactorial relationship of muscular fitness and 

indicators of it. These disjoint signals individually meet Cohen’s threshold for 

important effects, but collectively are powerful in explaining muscular strength 

(r-squared=0.32 to 0.41) and muscular power (r-squared=0.36 to 0.42). These 

findings could help inform future interventions aimed at increasing childhood 

muscular fitness by highlighting factors associated with muscular fitness 

preceding the recently observed secular decline.  

 

Past research has reported measures of adiposity to be associated with muscular 

fitness levels124. Similar to trends found previously51, adiposity was negatively 

associated with measures of muscular fitness that were not attributable to body 

mass, with sum of skinfolds being the adiposity measure most strongly associated 

with muscular fitness (r-squared=0.06 to 0.10). Low adiposity levels could reflect 

healthier and more physically active lifestyles, which combine to associate with 

muscular fitness levels. A key component of fat-free mass is muscle mass, and 

greater muscle mass could influence muscular fitness performance. Fat-free mass 

was positively associated with muscular strength for both males and females and 

with muscular power for males. Positive associations between CRF and muscular 

fitness have been highlighted previously7, 61. In univariable models, CRF was 

associated with muscular fitness for males and females (r-squared=0.08 to 0.13). 
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Within multivariable models presented in our study, positive associations were 

present for females only. These associations could suggest aerobically fit females 

are also participating in muscular fitness activities, whereas a more heterogenous 

relationship could be present for males where an aerobically fit male is not 

necessarily a muscular fit male. In a recent systematic review, measures of 

physical activity, particularly vigorous physical activity, were positively 

associated with muscular fitness136. Physical activity was positively associated 

with muscular strength and power in our study, although associations did not 

reach Cohen’s threshold for important effects.  

 

Previously, flexibility correlated positively with muscular strength51. Greater 

flexibility could result in an increased ability to move joints and muscles in a full 

range of motion which could benefit muscular fitness performance tests. Further, 

physical activities that support the development of muscular strength and power 

might also support greater flexibility. Our results showed flexibility to be 

associated with muscular strength and power (r-squared=0.05 to 0.06). The 50-

metre run time, a measure of speed capability, was shown to be the factor most 

strongly associated with muscular strength and power (r-squared=0.21 to 0.28). 

These inverse associations, where a longer run time (i.e. lower speed capability) 

was associated with lower muscular fitness, were not surprising given the 50-

metre run requires a rapid burst of power that is only sustained for a few seconds.  

 

Measures of dietary quality and intake were associated with muscular fitness in 

univariable models, although associations did not reach Cohen’s threshold for 

important effects. The association between greater protein intake and higher 
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muscular fitness could reflect greater protein intake resulting in the potential 

formation of more muscle. Higher levels of muscular fitness could also reflect 

healthy dietary choices and greater overall diet quality. Further, nutritional 

deprivation contributes to poorer muscle function. Hand grip, a common measure 

of overall muscular strength, has been previously identified as a marker of 

nutritional status137. However, the association between diet and muscular fitness 

was not statistically significant in multivariable models. This may suggest lower 

adiposity levels and less sedentary lifestyles could explain the positive association 

between dietary intake and muscular fitness.  

 

Environmental factors including area-level SES and school type were shown to be 

associated with muscular fitness in univariable models, although associations did 

not reach Cohen’s threshold for important effects. In multivariable models, higher 

area-level SES remained positively associated with muscular power for both 

sexes and compared with attending a state school, attending an independent 

school was associated with greater muscular strength for males and greater 

muscular power for both sexes. However, for males, attending a catholic school 

was associated with decreased muscular strength and increased muscular power, 

compared with attending a state school. It is unclear why these results vary. For 

the most part, these associations highlight the link between SES and muscular 

fitness, an association supported by previous research63. Higher SES could reflect 

greater opportunity and increased availability to facilities that could promote 

increased participation in muscular fitness activities. 
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We acknowledge that childhood muscular fitness levels have declined between 

the mid 1980s and 2000s59, 121, 123. This historical sample provides the opportunity 

to better understand modifiable and environmental factors that were associated 

with childhood muscular fitness preceding the decline. Although it is plausible 

that some factors associated with childhood muscular fitness have remained 

consistent (e.g. genetic), others may have changed (food environment, physical 

activity opportunities/demands). Whether our associations would be the same in a 

contemporary cohort requires additional research. This study was limited by the 

cross-sectional design. We therefore cannot determine the direction of effect. 

Despite this, these results suggest a wide range of factors are associated with 

childhood muscular fitness levels. Additional study limitations include the use of 

self-reported dietary and physical activity data. Muscular fitness has both a 

behavioural and genetic component138, therefore further research examining the 

association between genetics and muscular fitness is required. Although historic, 

ASHFS is a unique survey in which a large nationally representative sample of 

Australian school children provided a wide range of novel data. A notable 

strength of this study was the use of reliable and valid field-based tests to measure 

muscular fitness50. Grip strength, a key component of our combined muscular 

strength score, and the standing long jump, our measure of muscular power, 

demonstrate very good test-retest reliability56 and good construct validity51. Given 

the breadth of variables available, we had the ability to examine the association 

between a range of modifiable and environmental factors and muscular fitness 

levels in children.  
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The ASHFS was conducted to provide a benchmark for the health and fitness of 

Australian children. Future research is required to repeat these associations using 

a contemporary cohort and identify whether factors associated with childhood 

muscular fitness have changed alongside the decline in muscular fitness levels. 

Furthermore, our results are hypothesis generating for future interventions aimed 

at increasing childhood muscular fitness, as they highlight potential modifiable 

and environmental factors these interventions could target. Lastly, as research 

continues to highlight the long-term health benefits of childhood muscular 

fitness6, 8, 99, our findings help to better understand the interrelationship of 

childhood factors and provide insight into potentially important covariates. 
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3.6 POSTSCRIPT 

Findings from Chapter 3 aimed to identify modifiable and environmental factors 

associated with childhood muscular fitness preceding the secular decline. 

Individually, adiposity, fat-free mass, CRF, flexibility and speed capability were 

associated with childhood muscular fitness at a level that met Cohen’s threshold 

for an important effect. When examined together, these factors were powerful in 

explaining childhood muscular fitness. Results from Chapter 3 highlighted the 

multifactorial relationship of childhood muscular fitness and its indicators and 

identified modifiable and environmental factors that strategies aimed at increasing 

childhood muscular fitness levels could target. This is important given the secular 

decline in childhood muscular fitness observed over the past 30-years, as 

highlighted in Chapter 2. By identifying factors associated with childhood 

muscular fitness using the ASHFS cohort, the findings presented in Chapter 3 

provide insight into factors that were associated with muscular fitness during a 

time when childhood muscular fitness levels were higher than they are currently. 

By better understanding correlates of childhood muscular fitness preceding the 

secular decline, more effective strategies aimed at reversing this decline could be 

developed.  

 

Results from the previous two chapters have quantified how childhood muscular 

fitness levels have declined over the past 30-years (Chapter 2) and identified 

factors associated with higher levels of childhood muscular fitness levels 

preceding the secular decline (Chapter 3). Collectively, these findings help to 

better understand the muscular fitness of Australian children, the exposure of 

interest in successive chapters. In Chapter 4, whether childhood muscular fitness 
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levels are associated with measures of glucose homeostasis in adulthood is 

examined.
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4 CHILDHOOD CARDIORESPIRATORY FITNESS, 

MUSCULAR FITNESS AND ADULT MEASURES 

OF GLUCOSE HOMEOSTASIS  

4.1 PREFACE 

The previous two chapters addressed the first aim of this thesis by quantifying 

how childhood muscular fitness levels have declined over the past 30-years 

(Chapter 2) and identifying modifiable and environmental factors associated with 

childhood muscular fitness preceding the observed secular decline (Chapter 3). 

This insight into childhood muscular fitness is carried forward into subsequent 

chapters as the second aim of this thesis is addressed and the association between 

muscular fitness in childhood and across the life course and impaired glucose 

homeostasis and type 2 diabetes in adulthood is examined.  

 

Although muscular fitness is emerging as a risk factor for important health 

outcomes including type 2 diabetes28, the association between childhood muscular 

fitness and adult type 2 diabetes is limited to a single study among males with 

muscular strength measured at a baseline age of 18 years33. The longitudinal 

association between a range of childhood muscular fitness phenotypes measured 

in younger children and adult type 2 diabetes in a cohort that includes both sexes, 

is currently unknown. Chapter 4 aims to address this question. However, 

participants at CDAH-1 were aged 26–36 years and the prevalence of type 2 

diabetes in this relatively healthy population was low. Therefore, to address Aim 

2A of this thesis, Chapter 4 examines the association between CRF and muscular 
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strength, muscular power and muscular endurance in childhood and measures of 

glucose homeostasis in adulthood. Adverse levels of measures of glucose 

homeostasis, collectively termed impaired glucose homeostasis, are a risk factor 

for type 2 diabetes. Therefore, these findings contribute to a greater understanding 

of how muscular fitness might relate to development of future type 2 diabetes. 

Although this thesis has a focus on childhood muscular fitness, childhood CRF 

was included within this chapter to provide context on how effects for CRF and 

muscular fitness compare. The content in this chapter has been published in the 

Journal of Science and Medicine in Sport (Appendix A3). 
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4.2 INTRODUCTION 

Impaired glucose homeostasis and type 2 diabetes are becoming increasingly 

prevalent139, 140 and remain a major public health concern. Efforts continue to 

identify effective strategies to prevent these conditions. Physical fitness, a product 

of both CRF and muscular fitness, is a potential target for these prevention 

strategies. Associations between childhood physical fitness and adult 

cardiometabolic health outcomes6, 8, 141, including type 2 diabetes33, have been 

reported previously. These data suggest prevention strategies targeting childhood 

physical fitness could be fundamental in improving glucose homeostasis in later 

life, although further research is required. 

 

Previous research using data from the CDAH Study has shown high childhood 

CRF and muscular fitness, incorporating strength, power, and endurance, to 

associate with decreased risk of metabolic syndrome in adulthood6, 141. Although 

metabolic syndrome is a condition of clustering risk factors including high fasting 

glucose, more work is required to explore the association between childhood 

physical fitness and adult glucose homeostasis outcomes including fasting insulin, 

insulin resistance and beta cell function. These associations have been examined 

in part previously. Additional work using CDAH data showed a decline in CRF 

between childhood and adulthood (n=647, baseline age=9, 12, 15 years, follow-

up=20-years) to associate with increased odds of adult insulin resistance142. 

However, this study focused only on CRF and did not include muscular fitness. 

Furthermore, the European Youth Heart Study reported increased muscular 

strength and CRF in childhood (n=317, age 15 years) to be associated with 

decreased insulin resistance and beta cell function 6–12 years later7. However, 
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whether this longitudinal association exists between an increased range of 

muscular fitness phenotypes in younger children, after an extended length of 

follow-up, is of interest.  

 

Therefore, using data from the CDAH Study, we aimed to determine whether 

CRF, muscular strength, muscular power, and muscular endurance in children 

aged 7–15 years independently predict adult glucose homeostasis measures 20-

years later. 
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4.3 METHODS 

4.3.1 PARTICIPANTS 

The CDAH study collected baseline data on a nationally representative sample of 

8,498 Australian schoolchildren in 1985. Children aged 7–15 years provided 

anthropometric, CRF, muscular power and muscular endurance data. Muscular 

strength was measured in a subset of children aged 9, 12 and 15 years. Of those 

who provided a measure of childhood physical fitness, 2,417 participants (28.4 

%) had a fasting blood sample collected and tested for fasting glucose and/or 

insulin in adulthood, either by attending one of 34 follow-up clinics held across 

Australia from 2004–2006 or if unable to attend clinics, at remote pathology 

centres. Of these, 53 women were currently pregnant and excluded from analyses. 

See Appendix D1 for a flow chart of participation. At baseline, consent was 

obtained from parent and assent from child, whilst the participant provided 

written informed consent at follow-up. The State Directors General of Education 

approved the baseline study and the Southern Tasmania Health and Medical 

Human Research Ethics Committee approved the follow-up study. 

 

4.3.2 CHILDHOOD MUSCULAR FITNESS 

Using isometric dynamometers (Smedley’s Dynamometer, TTM, Tokyo, Japan), 

childhood muscular strength was measured as maximum voluntary contractile 

force of right and left grip, shoulder flexion and extension, and leg. Right and left 

grip strength was measured by gripping the dynamometer with maximum force 

with one hand. Shoulder flexion and extension strength was measured by 

participants holding the dynamometer in front of their chest with both hands 
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parallel to the ground and then either pulling (extension) or pushing (flexion) with 

maximum effort. Leg strength was measured as participants stood on a leg-back 

dynamometer with flat feet, a straight back and with their body flat against a wall 

behind them. Participants held a bar with an overhand grip, whilst they flexed 

their knees until reaching an angle of 115 at which point a chain was attached 

from the dynamometer to the bar. Participants then pulled the bar as far upwards 

as possible by sliding their body up the wall. The maximum of two attempts at 

each strength measure was used in analyses. A combined muscular strength score 

was obtained via principal component analysis and estimating the first principal 

component of each of the five muscular strength measures107. Muscular power 

was measured as the best resulting distance in centimetres from two attempts at a 

standing long jump, with each jump requiring a two-footed take-off. Muscular 

endurance was estimated by the number of correctly completed inclined push-ups 

in 30 seconds. Participants started by placing their hands shoulder width apart on 

the front edge of a chair, arms fully extended at a 90 angle to the body and with 

their legs straight. A correct push up was defined when participants’ bodies were 

lowered until their chests touched the chair and then raised until their arms were 

fully extended. Additional methodology detail is reported elsewhere6, 94. To create 

measures of muscular fitness not attributable to body mass, body mass was 

regressed on each phenotype and the residuals were used107. All muscular fitness 

phenotypes were standardised for age and sex (see Appendix D2 for summary 

statistics). Previous systematic reviews have highlighted the reliability of these 

muscular fitness measures49, 50. In childhood, non-significant test-retest 

differences have been shown for grip strength (males: 0.32.5 kg; females: 

0.01.8 kg) and standing long jump distance (males: -0.312.9 cm; females: 
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0.39.0 cm)56, and high intraclass reliability estimates (R) have been presented 

for one version of the push up test (R=0.98 (0.97, 0.99))143. 

 

4.3.3 CHILDHOOD CARDIORESPIRATORY FITNESS 

Childhood CRF was estimated by the duration of a 1.6km run performed over a 

level, marked course. Verbal support was provided to encourage maximum effort. 

The reliability of the 1.6km run test has been reported previously (males: 

intraclass correlation coefficient (ICC)=0.80 (0.70, 0.86); females: ICC=0.87 

(0.78, 0.92))144. The duration of the 1.6km run strongly correlates with VO2 max 

(–0.85 to –0.73)145. To assist with interpretation, 1.6km run duration was used to 

estimate VO2 max using the equation by Cureton et al128. Estimated VO2 max was 

standardised for age and sex (summary statistics shown in Appendix D2). 

 

4.3.4 CHILDHOOD ANTHROPOMETRY 

In childhood, a constant-tension tape was used to measure waist circumference at 

the level of the umbilicus, to the nearest 0.1cm. Using regularly calibrated scales, 

body mass was measured to the nearest 0.5kg, whilst a Kawe height tape was 

used to measure height to the nearest 0.1cm. BMI was calculated as weight 

(kilograms) divided by height (meters squared).  

 

4.3.5 ADULT CLINICAL MEASURES 

In adulthood, fasting status was enquired from participants. Fasting glucose and 

insulin levels were measured using blood samples collected from those who 

observed a 12 hour fast. An Olympus AU5400 automated analyser (Olympus 
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Optical, Tokyo, Japan) was used to enzymatically measure fasting glucose, whilst 

a microparticle enzyme immunoassay kit (AxSYM; Abbot Laboratories, Abbot 

Park, IL) or an electrochemiluminescence immunoassay (Elecsys Modular 

Analytics E170; Roche Diagnostics, Mannheim, Switzerland) with interassay 

standardisation was used to measure fasting insulin142.  

 

4.3.6 ADULT MEASURES OF GLUCOSE HOMEOSTASIS 

Adult glucose homeostasis measures included insulin resistance (HOMA2-IR) 

and beta cell function (HOMA2-)146, 147. These measures were calculated by a 

homeostasis model assessment – 2 (HOMA2) calculator (version 2.2.3 available 

from http://www.dtu.ox.ac.uk/homacalculator) using fasting glucose and fasting 

insulin148. Participants with fasting glucose levels outside the range 3.5–25 

mmol/L (n=0) and fasting insulin levels outside the range 2.88–57.60 mU/L (20–

400 pmol/L) (n=167) were excluded from HOMA2 calculations as these values 

were outside the range of clinically realistic fasting values accepted by the 

calculator148.  

 

4.3.7 STATISTICAL ANALYSES 

All statistical analyses were performed using Stata (Version 15.0, StataCorp, 

College Station, Texas).  
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4.3.7.1 Demographics 

Participant baseline and follow-up characteristics are stratified by sex and 

summarised as mean and SD for normally distributed data or median and 

interquartile range for skewed data. 

 

4.3.7.2 Childhood physical fitness and adult measures of glucose 

homeostasis 

Linear regression was used to estimate associations between childhood physical 

fitness phenotypes and adult glucose homeostasis measures. Where necessary, 

outcome variables were transformed (e.g. by taking logarithms) prior to analysis 

to remove skewness and results were then “back-transformed” into their original 

units for presentation in the tables. Inverse probability weighting was used to 

account for missing data at follow-up, with multiple imputation of incomplete 

baseline data, following the approach of Seaman et al149. Three multivariable 

models with successive adjustment were considered for each association. Model 

one adjusted for childhood age, sex and length of follow-up; model two adjusted 

for model one covariates and additionally for another childhood physical fitness 

phenotype (associations with muscular strength, power and endurance were 

adjusted for CRF, and associations with CRF were adjusted for muscular strength, 

as strength was the muscular fitness phenotype most strongly associated with 

these adult outcomes); model three adjusted for model two covariates and 

additionally for childhood waist circumference. A statistically significant sex 

interaction was present for muscular strength, therefore muscular strength 
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analyses are sex stratified. There were no significant differences in association by 

age. 
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4.4 RESULTS 

4.4.1 DEMOGRAPHICS 

Length of follow-up between childhood and adulthood ranged from 18.7 to 21.7 

years, with a mean (SD) length of follow-up of 19.9 (0.6) years. Participant 

characteristics are presented in Table 4.1. Compared to females, males had greater 

childhood muscular fitness and CRF, and had greater adult fasting glucose and 

fasting insulin levels. Females had greater beta cell function (HOMA2-) values 

than males.
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Table 4.1. Characteristics of participants at baseline and follow-up. 

   Sex 

   Male  Female 

Characteristic n  Statistic*  Statistic* 

Childhood      

 Age, years 2363  11.2 (2.5)  11.0 (2.6) 

 Right grip strength, kg 810  26.1 (10.7)  21.0 (6.7) 

 Left grip strength, kg 809  25.6 (10.6)  20.2 (6.3) 

 Shoulder flexion, kg 798  21.6 (14.2)  18.3 (8.9) 

 Shoulder extension, kg 799  18.0 (9.5)  13.8 (6.1) 

 Leg strength, kg 804  119.2 (59.4)  84.0 (34.5) 

 Combined muscular strength score 793  0.17 (1.59)  0.09 (1.65) 

 Standing long jump, cm 2361  154.0 (31.4)  137.7 (25.3) 

 Push-ups 2356  13.7 (6.1)  7.8 (5.8) 

 1.6km run, mins 2202  8.2 (1.5)  9.9 (1.8) 

 Estimated VO2 max, ml/kg/min 2201  50.7 (4.1)  44.9 (3.8) 

 Height, cm 2362  148.7 (16.2)  145.6 (14.3) 

 Weight, kg 2363  41.2 (13.6)  39.5 (12.2) 

 BMI, kg/m2 2362  18.1 (2.7)  18.2 (2.8) 
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   Sex 

   Male  Female 

Characteristic n  Statistic*  Statistic* 

 Waist circumference, cm 2363  64.7 (8.3)  62.1 (7.9) 

Adulthood      

 Fasting plasma glucose, mmol/L 2360  5.17 (0.48)  4.83 (0.40) 

 Fasting plasma insulin, mU/L 2179  6.08 (4.21, 9.04)  5.80 (4.29, 8.10) 

 HOMA2-IR 2176  0.85 (0.61, 1.23)  0.77 (0.59, 1.08) 

 HOMA2-, % 2176  87.19 (33.59)  93.80 (31.95) 

* Statistics are mean (standard deviation) for normally distributed data or median (interquartile range) for skewed data.  

Abbreviations: BMI, body mass index; HOMA2-, Homeostatic Model Assessment of beta cell function – 2; HOMA2-IR, 

Homeostatic Model Assessment of insulin resistance – 1; VO2 max, maximal oxygen consumption. 
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4.4.2 CHILDHOOD PHYSICAL FITNESS AND ADULT 

MEASURES OF GLUCOSE HOMEOSTASIS 

The longitudinal associations between childhood physical fitness phenotypes and 

adult glucose homeostasis measures are shown in Table 4.2 and Table 4.3. 

Independent of age, sex and length of follow-up, the childhood physical fitness 

phenotypes most strongly associated with fasting insulin, insulin resistance 

(HOMA2-IR) and beta cell function (HOMA2-) were CRF and muscular 

strength (males). Adjusting the CRF associations for muscular strength reduced 

the statistically significant regression coefficients by 0-34 %, whereas adjusting 

the statistically significant muscular strength associations for CRF produced 

changes of 29–33 % (males) and 24–44 % (females) (Model 2). Similarly, 

adjusting the muscular power and muscular endurance associations for CRF 

reduced the absolute size of the statistically significant regression coefficients by 

18–65 % (Model 2). Additional adjustment for childhood waist circumference 

reduced the absolute value of the associations for muscular strength by 0–15 % 

(males) and 39–50 % (females), muscular power by 26–73 %, muscular 

endurance by 0–100 % and CRF by 17–35 % (Model 3).
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Table 4.2. Multivariable association between childhood muscular strength and muscular power and measures of glucose homeostasis in 

adulthood. 

  Model 1*  Model 2†  Model 3‡ 

 n§  (95% CI) p-

value 

  (95% CI) p-value   (95% CI) p-value 

Muscular strength             

Males             

 Fasting glucose, mmol/L 362 –0.03 (–0.05, 0.00) 0.05  –0.02 (–0.05, 0.01) 0.14  –0.02 (–0.05, 0.01) 0.20 

 Fasting insulin, mU/L 359 –0.60 (–0.83, –0.38) <0.001  –0.40 (–0.64, –0.15) 0.002  –0.34 (–0.61, –0.07) 0.02 

 HOMA2-IR 331 –0.07 (–0.09, –0.05) <0.001  –0.05 (–0.07, –0.03) <0.001  –0.05 (–0.07, –0.02) 0.001 

 HOMA2-, % 331 –3.86 (–5.32, –2.41) <0.001  –2.62 (–4.31, –0.93) 0.002  –2.34 (–4.10, –0.58) 0.009 

Females          

 Fasting glucose, mmol/L 378 –0.02 (–0.04, 0.01) 0.15  0.00 (–0.02, 0.03) 0.83  0.01 (–0.02, 0.04) 0.35 

 Fasting insulin, mU/L 375 –0.39 (–0.63, –0.16) 0.01  –0.22 (–0.49, 0.05) 0.11  –0.13 (–0.42, 0.16) 0.39 

 HOMA2-IR 344 –0.03 (–0.05, –0.01) 0.01  –0.02 (–0.04, 0.01) 0.31  –0.01 (–0.04, 0.02) 0.72 

 HOMA2-, % 344 –1.92 (–3.67, –0.17) 0.03  –1.45 (–3.57, 0.68) 0.18  –0.89 (–3.06, 1.28) 0.42 

Muscular power             

Males and females combined           
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  Model 1*  Model 2†  Model 3‡ 

 n§  (95% CI) p-

value 

  (95% CI) p-value   (95% CI) p-value 

 Fasting glucose, mmol/L 2197 0.00 (–0.02, 0.02) 0.85  0.02 (0.00, 0.04) 0.05  0.03 (0.00, 0.05) 0.02 

 Fasting insulin, mU/L 2183 –0.43 (–0.59, –0.27) <0.001  –0.15 (–0.34, 0.04) 0.11  –0.04 (–0.23, 0.15) 0.67 

 HOMA2-IR 2027 –0.05 (–0.07, –0.04) <0.001  –0.03 (–0.05, –0.01) 0.006  –0.02 (–0.04, 0.00) 0.09 

 HOMA2-, % 2027 –3.68 (–4.81, –2.55) <0.001  –2.50 (–3.81, –1.20) <0.001  –1.85 (–3.17, –0.54) 0.006 

* Model 1 is adjusted for childhood age, sex and length of follow up.  

† Model 2 is adjusted for model 1 covariates and additionally for childhood cardiorespiratory fitness.  

‡ Model 3 is adjusted for model 2 covariates and additionally for childhood waist circumference.  

§ Muscular strength was measured only in children aged 9, 12 or 15 years, therefore a lower n is observed for analyses where muscular 

strength is a primary exposure or covariate.  

Abbreviations: , beta coefficient; CI, confidence intervals; HOMA2-, Homeostatic Model Assessment of beta cell function – 2; 

HOMA2-IR, Homeostatic Model Assessment of insulin resistance – 1. 
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Table 4.3. Multivariable association between childhood muscular endurance and CRF and measures of glucose homeostasis in adulthood. 

  Model 1*  Model 2†  Model 3‡ 

 n§  (95% CI) p-value   (95% CI) p-value   (95% CI) p-value 

Muscular endurance             

Males and females combined           

 Fasting glucose, 

mmol/L 

2191 0.01 (–0.01, 0.02) 0.56  0.01 (–0.01, 0.03) 0.20  0.02 (–0.00, 0.04) 0.14 

 Fasting insulin, mU/L 2177 –0.39 (–0.54, –0.24) <0.001  –0.27 (–0.43, –0.11) 0.001  –0.19 (–0.35, –0.03) 0.02 

 HOMA2-IR 2022 –0.05 (–0.06, –0.03) <0.001  –0.03 (–0.05, –0.02) <0.001  –0.03 (–0.04, –0.01) 0.005 

 HOMA2-, % 2022 –3.33 (–4.43, –2.23) <0.001  –2.73 (–3.85, –1.61) <0.001  –2.24 (–3.37, –1.11) <0.001 

Cardiorespiratory fitness          

Males and females combined           

 Fasting glucose, 

mmol/L 

740 –0.06 (–0.10, –0.02) 0.002  –0.06 (–0.10, –0.01) 0.01  –0.05 (–0.09, 0.00) 0.07 

 Fasting insulin, mU/L 734 –0.93 (–1.16, –0.69) <0.001  –0.73 (–1.02, –0.44) <0.001  –0.57 (–0.93, –0.21) 0.002 

 HOMA2-IR 675 –0.09 (–0.12, –0.06) <0.001  –0.06 (–0.10, –0.03) <0.001  –0.04 (–0.08, –0.00) 0.05 

 HOMA2-, % 675 –4.64 (–6.43, –2.86) <0.001  –3.06 (–5.14, –0.97) 0.004  –1.98 (–4.44, 0.48) 0.12 

* Model 1 is adjusted for childhood age, sex and length of follow up.  
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† Model 2 is adjusted for model 1 covariates and additionally for childhood cardiorespiratory fitness or muscular strength.  

‡ Model 3 is adjusted for model 2 covariates and additionally for childhood waist circumference.  

§ Muscular strength was measured only in children aged 9, 12 or 15 years, therefore a lower n is observed for analyses where muscular 

strength is a primary exposure or covariate.  

Abbreviations: , beta coefficient; CI, confidence intervals; HOMA2-, Homeostatic Model Assessment of beta cell function – 2; HOMA2-

IR, Homeostatic Model Assessment of insulin resistance – 1.
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To identify which component of muscular strength in males was having the 

greatest effect on adult glucose homeostasis, associations were repeated using the 

five measures of muscular strength as individual exposures. Right grip strength 

was the childhood muscular strength measure most strongly associated with these 

adult outcomes (Appendix D3). 

 

4.4.3 SENSITIVITY ANALYSES 

In sensitivity analyses, we included childhood socioeconomic status, smoking 

status and diet quality, and adult waist circumference and physical fitness 

(methods presented in Appendix D4) as additional covariates to Model 3. 

Adjustment for these childhood factors reduced statistically significant effect 

estimates by 0–13 %. Additional adjustment for adult physical fitness levels 

attenuated effect estimates by 30–77 %, whereas including adult waist 

circumference in the model reduced statistically significant effect estimates by 0–

84 %. In all cases, longitudinal associations remained. 



Childhood cardiorespiratory fitness, muscular fitness and adult measures of glucose 
homeostasis 

 

120 
 

4.5 DISCUSSION 

In this study, childhood CRF and muscular fitness were associated with fasting 

insulin, insulin resistance and beta cell function in adulthood after a period of 20-

years. CRF and muscular strength in males were the physical fitness phenotypes 

most strongly associated with glucose homeostasis measures, independent of the 

alternative fitness type and childhood waist circumference. Childhood muscular 

endurance was similarly associated with these adult outcomes. Collectively, these 

results suggest childhood physical fitness is associated with adult glucose 

homeostasis.  

 

In our study, a marked and statistically significant sex difference was present for 

the association between childhood muscular strength and adult glucose 

homeostasis measures, whereby associations were stronger for males. This may 

be because there was greater variation between males than females in each of the 

individual strength measures, resulting in the combined muscular strength score 

better discriminating between fit males and unfit males than between fit females 

and unfit females. We do not expect this sex difference to be explained by males 

having a higher degree of tracking (persistence) in muscular strength levels from 

childhood to adulthood than females, as previously we observed no consistent 

difference in muscular strength tracking between sexes94. Although we observed 

no significant differences in the effects by age between each sex, variations in 

muscular strength levels indicating differences in muscle mass between males and 

females could potentially explain the sex difference. Further, the accuracy and 

reliability of the strength measures could have differed by sex and contributed to 

the observed sex difference. 
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Our results suggested associations between childhood physical fitness phenotypes 

and adult fasting insulin, insulin resistance, and beta cell function, were strong 

and significant, whereas associations with fasting glucose were lacking. The 

natural history of type 2 diabetes could explain these results. Progression toward 

type 2 diabetes begins with increased insulin secretion and insulin resistance, 

whilst fasting glucose concentration increases at a slower rate than insulin over 

time65. As glucose homeostasis measurement was conducted in young adulthood 

(age 26–36 years), participants could be in the early stage of disease progression. 

This might explain why associations were stronger with insulin-based outcomes, 

compared with isolated fasting glucose. If these same participants are followed up 

again as older adults, we hypothesise that childhood physical fitness will predict 

adult fasting glucose, and the prediabetic state of impaired fasting glucose.  

 

In our study, additional adjustment for childhood waist circumference reduced the 

effect estimate within each association. Waist circumference mediating the 

association between childhood physical fitness phenotypes and adult 

cardiometabolic outcomes could potentially explain these results; however, waist 

circumference could also be a confounder. Our results suggest childhood physical 

fitness could be having both a direct and indirect effect on adult glucose 

homeostasis. The indirect pathway could be explained by increased childhood 

physical fitness leading to decreased adiposity, with decreased adiposity having a 

beneficial effect on glucose homeostasis. Alternatively, these results could be 

partially explained by physical fitness tracking between child and adulthood, 

whereby fit children are likely to become fit adults94. Adjustment for adult fitness 
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attenuated our effect estimates, although longitudinal associations remained. The 

direct effect however could be explained by CRF improving insulin sensitivity 

through enhanced glucose uptake and disposal150 or by correcting a mismatch 

between fatty acid uptake and fatty acid oxidation in the skeletal muscle151. 

Further, higher levels of muscular strength are likely due to increased 

participation in muscle-strengthening exercises that have been shown to improve 

insulin sensitivity by stimulating key proteins in the insulin signalling pathway152, 

with this effect being previously reported among individuals with and without 

type 2 diabetes152. 

 

The results of our study are consistent with trends published elsewhere. In 

adulthood, increased levels of muscular fitness and CRF were associated with a 

decreased risk of type 2 diabetes25, 26. This association is consistent in longitudinal 

data spanning late adolescence to adulthood, whereby physical fitness at age 18 

years was associated with adult type 2 diabetes33. In relation to insulin resistance, 

cross-sectional data in childhood has shown muscular strength and CRF to be 

strong independent predictors of HOMA2-IR81, whilst previous longitudinal 

research using CDAH data has shown lower levels of CRF (PWC170) to associate 

with increased odds of adult HOMA1-IR142.  

 

Of greatest similarity to our findings, are longitudinal data presented by the 

European Youth Heart Study (n=317, age 15 years, length of follow-up=12 

years). In this study, childhood muscular strength and CRF were associated with 

fasting insulin, insulin resistance and beta cell function in adulthood7. Limitations 

acknowledged by the investigators included the use of homeostasis model 
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assessment – 1 (HOMA1)-based measures as outcomes and the absence of a 

dynamic strength measure exposure7. Our study addressed these gaps. We used 

HOMA2-based glucose homeostasis measures as outcomes which although do 

not provide information regarding the stimulated state, these measures have a 

strong physiological basis146, 147 and consider differences in hepatic and peripheral 

insulin resistance, the rise in the insulin secretion curve for plasma glucose 

concentrations above 10 mmol/L and the influence of circulating proinsulin147, 148. 

Further, our study includes strength, power and endurance as muscular fitness 

exposures, providing an example of static, explosive and dynamic aspects of 

muscular fitness153. By examining the association between childhood physical 

fitness, including an alternative phenotype of CRF, three phenotypes of muscular 

fitness and HOMA2-based measures of glucose homeostasis in adulthood, our 

results expand on previous findings. We found childhood CRF, muscular 

endurance and muscular strength (males) to be significantly associated with 

measures of insulin resistance and beta cell function in adulthood, independent of 

the alternative physical fitness phenotype and a measure of adiposity. Of these, 

the strongest associations were with right grip strength (males). For example, a 

3.57 kg (equivalent to one standard deviation) increase in right grip strength for a 

9-year-old male would be associated with a 0.52 mU/L (7.8%) decrease in adult 

fasting insulin and a 0.08 (8.5%) decrease in HOMA2-IR. Right grip strength 

could be increased by this amount through participation in a 10-week exercise 

program which incorporates aerobic and resistance training three times a week, as 

shown previously in a cohort of children with obesity (n=44, aged: 12–14 

years)154. 
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The results of our study highlight muscular fitness as having protective effects 

independent of CRF, suggesting both aspects of physical fitness are beneficial to 

future cardiometabolic health. Muscular fitness activities have recently been 

included within the World Health Organisation physical activity guidelines34. 

These guidelines now suggest muscular strengthening activities, in addition to 

aerobic exercise, should be performed at least three days a week in childhood34. 

Although our conclusions are based on physical fitness phenotypes used as proxy 

measures of physical fitness behaviours, our results support these new physical 

activity guidelines and emphasise the importance of promoting both forms of 

fitness in childhood. 

 

Potential limitations of our longitudinal study include differential loss to follow-

up; however, our statistical analyses included inverse probability weighting to 

account for missingness. The statistical procedure used is not as appropriate if 

missing data were missing not at random, however we have no reason to believe 

that this is the case. Further, we do not have childhood glucose homeostasis 

measures, therefore we could not determine the potential intermediary role of 

these baseline measures. An additional limitation includes pubertal status not 

being measured at baseline, therefore we could not examine the effect puberty 

had on our longitudinal associations. Lastly, type 2 diabetes (fasting glucose 

7.0mmol/L) was not included as a study outcome owing to low case numbers in 

this young adult cohort (n=6). However, impaired glucose homeostasis can lead 

to type 2 diabetes65, therefore our results could potentially contribute to strategies 

aimed to assist in type 2 diabetes prevention. Our study had numerous strengths, 

including a long follow-up of a large national sample with baseline ages younger 
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than past studies and examining a large range of physical fitness phenotypes. Past 

systematic reviews have determined the reliability of fitness tests and reported 

grip-strength, standing long jump, and the 1.6 km run as valid tests to measure 

muscular strength, muscular power and CRF49, 50. Although limited evidence 

exists on the validity of the push-up test to measure childhood muscular 

endurance, a previous study showed high test-retest reliability143. Furthermore, 

our HOMA2-based outcomes have a strong physiological basis146, 147 and 

correlate with gold standard hyperinsulinemic-euglycemic clamp (r=0.78) and 

hyperglycemic clamp (r=0.87–0.90) methods146.  

 

In conclusion, childhood CRF and muscular endurance for both sexes, and 

muscular strength for males, were associated with adult glucose homeostasis 

measures. These findings reinforce the importance of encouraging both CRF and 

muscular fitness in childhood and suggest strategies aimed at improving 

childhood physical fitness levels could help reduce adverse glucose homeostasis 

in later life.  
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4.6 POSTSCRIPT 

In Chapter 4, higher levels of childhood muscular fitness phenotypes were 

associated with lower fasting insulin, insulin resistance and beta cell function in 

adulthood, independent of childhood CRF and waist circumference. No 

association was present between childhood muscular fitness and adult fasting 

glucose levels. Although effects were present for muscular power and muscular 

endurance, muscular strength for males was the childhood muscular fitness 

phenotype most strongly associated with glucose homeostasis measures in 

adulthood. Chapter 4 concluded that childhood muscular fitness levels could be a 

potential target for strategies aimed at reducing the development of future 

impaired glucose homeostasis and type 2 diabetes. Implementing strategies aimed 

at increasing childhood muscular fitness levels could help reduce impaired 

glucose homeostasis in adulthood. Following results from Chapter 2, where a 

secular decline in childhood muscular fitness levels over the past 30-years was 

identified, results from Chapter 4 were based on muscular fitness data in 1985 

that preceded the secular decline. If the association between muscular fitness and 

glucose homeostasis measures observed in Chapter 4 remains stable, more 

contemporary children could be at risk of developing impaired glucose 

homeostasis in adulthood. 

 

It is unclear if the longitudinal associations between childhood muscular fitness 

and adult measures of glucose homeostasis persist despite changes in muscular 

fitness levels between childhood and adulthood. Whether maintaining a high level 

of muscular fitness between childhood and adulthood or increasing muscular 

fitness levels across the life course provides the greatest benefit to future 
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cardiometabolic health is unclear. Chapter 5 aims to address this question using 

muscular power data from ASHFS and CDAH-1. As muscular power data were 

available at only two time-points, muscular power levels were categorised as 

persistently low, persistently high, persistently moderate, increasing or decreasing 

between childhood and adulthood. Chapter 5 highlights the association between 

the persistence or change in muscular power between childhood and adulthood 

and adult measures of glucose homeostasis.  



The association between muscular power from childhood to adulthood and adult 
measures of glucose homeostasis 

 

128 
 

5 THE ASSOCIATION BETWEEN MUSCULAR 

POWER FROM CHILDHOOD TO ADULTHOOD 

AND ADULT MEASURES OF GLUCOSE 

HOMEOSTASIS 

5.1 PREFACE 

In Chapter 4, higher levels of childhood muscular fitness phenotypes were 

associated with less impairment in measures of glucose homeostasis in adulthood. 

Whether these longitudinal associations persist despite changes in muscular 

fitness into adulthood is unknown. It is unclear if having low levels of muscular 

fitness in childhood is detrimental to future cardiometabolic health despite 

increases in muscular fitness between childhood and adulthood, or if having 

persistently high muscular fitness across the life course is most important to 

reduce the risk of developing future type 2 diabetes. To introduce effective 

strategies aimed at reducing the development of type 2 diabetes, there is a need to 

understand how the persistence or change in muscular fitness between childhood 

and adulthood is associated with type 2 diabetes in adulthood. As muscular power 

was measured at only two time-points (ASHFS and CDAH-1) and the prevalence 

of type 2 diabetes was low in young-adulthood, the association between the 

persistence or change in muscular power between childhood and adulthood and 

adult measures of glucose homeostasis will be examined in Chapter 5. Findings 

from Chapter 5 will address Aim 2B of this thesis. The text in Chapter 5 has been 

accepted for publication in the Scandinavian Journal of Medicine & Science in 

Sports (Appendix A4).
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5.2 INTRODUCTION 

The long-term health benefits of childhood muscular fitness are becoming 

increasingly recognised30. Of interest, is whether childhood muscular fitness is 

associated with adult cardiovascular and metabolic disease, collectively referred 

to as cardiometabolic health outcomes. Childhood muscular fitness is inversely 

associated with metabolic syndrome risk6 and impaired glucose homeostasis in 

adulthood7, 99. In adults, muscular fitness is inversely associated with type 2 

diabetes25, 26. Better muscular fitness could reflect greater physical activity levels 

and lower adiposity, or increased participation in resistance training which could 

be stimulating key proteins in the insulin signalling pathway152. Jumping 

performance, one measure of muscular power assessed by a standing long jump, 

is a reliable and valid measure of overall muscular fitness as it demonstrates very 

good test-retest reliability and good construct validity51, 54-56. The standing long 

jump is commonly used to assess muscular fitness in field-based settings. 

Whether the association between childhood muscular power and cardiometabolic 

health outcomes persist despite changes in muscular power into adulthood is 

unknown. Understanding these associations could provide insight into whether 

strategies aimed at improving cardiometabolic health should target child or adult 

muscular power levels, or whether muscular power at both life stages is 

important. Using data from the CDAH Study, we aimed to examine the 

association between muscular power from childhood to adulthood and measures 

of glucose homeostasis in adulthood.
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5.3 METHODS 

5.3.1 PARTICIPANTS 

The ASHFS was conducted in 1985, where health, anthropometric and physical 

fitness data, including jumping performance, were collected on a nationally 

representative sample of 8,498 Australian school children. Children aged 9, 12, 

and 15 years received additional testing including a sub-maximal CRF test. A 

total of 2,615 children provided jumping performance, CRF and anthropometric 

data at baseline. From 2004–06, as part of the Childhood Determinants of Adult 

Health Study, participants had their health and fitness, including jumping 

performance, retested and a fasting blood sample taken. Non-pregnant 

participants with child and adult measures of jumping performance, CRF and 

waist circumference, and adult measures of glucose homeostasis were included in 

analyses (n=586). A flow chart of participation is represented in Appendix E1. 

The State Directors General of Education approved the ASHFS. Participant 

consent was obtained from a parent and assent obtained from the child. The 

Southern Tasmania Health and Medical Human Research Ethics Committee 

approved the follow-up study with participants providing written informed 

consent. 

 

5.3.2 MUSCULAR POWER 

A standing long jump test was used to measure muscular power in both childhood 

and adulthood. The standing long jump test required a two-footed take-off and 

landing. Before take-off, participants were encouraged to bend their knees and 

during the jump, encouraged to swing their aims to aid forward momentum. The 
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farthest distance (to the closest 0.1 cm) from two attempts was used in analyses. 

To remove the influence of differences in body mass on jumping performance, 

measures of muscular power not attributable to body mass were created by 

regressing standing long jump distance on body mass and using the residuals6, 107. 

Muscular power was then standardised for age and sex. Child and adult muscular 

power levels were categorised into thirds and “persistently low” (lowest third in 

both childhood and adulthood), “decreasing” (moved from highest or middle third 

in childhood to a lower third in adulthood), “persistently moderate” (remained in 

middle third in both childhood and adulthood), “increasing” (moved from bottom 

or middle third in childhood to a higher third in adulthood) and “persistently 

high” (remained in highest third in both childhood and adulthood) muscular 

power groups were created.  

 

5.3.3 CLINICAL MEASUREMENTS 

Waist circumference was measured to the nearest 0.1 cm using a constant tension 

tape at the level of the umbilicus in childhood and at the narrowest point between 

the lower costal border and iliac crest in adulthood. Childhood body mass was 

measured using regularly calibrated scales to the nearest 0.5 kg and adult body 

mass was measured using Heine scales (Heine, Dover, NH) to the nearest 0.1 kg. 

Height was measured to the closest 0.1 cm using a KaWe height tape (KaWe 

Kirchner & Wilhelm, Aspeg, Germany) in childhood and a Leicester height 

measure (Invicta, Leicester, UK) in adulthood. BMI was calculated as body mass 

(kg) divided by height (m) squared. Using age-specific regression estimates109, 

body density and fat percentage were calculated using the log of the sum of 

skinfolds (triceps, biceps, subscapular, and suprailiac) measured to the nearest 0.2 
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mm using Holtain calipers (Holtain, Crymych, UK) in childhood and to the 

nearest 0.5 mm using Slim Guide Calipers in adulthood. The Siri formula was 

used to calculate body fat from body density126 and fat-free mass was estimated as 

the difference between total body mass and fat mass. CRF was measured as 

PWC170. To perform this test, children used a Monark 818E bicycle ergometer 

(Monark Exercise AB, Vansbro, Sweden) and adults used a Monark 828E bicycle 

ergometer (Monark Exercise AB, Vansbro, Sweden). The sub-maximal PWC170 

test incorporated three successive 3-minute workloads (childhood) or three 

successive 4-minute workloads (adulthood) that increased resistance stepwise. In 

the final minute of each workload, heart rate and watts were recorded, and these 

data were plotted and extrapolated to provide PWC170. Given the absolute work 

load achieved in this test is a function of muscle mass, measures of PWC170 not 

attributable to fat-free mass were created by regressing PWC170 on fat-free mass 

and using the residuals107. Child and adult measures of waist circumference and 

PWC170 were age- and sex-standardised. 

 

5.3.4 ADULT MEASURES OF GLUCOSE HOMEOSTASIS 

In adulthood, participants provided a blood sample after fasting for 12 hours. 

Serum glucose concentrations were measured enzymatically155 and fasting insulin 

was measured using a microparticle enzyme immunoassay kit (AxSYM; Abbot 

Laboratories, Abbot Park, IL) or an electrochemiluminescence immunoassay 

(Elecsys Modular Analytics E170; Roche Diagnostics, Mannheim, Switzerland) 

with interassay standardisation142. The HOMA2 calculator (version 2.2.3 

available from http://www.dtu.ox.ac.uk/homacalculator) estimated insulin 

resistance (HOMA2-IR) and beta cell function (HOMA2-) using fasting glucose 
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and fasting insulin values146-148. Fasting glucose levels outside of 3.5–25 mmol/L 

and fasting insulin levels outside of 2.88–57.60 mU/L (20–400 pmol/L) were 

classified as being outside the range of realistic fasting values accepted by the 

calculator148. Eligible participants with levels outside these ranges were excluded 

from HOMA2 calculations (n=50).  

 

5.3.5 STATISTICAL ANALYSES 

All statistical analyses were performed using Stata (Version 15.0, StataCorp, 

College Station, Texas).  

 

5.3.5.1 Demographics 

Participant characteristics are sex-stratified and presented as mean (SD) for 

normally distributed data or mean (SD) following the appropriate transformation 

for skewed variables (fasting insulin and HOMA2-IR). Results were “back-

transformed” into their original units for presentation in the tables. 

 

5.3.5.2 Muscular power from childhood to adulthood and adult 

measures of glucose homeostasis 

Multivariable linear regression models examined the association between 

muscular power from childhood to adulthood and adult glucose homeostasis 

measures, independent of age, length of follow-up (Model 1) and childhood and 

adulthood CRF (Model 2) and waist circumference (Model 3) z-scores. A 

significant sex interaction was present, therefore analyses were sex-stratified. The 

persistently high muscular power group was used as the reference category. 
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Linear regression models followed an approach by Seamen at al.149, where 

inverse probability weighting, with multiple imputation of incomplete baseline 

data, was used to account for missing data at follow-up.
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5.4 RESULTS 

5.4.1 DEMOGRAPHICS 

Participant characteristics are sex-stratified and presented in Table 5.1. Length of 

follow-up ranged from 18.7 to 21.0 years, with a mean (SD) of 19.9 (0.6) years. 

In both childhood and adulthood, males had greater muscular power, body mass, 

waist circumference and CRF, compared with females. In adulthood, females had 

lower fasting glucose and insulin than males. 
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Table 5.1. Characteristics of participants. 

  Male  Female 

 n Mean (SD)  Mean (SD) 

Childhood     

 Age, y 586 11.9 (2.5)  11.9 (2.5) 

 Standing long jump, cm 586 161.2 (31.7)  143.6 (23.9) 

 Standing long jump not 

attributable to body mass, cm 

586 161.1 (31.4)  143.4 (23.9) 

 Age- and sex-standardised 

standing long jump not 

attributable to body mass 

586 0.12 (1.01)  0.11 (0.99) 

 Body mass, kg 586 44.2 (13.9)  42.1 (11.8) 

 Body mass index, kg/m2 586 18.4 (2.7)  18.5 (2.8) 

 Waist circumference, cm 586 66.0 (8.1)  62.9 (7.4) 

 PWC170, watts 586 109.6 (43.8)  79.0 (27.6) 

 PWC170 not attributable to 

fat-free mass, watts 

586 109.3 (40.0)  79.6 (26.5) 

Adulthood     

 Age, y 586 31.9 (2.5)  31.7 (2.6) 

 Standing long jump, cm 586 188.4 (25.0)  133.8 (27.5) 

 Standing long jump not 

attributable to body mass, cm 

586 188.6 (23.9)  134.5 (24.0) 

 Age- and sex-standardised 

standing long jump not 

attributable to body mass 

586 0.03 (0.98)  –0.06 (1.03) 

 Body mass, kg 586 85.8 (13.7)  68.9 (14.7) 

 Body mass index, kg/m2 586 26.4 (3.9)  24.9 (5.2) 

 Waist circumference, cm 586 89.7 (9.5)  78.0 (11.3) 

 PWC170, watts 586 198.0 (43.8)  132.3 (32.5) 

 PWC170 not attributable to 

fat-free mass, watts 

586 197.6 (38.7)  131.8 (30.5) 

 Fasting glucose, mmol/L 586 5.20 (0.42)  4.85 (0.40) 

 Fasting insulin, mU/L 585 6.25 (5.01)  5.87 (3.38) 
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  Male  Female 

 n Mean (SD)  Mean (SD) 

 HOMA2-IR 536 0.83 (0.51)  0.79 (0.34) 

 HOMA2-, % 536 84.58 (29.07)  93.03 (30.03) 

Abbreviations: HOMA2-, Homeostatic Model Assessment of beta cell 

function – 2; HOMA2-IR, Homeostatic Model Assessment of insulin resistance 

– 1; PWC170, physical work capacity at 170 beats per minute; SD, standard 

deviation. 
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5.4.2 MUSCULAR POWER FROM CHILDHOOD TO 

ADULTHOOD AND ADULT MEASURES OF GLUCOSE 

HOMEOSTASIS 

For both males (Table 5.2) and females (Table 5.3), muscular power from 

childhood to adulthood was not associated with fasting glucose. Males with 

increasing and persistently low muscular power had higher fasting insulin and 

HOMA2- independent of CRF and males with persistently low muscular power 

had greater fasting insulin and HOMA2-IR independent of waist circumference, 

compared with males with persistently high muscular power. Although not 

statistically significant, similar trends were present for males with persistently 

moderate and decreasing muscular power. For females, upon adjustment for CRF, 

effect estimates attenuated, and the direction of effect often reversed. 
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Table 5.2. Association between muscular power from childhood to adulthood and adult glucose homeostasis measures for males.  

Muscular power from childhood 

to adulthood 

 Model 1*  Model 2†  Model 3‡ 

n β SE p-value  β SE p-value  β SE p-value 

Fasting glucose, mmol/L             

 Persistently high 66 0 REF REF  0 REF REF  0 REF REF 

 Increasing 64 –0.03 0.07 0.71  –0.03 0.07 0.70  –0.05 0.07 0.49 

 Persistently moderate 31 0.07 0.09 0.38  0.07 0.08 0.38  0.06 0.08 0.51 

 Decreasing 86 0.01 0.07 0.94  0.01 0.07 0.85  –0.00 0.07 0.99 

 Persistently low 58 0.09 0.08 0.24  0.10 0.08 0.21  0.08 0.08 0.31 

Fasting insulin, mU/L             

 Persistently high 66 0 REF REF  0 REF REF  0 REF REF 

 Increasing 64 1.17 0.57 0.04  1.12 0.53 0.04  0.37 0.44 0.40 

 Persistently moderate 31 1.41 0.72 0.05  1.39 0.70 0.05  0.81 0.59 0.17 

 Decreasing 86 0.94 0.58 0.11  0.77 0.57 0.18  0.35 0.47 0.46 

 Persistently low 58 2.40 0.64 <0.001  2.12 0.61 0.001  1.22 0.53 0.02 

HOMA2-IR             

 Persistently high 57 0 REF REF  0 REF REF  0 REF REF 

 Increasing 60 0.11 0.06 0.08  0.11 0.06 0.08  0.04 0.05 0.41 

 Persistently moderate 30 0.10 0.08 0.22  0.10 0.08 0.20  0.05 0.07 0.49 
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Muscular power from childhood 

to adulthood 

 Model 1*  Model 2†  Model 3‡ 

n β SE p-value  β SE p-value  β SE p-value 

 Decreasing 79 0.08 0.06 0.22  0.07 0.06 0.26  0.04 0.05 0.47 

 Persistently low 55 0.23 0.07 0.002  0.21 0.07 0.003  0.14 0.06 0.02 

HOMA2-, %             

 Persistently high 57 0 REF REF  0 REF REF  0 REF REF 

 Increasing 60 8.70 4.10 0.03  8.50 3.99 0.03  4.75 2.96 0.11 

 Persistently moderate 30 5.80 5.11 0.26  6.18 4.98 0.22  2.90 4.29 0.50 

 Decreasing 79 6.39 3.74 0.09  5.82 3.72 0.12  3.58 3.05 0.24 

 Persistently low 55 12.34 4.70 0.009  11.27 4.55 0.01  6.67 3.68 0.07 

* Model 1 is adjusted for childhood age and length of follow-up. 

† Model 2 is adjusted for Model 1 covariates and childhood and adulthood cardiorespiratory fitness age and sex specific z-scores.  

‡ Model 3 is adjusted for Model 2 covariates and childhood and adulthood waist circumference age and sex specific z-scores.  

Abbreviations: β, beta coefficient; HOMA2-, Homeostatic Model Assessment of beta cell function – 2; HOMA2-IR, Homeostatic Model 

Assessment of insulin resistance – 1; SE, standard error. 

 

 



 

 
 

141 

T
he association betw

een m
uscular pow

er from
 childhood to adulthood and adult 

m
easures of glucose hom

eostasis 

Table 5.3. Association between muscular power from childhood to adulthood and adult glucose homeostasis measures for females. 

Muscular power from childhood to 

adulthood 

 Model 1*  Model 2†  Model 3‡ 

n β SE p-

value 

 β SE p-

value 

 β SE p-

value 

Fasting glucose, mmol/L             

 Persistently high 40 0 REF REF  0 REF REF  0 REF REF 

 Increasing 57 –0.02 0.09 0.83  0.00 0.09 0.98  –0.03 0.09 0.70 

 Persistently moderate 40 –0.09 0.08 0.31  –0.05 0.09 0.56  –0.06 0.09 0.46 

 Decreasing 98 –0.04 0.09 0.64  –0.01 0.09 0.91  –0.05 0.09 0.58 

 Persistently low 46 –0.10 0.10 0.29  –0.06 0.09 0.52  –0.11 0.09 0.24 

Fasting insulin, mU/L             

 Persistently high 39 0 REF REF  0 REF REF  0 REF REF 

 Increasing 57 0.79 0.85 0.35  0.53 0.80 0.51  –0.10 0.66 0.88 

 Persistently moderate 40 –0.55 0.57 0.35  –0.92 0.63 0.15  –1.19 0.68 0.08 

 Decreasing 98 1.12 0.59 0.06  0.41 0.65 0.53  –0.28 0.66 0.67 

 Persistently low 46 0.69 0.61 0.26  –0.28 0.67 0.68  –1.12 0.71 0.12 

HOMA2-IR             

 Persistently high 35 0 REF REF  0 REF REF  0 REF REF 

 Increasing 49 0.10 0.09 0.25  0.08 0.08 0.32  0.00 0.08 0.95 
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Muscular power from childhood to 

adulthood 

 Model 1*  Model 2†  Model 3‡ 

n β SE p-

value 

 β SE p-

value 

 β SE p-

value 

 Persistently moderate 34 –0.00 0.06 0.99  –0.03 0.07 0.69  –0.07 0.08 0.36 

 Decreasing 94 0.12 0.06 0.06  0.06 0.07 0.33  –0.01 0.07 0.92 

 Persistently low 43 0.06 0.07 0.40  –0.02 0.07 0.82  –0.10 0.08 0.19 

HOMA2-, %             

 Persistently high 35 0 REF REF  0 REF REF  0 REF REF 

 Increasing 49 8.48 5.83 0.15  6.44 5.59 0.25  1.88 5.05 0.71 

 Persistently moderate 34 4.12 5.11 0.42  0.39 5.08 0.94  –1.75 5.56 0.75 

 Decreasing 94 12.05 4.52 0.008  6.16 4.53 0.17  2.19 4.69 0.64 

 Persistently low 43 8.32 5.48 0.13  0.57 5.34 0.92  –3.92 5.65 0.49 

* Model 1 is adjusted for childhood age and length of follow-up.  

† Model 2 is adjusted for Model 1 covariates and childhood and adulthood cardiorespiratory fitness age and sex specific z-scores.  

‡ Model 3 is adjusted for Model 2 covariates and childhood and adulthood waist circumference age and sex specific z-scores.  

Abbreviations: β, beta coefficient; HOMA2-, Homeostatic Model Assessment of beta cell function – 2; HOMA2-IR, Homeostatic Model 

Assessment of insulin resistance – 1; SE, standard error. 
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5.5 DISCUSSION 

Our findings suggest that males able to maintain high muscular power from 

childhood to adulthood could have a healthier adult glucose homeostasis profile. 

Although the difference in effect by sex was not expected, our findings for males 

were in line with existent literature where the association between low muscular 

fitness and less favourable glucose homeostasis profiles spans childhood to 

adulthood7, 99, and adults with low muscular fitness have an increased risk of type 

2 diabetes25, 26. These associations could reflect higher muscular power resulting 

from increased participation in resistance training improving insulin sensitivity by 

stimulating key proteins in the insulin signalling pathway152. Our observation that 

males who increased or decreased their muscular power across the life course had 

a more adverse glucose homeostasis profile compared with those who maintained 

high levels also highlight the importance, at least for males, of having high 

muscular power in childhood and maintaining these high levels into adulthood.  

 

In this study, male sex and deficits of muscular power emerging in childhood 

were associated with elevated insulin and other indicators of impaired glucose 

homeostasis among young adults. The association between male sex and future 

impaired glucose homeostasis is supported by findings from a previous review in 

which it was highlighted that for a given BMI, males have greater insulin 

resistance and lower insulin sensitivity compared with females156. Sex-differences 

in insulin sensitivity, explained by males having greater visceral and hepatic 

adipose tissue in combination with not having the protective effect offered by 

heightened estrogen levels156, could explain our observed sex-differences between 

muscular power tracking groups and measures of glucose homeostasis. Our 
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results suggest that male sex and persistent deficits in muscular power are on the 

same causal pathway. That is, differences in measures of glucose homeostasis 

between muscular power tracking groups were greater for males compared with 

females, where those with the most unfavourable glucose homeostasis profile in 

early adult years were males with persistently low muscular power. Furthermore, 

the observed sex difference could be a result of our handling of relative changes 

in muscular power. It is possible that the relatively high muscular power group for 

adult females was not high enough in an absolute sense to improve glucose 

homeostasis. 

 

Contemporary Australian children have lower levels of muscular power compared 

with their counterparts from 30-years ago121, 123. A potential consequence of the 

secular decline in childhood muscular power levels is that a lower proportion of 

today’s children will have “high” muscular power and therefore, are less likely to 

be part of the favourable persistently high muscular power group. This could 

mean more of today’s children are at risk of developing an adverse glucose 

homeostasis profile in the future. There is a need to promote the importance of 

childhood muscular fitness and its associated health benefits. Our findings 

reinforce recent updates to physical activity guidelines which now emphasise the 

importance of performing both aerobic and muscle-strengthening activities in 

childhood, as well as in adulthood34. 

 

We observed stronger associations with outcomes that included insulin rather than 

glucose. This could be explained by the natural history of type 2 diabetes65. 

Increases in insulin resistance and insulin secretion occur during the early stages 
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of disease progression, with fasting glucose levels becoming elevated and type 2 

diabetes developing after beta cells fail and insulin deficiency occurs65. Fasting 

blood samples were collected when participants were young adults (aged 26–36 

years) and potentially in the early stages of type 2 diabetes progression when 

compensatory mechanisms were keeping fasting glucose levels relatively normal. 

We expect the association between muscular power tracking groups and glucose-

based outcomes to become stronger if these analyses were repeated using data 

from future follow-ups, where participants are older, and the disease has 

progressed.  

 

In the CDAH Study, we previously found that a decline in CRF between 

childhood and adulthood was more strongly associated with obesity and insulin 

resistance in adulthood than low levels of childhood CRF142. Furthermore, those 

with persistently high CRF and increasing CRF were less likely to have insulin 

resistance in adulthood than the persistently low and decreasing CRF groups. We 

concluded that high adult, but not child, CRF was the more important factor 

associated with low risk of insulin resistance in adulthood142. Our findings for 

muscular power in males oppose those for CRF, suggesting that both child and 

adult levels of muscular power are important.  

 

This study had limitations. Our muscular power tracking groups were created 

based on a single measurement of muscular power in childhood and adulthood 

and are cohort specific. Further, these muscular power tracking groups were 

created based on relative changes in muscular power. This approach meant a 

group of participants were classified as having “low muscular power” at both 
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time-points. The ideal approach would have been to use thresholds of muscular 

power known to reduce health risks, but Australian based criterion-referenced 

health-related fitness thresholds known to associate with adverse health outcomes 

in adulthood have not been defined. Future research is required to identify 

muscular fitness (strength, power, endurance) thresholds associated with adverse 

health outcomes in later life. Another potential limitation is bias due to 

differential loss to follow-up. However, we reduced the likelihood of bias by 

using a statistical approach that takes account of missingness and restores 

representativeness by rebalancing the study sample to reflect the baseline 

population149. Lastly, glucose homeostasis measures were not available at 

baseline, therefore we could not determine the potential intermediary role these 

factors played in the observed associations. Study strengths include the long 

follow-up (~20-years) of a national sample and the use of a standardised measure 

of muscular power, the standing long jump, at both time-points that has 

demonstrated good construct validity51, 54 and very good test-retest reliability55, 56. 

 

Our findings reinforce recent updates to physical activity guidelines by 

highlighting the importance of children and adults performing both aerobic and 

muscle-strengthening activities34 and suggest activities aimed at specifically 

improving muscular power could benefit future health. As the health benefits of 

muscular fitness are becoming increasingly recognised for both sexes and extend 

beyond improved cardiometabolic health, both males and females are encouraged 

to engage in activities aimed at making their muscles stronger and more powerful. 

Findings from this study further highlight the importance of muscular power in 

both childhood and adulthood, particularly for males. As persistently high 
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muscular power was associated with the most favourable glucose homeostasis 

profile in adulthood, implementing strategies aimed at increasing muscular power 

in childhood and maintaining these behaviours into adulthood could benefit future 

glucose homeostasis. 

 

Our findings highlight the importance of both child and adult muscular power 

levels for future glucose homeostasis, indicators of risk for type 2 diabetes 

mellitus. Given contemporary children have lower muscular power compared 

with the children in this study121, 123, our findings suggest a lower proportion of 

today’s children will have “high” muscular power and a greater proportion could 

potentially be at risk of developing an adverse glucose homeostasis profile in later 

life. These findings suggest implementing strategies aimed at increasing muscular 

power in childhood and maintaining these behaviours into adulthood could 

provide most benefit. The findings reinforce recent updates to physical activity 

guidelines by highlighting the importance of children and adults performing 

activities aimed at improving the strength and power of their muscles in addition 

to aerobic exercise34. 
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5.6 POSTSCRIPT  

Results from Chapter 5 suggested that, for males, having persistently high 

muscular power between childhood and adulthood was associated with the most 

favourable glucose homeostasis profile in adulthood. Encouraging children to 

have high levels of muscular power and maintaining those behaviours into 

adulthood might reduce impaired glucose homeostasis in adulthood. Given 

contemporary children have lower muscular power compared with the children 

included within this study, as highlighted in Chapter 2, a lower proportion of 

today’s children are expected to have “high” muscular power and a greater 

proportion could be a risk of developing an adverse glucose homeostasis profile 

in later life. 

 

As persistently high muscular power between childhood and adulthood was 

identified as the muscular power group associated with the most favourable 

glucose homeostasis profile in adulthood, the factors associated with maintaining 

persistently high muscular power across the life course are of interest. The 

association between a range of modifiable and environmental factors and the 

persistence or change in muscular power between childhood and adulthood will 

be addressed in Chapter 6.
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6 FACTORS ASSOCIATED WITH PERSISTENTLY 

HIGH MUSCULAR POWER FROM CHILDHOOD 

TO ADULTHOOD 

6.1 PREFACE 

In Chapter 5, males with persistently high muscular power between childhood and 

adulthood had the most favourable glucose homeostasis profile in adulthood. 

Identifying factors associated with the persistence or change in muscular power 

across the life course could help inform strategies aimed at promoting persistently 

high muscular power and prevent impaired glucose homeostasis and type 2 

diabetes in later life. To address Aim 2B of this thesis, Chapter 6 examines the 

modifiable and environmental factors associated with the persistence or change in 

muscular power between childhood and adulthood. The text in Chapter 6 has been 

accepted for publication in Medicine & Science in Sports & Exercise.   
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6.2 INTRODUCTION 

The importance of muscular fitness in children and adults is increasingly 

highlighted in physical activity guidelines due to the associated independent 

health benefits34, 36. Low muscular fitness associates with an increased risk of 

adverse cardiometabolic health outcomes and all-cause and cardiovascular 

mortality in adults2, 3, 15, 122. Low muscular fitness in childhood is shown to 

associate with higher levels of type 2 diabetes and cardiovascular disease risk 

factors, and an increased risk of metabolic syndrome and all-cause mortality in 

adulthood6, 8, 9, 99. Given these health benefits, the maintenance of high muscular 

fitness levels from childhood to adulthood is important.  

 

Jumping performance is a reliable measure of muscular power. Of interest is how 

it changes between childhood and adulthood. We have shown children with low 

muscular power to be four times more likely to maintain their low muscular 

power status into adulthood, compared with having high child muscular power94. 

We found 53 % of those with low jumping performance relative to their peers in 

childhood maintained this to adulthood, whereas only 14 % were able to develop 

a high level by adulthood94. Although correlates of muscular fitness have been 

identified7, 51, 61-63, there is limited evidence of longitudinal predictors of 

persistence or change in muscular power from childhood to adulthood. 

Longitudinal data can potentially provide important insights157. Given modifiable 

and sociodemographic factors are associated with childhood muscular fitness, 

these factors could influence muscular power across the life course. Identifying 

factors associated with persistence or change in muscular power could help 
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inform intervention strategies aimed at promoting persistently high muscular 

power into adulthood.  

 

No previous study has examined the association between a wide range of factors 

and the persistence or change in muscular power between childhood and 

adulthood. Using data from the CDAH Study that collected data in childhood and 

again 20-years later, we aimed to identify modifiable and environmental factors 

associated with persistence or change in muscular power. 
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6.3 METHODS 

6.3.1 PARTICIPANTS 

In 1985, health and fitness data on a nationally representative sample of 8,498 

Australian schoolchildren (aged 7–15 years) was collected as part of the ASHFS, 

with a subset of children aged 9, 12 and 15 years completing additional testing 

(e.g. skinfolds, CRF). Participants were followed-up in adulthood (2004–06), 

when their health and fitness was remeasured. Included in this study were 1,938 

participants who had their standing long jump measured at both time-points and 

who were not pregnant at follow-up (flow chart of participation presented in 

Appendix F1). In 1985, the State Directors General of Education approved the 

baseline study and the Southern Tasmania Health and Medical Human Research 

Ethics Committee approved the follow-up study. Participant consent was obtained 

from a parent and the child at baseline and participants provided written informed 

consent at follow-up. 

 

6.3.2 MUSCULAR POWER 

Muscular power was measured from a standing long jump test. The standing long 

jump is commonly used in field settings and has previously demonstrated strong 

test-retest reliability (r=0.83 to 0.99)57 and negligible test-retest differences55, 56. 

Further, the standing long jump has previously displayed moderate to strong 

construct validity with different measures of lower and upper body muscular 

power and strength including the countermovement, squat and vertical jumps, 

basketball throw, isometric strength and one repetition maximum leg and chest 

press51, 54. In both childhood and adulthood, a two-footed take-off and landing 

was required, and participants were encouraged to swing their arms to aid forward 
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momentum. The farthest distance (cm) of two attempts was used in the analyses. 

Measures of jumping performance not attributable to body mass were created by 

regressing standing long jump distance on body mass and using the residuals 

added to the grand mean6, 107.  

 

6.3.3 ANTHROPOMETRIC MEASURES 

Body mass was measured using regularly calibrated scales to the nearest 0.5 kg in 

childhood and using Heine scales (Heine, Dover, NH) to the nearest 0.1 kg in 

adulthood. Height was measured to the closest 0.1 cm using a KaWe height tape 

(KaWe Kirchner & Wilhelm, Aspeg, Germany) in childhood and a Leicester 

height measure (Invicta, Leicester, UK) in adulthood. BMI was calculated as 

body mass (kg) divided by height (m) squared. Using a constant tension tape, 

waist circumference was measured to the nearest 0.1 cm at the level of the 

umbilicus in childhood and at the narrowest point between the lower costal border 

and the iliac crest in adulthood. Holtain calipers (Holtain, Crymych, UK) were 

used to measure triceps, biceps, subscapular, and suprailiac skinfolds to the 

nearest 0.2 mm in childhood (aged 9, 12 and 15 years) and to the nearest 0.5 mm 

using Slim Guide Calipers in adulthood. Using age-specific regression 

estimates109, body density and fat percentage were calculated using the log of the 

sum of four skinfolds. Body fat was calculated from body density, using the Siri 

formula126 and fat-free mass was estimated as the difference between total body 

mass and fat mass.  
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6.3.4 CARDIORESPIRATORY FITNESS 

CRF was measured as PWC170 for children aged 9, 12 and 15 years at baseline 

and for all eligible participants at follow-up. A Monark 818E bicycle ergometer 

(Monark Exercise AB, Vansbro, Sweden) was used in childhood and a Monark 

828E bicycle ergometer (Monark Exercise AB, Vansbro, Sweden) was used in 

adulthood. This sub-maximal test included three successive 3-minute workloads 

(childhood) or three successive 4-minute workloads (adulthood) that 

incrementally increased resistance. Heart rate and workloads were recorded in the 

final minute of each workload and the regression lines were extrapolated to 

estimate PWC170. Because muscle mass could influence the absolute work load 

achieved in these tests127, we created measures of PWC170 not attributable to fat-

free mass by regressing PWC170 on fat-free mass and using the residuals added to 

the grand mean107.  

 

6.3.5 PHYSICAL ACTIVITY 

For children aged 9–15 years, a questionnaire relating to sport and exercise 

participation was administered. Based on questionnaire responses, childhood 

physical activity levels were categorised133, 158 and ‘total physical activity’ (the 

sum of all individual physical activity domains) levels were estimated133. Adult 

physical activity levels were calculated using responses from the long version of 

the International Physical Activity Questionnaire159. Total weekly leisure time 

physical activity (mins/week) was used as the measure of physical activity in 

adulthood, as it most closely aligned with the childhood measure160.  
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6.3.6 DIETARY INTAKE 

Children aged 10 years and over completed a 24-hour food diary. In groups of 

four or five, trained data collectors showed students how to measure and record 

their intake. Nutrient intake was calculated using a database that was compiled for 

the study. Using gram weight or kilojoule content, total daily intake of protein in 

grams and total daily servings of core food groups (fruit, vegetables, breads and 

cereals, dairy and alternatives, meat and alternatives) and discretionary foods 

(those that are high in saturated fat, sugar, salt or alcohol and not essential for a 

healthy diet. E.g. ice-cream, chocolate, soft drink) were calculated. In adulthood, 

responses from a 127-item food frequency questionnaire were used to calculate 

total daily servings of core food groups and discretionary foods. For these 

calculations, it was assumed that each eating occasion was equivalent to a 

standard serving. Serving sizes were based on the 2013 Australian Dietary 

Guidelines135. For fruit and vegetable intake, adult servings were based on 

responses to two questions “How many serves of fruit/vegetables do you usually 

eat each day?”. Responses were grouped into “1 serving or less”, “2–3 servings” 

and “4 or more servings”. For consistency, childhood fruit and vegetable servings 

were categorised the same way. In both childhood and adulthood, total daily 

servings of protein were calculated by summing the daily servings of meat and 

alternatives (lean and non-lean) with the daily servings of dairy and alternatives. 

Daily protein servings were grouped as “2 servings or less”, “3–4 servings” and 

“5 or more servings”. In both childhood and adulthood, a DGI score was 

calculated, as a measure of diet quality, from the sum of nine individual dietary 

component scores134. With the exception of discretionary food intake which was 

scored from 0 to 20, each individual component was scored from 0 to 10. The 
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age- and sex-specific recommendations in the 2013 Australian Dietary 

Guidelines135 were used to calculate the DGI score. A healthier diet is reflected by 

a larger DGI score. 

 

6.3.7 SOCIOECONOMIC STATUS 

In adulthood, participants reported the highest level of education they had 

completed and also retrospectively recorded their parent’s education level when 

they were aged 12 years. The highest combined parental education level of the 

participant and the participant’s own education level were used to define 

education-based SES at baseline and follow-up as low (secondary or primary 

education), medium (trade/vocation), or high (tertiary/college education).  

 

6.3.8 PERSISTENCE OR CHANGE IN MUSCULAR POWER  

Muscular power levels were age- and sex-standardised and categorised into 

thirds. Participants were reported as having “persistently low” (lowest third in 

both childhood and adulthood), “decreasing” (moved from highest third in 

childhood to middle or lowest third in adulthood, or from middle third to lowest 

third), “persistently moderate” (middle third in both childhood and adulthood), 

“increasing” (moved from bottom third in childhood to middle or highest third in 

adulthood, or from the middle third to highest third) or “persistently high” 

(highest third in both childhood and adulthood) muscular power. See Appendix 

F2 for a visual representation.  
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6.3.9 STATISTICAL ANALYSES 

All statistical analyses were performed using Stata (Version 15.0, StataCorp, 

College Station, Texas).  

 

6.3.9.1 Sociodemographics  

Participant characteristics are stratified by sex and presented as mean (standard 

deviation) or median (interquartile range) for continuous variables, and 

percentages (number of participants) for categorical variables.  

 

6.3.9.2 Factors associated with persistence or change in muscular 

power from childhood to adulthood 

Continuous variables were converted to age- and sex-specific z-scores. Log 

multinomial regression models161 were used to estimate the relative risk (95% 

confidence intervals) of being in a muscular power group per one unit increase in 

the child and adult continuous variable z-score. The excluded muscular power 

group was the persistently moderate group. Initially, covariates for the 

measurements of exposure to a study factor in childhood and in adulthood were 

included in the same model. Their estimated coefficients allow assessment of 

whether the exposure in childhood or adulthood, or both, was associated with the 

risk of each other muscular power group: 

(1) childhood effect dominant: if the effect estimate for the exposure in childhood 

was much greater in absolute size than the effect estimate for adult exposure, 

only the covariate for childhood exposure was retained in the model;  
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(2) adult effect dominant: if the effect estimate for the exposure in adulthood was 

much greater in absolute size than the effect estimate for childhood exposure, 

only the covariate for adult exposure was retained in the model; 

(3) lifetime effect: if the effect estimates were similar in magnitude and of the 

same sign, the two covariates were replaced by a single covariate with values 

calculated as the numerical average of the standardised values of the 

measurements of childhood and adult exposure; 

(4) change over time: if the effect estimates were similar in magnitude and of 

opposite sign, the two covariates were replaced by a single covariate with 

values calculated as the difference (adult z-score – child z-score) between the 

standardised values of the measurements of childhood and adult exposure.  

 

Within all models, adjusting for length of follow-up did not change the estimates 

by more than 10 %. Therefore, length of follow-up was not included in analyses. 

Adapting an approach by Seaman et al149, inverse probability weighting with 

multiple imputation of incomplete baseline data was used to account for missing 

data at follow-up.  
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6.4 RESULTS 

6.4.1 SOCIODEMOGRAPHICS 

Participant characteristics are presented in Table 6.1. Mean (standard deviation) 

length of follow-up was 19.9 (0.6) years. Males could jump further, had greater 

estimated CRF, and were taller and heavier, than females.  
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Table 6.1. Characteristics of participants.  

 Childhood  Adulthood 

  Male Female   Male Female 

Characteristic n Mean (SD)* Mean (SD)*  n Mean (SD)* Mean (SD)* 

Standing long jump, cm 1938 153.5 (31.0) 137.2 (26.1)  1938 188.5 (24.8) 136.3 (25.8) 

Standing long jumpadj, cm† 1938 153.4 (30.9) 137.1 (26.1)  1938 188.5 (24.1) 136.3 (23.5) 

Body mass, kg 1938 40.9 (13.4) 38.9 (12.0)  1938 85.2 (14.6) 68.0 (14.2) 

Height, cm 1937 148.3 (16.1) 144.9 (14.5)  1938 179.7 (6.8) 165.8 (6.3) 

BMI, kg/m2 1937 18.1 (2.7) 18.0 (2.7)  1938 26.4 (4.2) 24.7 (4.8) 

Waist circumference, cm 1937 64.5 (8.0) 61.7 (7.8)  1938 89.1 (10.3) 77.4 (10.8) 

Sum of skinfolds, mm 651 30.4 (15.8) 40.6 (18.0)  1927 65.5 (27.0) 77.2 (31.0) 

Fat-free mass, kg 651 35.4 (10.2) 31.7 (7.3)  1927 64.0 (7.7) 44.5 (6.2) 

PWC170, watts 618 110.1 (44.3) 79.5 (28.2)  1921 198.0 (46.1) 130.4 (30.8) 

PWC170adj, watts‡ 615 109.2 (39.9) 80.2 (26.8)  1910 198.2 (40.8) 130.3 (28.7) 

Leisure time physical activity, 

mins/week: median (IQR) 

1507 340 (200, 620) 303 (180, 525)  1743 120 (0, 243)  120 (30, 238) 

Dietary Guidelines Index§ 1213 45.8 (11.9) 43.9 (11.6)  1775 51.9 (10.8) 58.5 (10.7) 

Fruit intake, servings per day 1213    1775   

 1 serving or less  59.6 % (380) 57.0 % (328)   58.9 % (527) 49.6 % (436) 
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 Childhood  Adulthood 

  Male Female   Male Female 

Characteristic n Mean (SD)* Mean (SD)*  n Mean (SD)* Mean (SD)* 

 2–3 servings  23.8 % (152) 28.7 % (165)   37.7 % (337) 45.8 % (403) 

 4 or more servings  16.6 % (106) 14.3 % (82)   3.5 % (31) 4.7 % (41) 

Vegetable intake, servings per day 1213    1775   

 1 serving or less  42.8 % (273) 51.1 % (294)   41.7 % (373) 27.4 % (241) 

 2–3 servings  32.5 % (207) 31.3 % (180)   50.8 % (455) 59.1 % (520) 

 4 or more servings  24.8 % (158) 17.6 % (101)   7.5 % (67) 13.5 % (119) 

Protein intake, servings per day 1213    1775   

 2 servings or less  34.6 % (221) 53.0 % (305)   2.9 % (26) 2.7 % (24) 

 3–4 servings  39.8 % (254) 33.4 % (192)   23.2 % (208) 21.9 % (193) 

 5 or more servings  25.6 % (163) 13.6 % (78)   73.9 % (661) 75.3 % (663) 

Education-based SES‖ 1824    1919   

 Low (school only)  42.6 % (392) 44.9 % (406)   24.5 % (242) 25.8 % (241) 

 Medium (trade/vocation)  30.7 % (282) 30.4 % (275)   36.5 % (359) 24.5 % (229) 

 High (tertiary/college)  26.7 % (246) 24.7 % (223)   39.0 % (384) 49.7 % (464) 

* Mean (standard deviation) or median (interquartile range) for continuous variables and % (n) for categorical variables.  
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† Measure of standing long jump not attributable to body mass created by regressing standing long jump distance on body mass and using the 

residuals added to the grand mean.  

‡ Measure of PWC170 not attributable to fat-free mass created by regressing PWC170 on fat-free mass and using the residuals added to the grand 

mean.  

§ The Dietary Guideline Index ranges from 0–100. A higher score indicates greater compliance with the Dietary Guidelines.  

‖ Education based-SES in childhood was determined retrospectively based on parental education levels and based on individual education level 

in adulthood.  

Abbreviations: BMI, body mass index; IQR, interquartile range; PWC170, physical work capacity at a heart rate of 170 beats per minute; SD, 

standard deviation; SES, socioeconomic status.
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6.4.2 FACTORS ASSOCIATED WITH PERSISTENCE OR 

CHANGE IN MUSCULAR POWER FROM CHILDHOOD 

TO ADULTHOOD 

Factors associated with the persistence or change in muscular power are presented 

in Table 6.2. Separate but co-adjusted effect estimates for exposure in childhood 

and exposure in adulthood are presented in Appendix F3. The percentage 

(numbers) of participants included in each regression model are presented in 

Appendix F4. Higher BMI or waist circumference in childhood and higher 

skinfolds in both childhood and adulthood were associated with persistently low 

muscular power. Higher CRF in adulthood and higher physical activity, DGI and 

SES in both childhood and adulthood were associated with a reduced probability 

of persistently low muscular power. The results for BMI and fat-free mass 

differed by sex. Childhood BMI levels for males (RR=1.26, 95% CI=1.16, 1.38), 

and adulthood BMI levels for females (RR=1.23, 95% CI=1.08, 1.41) were 

associated with persistently low muscular power. Also associated with 

persistently low muscular power was any increase in fat-free mass between 

childhood and adulthood for females (RR=2.12, 95% CI=1.54, 2.90). For males, 

higher fat-free mass in adulthood was associated with a reduced probability of 

persistently low muscular power (RR=0.88, 95% CI=0.67, 1.14), although the 

effect was not statistically significant. 

 

Factors associated with decreasing muscular power were any increase in waist 

circumference, skinfolds or fat-free mass between childhood and adulthood. 

Further, greater daily protein intake in adulthood was associated with decreasing 

muscular power.  
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Any increase in fat-free mass over time or greater daily fruit intake in adulthood 

was associated with increasing muscular power. The results for BMI, skinfolds 

and fat-free mass differed by sex. For females, higher BMI (RR=1.11, 95% 

CI=1.02, 1.21) and skinfolds in childhood (RR=1.30, 95% CI=1.08, 1.56) were 

associated with increasing muscular power. Effects were in the opposite direction 

for males (BMI: RR=0.85, 95% CI=0.77, 0.95; skinfolds: RR=0.81, 95% 

CI=0.58, 1.14). Any increase in fat-free mass between childhood and adulthood 

was more strongly associated with increasing muscular power for males 

(RR=1.72, 95% CI=1.48, 1.99) than for females. 

 

Higher BMI or waist circumference in adulthood, higher skinfolds in both 

childhood and adulthood, and any increase in fat-free mass between childhood 

and adulthood, were associated with a reduced probability of persistently high 

muscular power. Higher CRF or SES levels in adulthood and greater daily intake 

of protein in childhood were associated also with persistently high muscular 

power.  

 

When all statistically significant covariates were included in the same model, 

three factors – sum of skinfolds, fat-free mass and CRF – remained as important 

predictors of the muscular power groups (data not shown).
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Table 6.2. Factors associated with the persistence or change in muscular power from childhood to adulthood*. 

 Muscular power group† 

 Persistently low  Decreasing  Increasing  Persistently high 

Characteristic RR (95% CI)  RR (95% CI)  RR (95% CI)  RR (95% CI) 

BMI         

 Childhood 1.19 (1.11, 1.28) 

n=331 

      

 Adulthood       0.85 (0.78, 0.92) 

n=343 

Waist circumference        

 Childhood 1.23 (1.12, 1.34) 

n=330 

      

 Adulthood       0.80 (0.73, 0.88) 

n=343 

 Change over time   1.13 (1.04, 1.24) 

n=550 

    

Sum of skinfolds        

 Lifetime effect 1.65 (1.31, 2.07) 

n=113 

     0.53 (0.45, 0.63) 

n=119 
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 Muscular power group† 

 Persistently low  Decreasing  Increasing  Persistently high 

Characteristic RR (95% CI)  RR (95% CI)  RR (95% CI)  RR (95% CI) 

 Change over time   1.19 (1.09, 1.30) 

n=204 

    

Fat-free mass        

 Change over time   0.85 (0.76, 0.96) 

n=204 

 1.47 (1.27, 1.70) 

n=140 

 0.74 (0.64, 0.86) 

n=119 

Cardiorespiratory fitness        

 Adulthood 0.78 (0.70, 0.86) 

n=108 

      

 Lifetime effect       1.25 (1.10, 1.42) 

n=111 

Physical activity        

 Lifetime effect 0.75 (0.63, 0.88) 

n=238 

      

Dietary guideline index        

 Lifetime effect 0.77 (0.64, 0.91) 

n=200 

      



 

 
 

167 

F
actors associated w

ith persistently high m
uscular pow

er from
 childhood to adulthood 

 Muscular power group† 

 Persistently low  Decreasing  Increasing  Persistently high 

Characteristic RR (95% CI)  RR (95% CI)  RR (95% CI)  RR (95% CI) 

Fruit intake        

 Adulthood     1.12 (1.04, 1.24) 

n=266 

  

Protein intake        

 Childhood       1.23 (1.10, 1.39) 

n=212 

 Adulthood   0.89 (0.82, 0.97) 

n=290 

    

Education-based SES        

 Adulthood       1.25 (1.08, 1.43) 

n=327 

 Lifetime effect 0.69 (0.59, 0.81) 

n=304 

      

* Childhood and adulthood z-scores were included in analyses.  

† Persistently moderate is the excluded muscular power group.  

Abbreviations: BMI, body mass index; CI, confidence intervals; RR, relative risk; SES, socioeconomic status.
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6.5 DISCUSSION 

We found adiposity, CRF, physical activity, dietary quality and education-based 

SES in both childhood and adulthood, adiposity and protein intake in childhood, 

adiposity, CRF, fruit and protein intake and education-based SES in adulthood, 

and the change in adiposity and fat-free mass between childhood and adulthood, 

as factors associated with persistence or change in muscular power from 

childhood to adulthood. Given muscular fitness typically persists between 

childhood and adulthood92, 94 and long-term clinical trials are not appropriate in 

this setting, these observational findings reiterate the importance of obesity 

prevention and physical activity, CRF, dietary quality and education promotion 

strategies and highlight the additional benefits these strategies could provide for 

maintaining or improving muscular fitness levels. 

 

Childhood and adulthood adiposity levels and a relative increase in adiposity 

between childhood and adulthood were associated with the persistence or change 

in muscular power. Higher levels of adiposity in childhood were associated with 

an increased probability of persistently low muscular power, and higher adiposity 

levels in adulthood were associated with a reduced probability of persistently high 

muscular power. Higher levels of sum of skinfolds in both childhood and 

adulthood were associated with an increased probability of persistently low 

muscular power and a reduced probability of persistently high muscular power. 

Further, an increase in sum of skinfolds between childhood and adulthood was 

associated with an increased probability of decreasing muscular power. These 

findings are plausible given adiposity has previously been shown to associate 

with muscular fitness levels in both child and adult populations124, 162, with the 
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association between low adiposity and high muscular fitness potentially explained 

by adiposity levels reflecting the overall health of one’s lifestyle or lower 

adiposity being related to improved muscle quality163. Participants who increased 

their fat-free mass between childhood and adulthood were more likely to have 

increasing muscular power and less likely to have decreasing or persistently high 

muscular power. These results highlight the positive association between fat-free 

mass and muscular power. Those who increased their fat-free mass into adulthood 

were less likely to have persistently high muscular power because they were more 

likely to be increasing their muscular power. Muscle mass, a large component of 

fat-free mass, positively associates with muscular power and that could explain 

these associations. Additionally, higher adulthood CRF and physical activity in 

both childhood and adulthood were associated with persistently low muscular 

power. Furthermore, CRF in both childhood and adulthood was associated with 

persistently high muscular power. This association could be explained by people 

who were physically active or had high aerobic fitness potentially participating in 

activities that were benefiting their muscular fitness levels. It suggests increased 

participation in aerobic exercises in childhood and maintaining these behaviors 

into adulthood could play a role in maintaining high muscular power between 

childhood and adulthood. These findings, although not surprising, collectively 

demonstrate that positive change is possible and highlight the detrimental effect 

of increased adiposity, and the beneficial effect of improved fat-free mass and 

CRF, on muscular power. 

 

Dietary factors were associated with persistence and change in muscular power. 

Greater protein intake in childhood was associated with persistently high 
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muscular power. The DGI in both childhood and adulthood, and fruit intake and 

protein intake in adulthood, were associated with persistence or change in 

muscular power, with effects suggesting greater intake was associated with higher 

muscular power. These associations could be explained by muscular fitness levels 

reflecting overall diet quality or nutritional status137.  

 

Higher levels of education-based SES across the life course were associated with 

a reduced probability of persistently low muscular power, and higher education-

based SES in adulthood was associated with an increased probability of 

persistently high muscular power. These findings are supported by previous 

literature that highlighted the association between markers of SES and muscular 

fitness levels164. Higher SES may reflect greater opportunities to be physically 

active or greater awareness of the importance of physical activity. Given that the 

highest level of education attained is amenable to intervention, strategies aimed to 

support people in their educational pursuits and provide equal educational 

opportunities could have favorable effects on muscular power. 

 

Limitations of our study include the use of self-reported dietary and physical 

activity data and retrospective recall of parental education. Loss to follow-up is 

another potential limitation, although our statistical analyses, which included 

inverse probability weighting, aimed to take account of missingness149 and to 

reduce the likelihood of bias. This statistical approach is appropriate if missing 

data were missing at random and we have no reason to believe that this was not 

the case. Furthermore, our results are based on only one measure of muscular 

power and we acknowledge that our groups defining persistence or change in 
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muscular power were categorised based on jumping performance levels at a 

single time-point in each of childhood and adulthood. We were unable to examine 

muscular power at other time-points. Our categorisations of muscular power were 

arbitrary and not based on thresholds that reflect ideally, a muscular power health 

risk, although to the best of our knowledge such thresholds do not exist. The 

measurements made at a single time-point in adulthood were treated as being 

representative of recent values of the exposure. Ideally, more comprehensive 

measurements of exposure preceding the eventual change in muscular power 

would have been included, but these data were not available. Furthermore, it is 

important to note that muscular fitness has both environmental and genetic 

components138 that could influence how it persists or changes. Further research 

examining the association between genetics and the persistence or change in 

muscular fitness is required. Study strengths include the long follow-up of this 

large national sample and the use of the standing long jump test, a reliable field-

based measure of muscular power that demonstrates very good test-retest 

reliability55, 56 and good construct validity51, 54. Additional strengths include the 

rich depth of information available for analysis on potential confounding and 

modifying factors.  

 

In the absence of a long-term intervention spanning two decades, these findings 

could help identify potential targets for interventions aimed towards improving 

muscular power throughout the life course. Our findings suggest that maintaining 

or improving muscular power from childhood to adulthood could be an additional 

benefit of strategies aimed at obesity prevention by promotion of physical 

activity, CRF, dietary quality and education. Because low muscular power is a 
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risk factor for adverse health outcomes, promoting strategies aimed at increasing 

muscular power could improve future health. 
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6.6 POSTSCRIPT 

Results from Chapter 6 highlight lower adiposity and higher CRF across the life 

course, greater protein intake in childhood and higher education-based SES in 

adulthood as important predictors of persistently high muscular power between 

childhood and adulthood. Decreasing one’s adiposity status and improving 

physical activity levels are well established health strategies. The results of 

Chapter 6 suggest that these health strategies, in addition to promoting healthy 

dietary choices and increased education, could have additional benefits for 

maintaining or improving muscular fitness levels from childhood to adulthood 

and consequently, could improve future cardiometabolic health.  

 

To this point, the work presented has been limited to two time-point analyses as 

muscular power was assessed only in ASHFS and CDAH-1. Muscular strength 

however, was measured in ASHFS (childhood), CDAH-1 (young-adulthood) and 

CDAH-3 (mid-adulthood). In Chapter 4, muscular strength was the muscular 

fitness phenotype most strongly associated with adult measures of glucose 

homeostasis. As muscular strength data is available at three time-points, the role 

of muscular strength across the life course with type 2 diabetes in mid-adulthood 

can be examined (Chapter 7). 
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7 THE ASSOCIATION BETWEEN GRIP STRENGTH 

AT SPECIFIC LIFE STAGES WITH 

PREDIABETES AND TYPE 2 DIABETES IN MID-

ADULTHOOD 

7.1 PREFACE 

Results from Chapter 3 show that higher levels of childhood muscular fitness are 

associated with less impairment in measures of glucose homeostasis in adulthood, 

with results strongest for muscular strength for males. Furthermore, Chapter 5 

suggested that having persistently high muscular power between childhood and 

young-adulthood was associated with the most favourable glucose homeostasis 

profile in adulthood. However, up until this point conclusions have been limited 

to two time-point analyses. As part of the CDAH Study, participants attended 

CDAH-3 clinics in mid-adulthood. These clinics ended in early 2019. Participants 

had their muscular strength measured in ASHFS (childhood), CDAH-1 (young-

adulthood) and CDAH-3 (mid-adulthood), therefore muscular strength data at 

three time-points were available for analysis. Using these data can help identify if 

the longitudinal association between childhood muscular strength and adult 

glucose homeostasis persists despite changes in muscular strength into young- 

and mid-adulthood. Furthermore, these data could help identify a life period when 

low muscular strength has the strongest association with type 2 diabetes. By 

examining these associations, insight can be gained into whether low muscular 

strength at each point across the life course equally contributes to type 2 diabetes 

risk, whether muscular strength at only one life stage is important for type 2 
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diabetes risk, or if there are sensitive periods over time where exposure to low 

muscular strength has a stronger effect on type 2 diabetes risk at one period 

compared with another. The life course hypothesis best supported by the data can 

be identified using a Bayesian relevant life course exposure model95. To address 

Aim 2C of this thesis, Chapter 7 will explore how exposure to muscular strength 

in childhood, young-adulthood and mid-adulthood are associated with prediabetes 

and type 2 diabetes in mid-adulthood.  
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7.2 INTRODUCTION 

As the prevalence of type 2 diabetes and its precursor state of prediabetes 

increases47, risk reduction strategies to prevent the development of this chronic 

disease are critical. A recent systematic review and meta-analysis of observational 

research presented in adults suggested a one standard deviation increase in 

muscular strength is associated with a 13 % lower risk of type 2 diabetes28. This 

finding is supported by a Mendelian randomisation study that showed SNPs 

associated with higher grip strength, a proxy of muscular strength, to associate 

with lower odds of type 2 diabetes75. However, the link between muscular 

strength and impaired glucose homeostasis, a risk factor for type 2 diabetes, is not 

limited to adults. Greater childhood muscular strength is associated with lower 

levels of insulin resistance and beta cell function in adulthood7, 99, while findings 

from a Swedish cohort of male military conscripts showed low levels of muscular 

strength measured at age 18 years to associate with a 52% increased risk of type 2 

diabetes 10–40 years later33. These findings suggest childhood muscular strength, 

often measured as grip strength, could be a potential early life target for strategies 

aimed at preventing the development of type 2 diabetes in adulthood. However, 

previous observational studies have been limited to two time-point analyses or 

had muscular strength data available only at baseline. It is currently unknown 

how grip strength measured across the life course is associated with the 

development of type 2 diabetes in later life.  

 

Examining how grip strength associates with prediabetes and type 2 diabetes 

using life course epidemiology can inform future prevention strategies by 

identifying the life course hypothesis that best describes the association165. This 
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association may be reflected by a critical period model, where grip strength at 

only one life stage is important for prediabetes and type 2 diabetes risk; a 

sensitive period model, where grip strength measured at one or more life stages 

has a greater effect on prediabetes and type 2 diabetes risk compared with grip 

strength at another life stage; or an accumulation model, where low grip strength 

measured across the life course is equally important for the development of 

prediabetes and type 2 diabetes165. The pattern by which life course grip strength 

is associated with type 2 diabetes could provide insight into when interventions 

aimed at preventing type 2 diabetes by targeting muscular strength levels could be 

implemented. 

 

This study aimed to identify the life course model that best describes the 

association between grip strength measured in childhood (ages 9–15 years), 

young-adulthood (ages 28–36 years) and mid-adulthood (ages 38–49 years) and 

the risk of prediabetes and type 2 diabetes in mid-adulthood. 
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7.3 METHODS 

7.3.1 PARTICIPANTS 

In 1985, a nationally representative sample of 8,498 Australian school children 

participated in the ASHFS. As part of the ASHFS, children completed a range of 

tests where their health and fitness was assessed. A subset of children aged 9, 12 

and 15 years had their grip strength measured (n=2,798). Participants were 

followed up and attended clinics as part of the CDAH Study. These clinics were 

performed in 2004–06 when participants were aged 28–36 years (young-

adulthood) and in 2014–19 when participants were aged 38–49 years (mid-

adulthood). During these adult follow-ups, participants had their grip strength 

reassessed and provided a fasting blood sample that was tested for glucose and 

HbA1c. Included in analyses were participants who had their grip strength 

measured in childhood, young- and mid-adulthood and who provided a fasting 

blood sample in mid-adulthood and were not pregnant (n=265). A flow chart of 

participation is presented in Appendix G1. The ASHFS was approved by the State 

Directors General of Education. Follow-up studies were approved by the 

Southern Tasmania Health and Medical Human Research Ethics Committee and 

the Tasmania Health and Medical Human Research Ethics Committee. Participant 

consent was obtained from a parent and assent obtained from the child at baseline 

and participants provided written informed consent at each follow-up. 

 

7.3.2 GRIP STRENGTH ACROSS THE LIFE COURSE 

In childhood, young- and mid-adulthood, right and left grip strength was 

measured by maximum voluntary contraction using an isometric dynamometer 
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(Smedley’s Dynamometer, TTM, Tokyo, Japan). The same protocol to assess grip 

strength was used at each time-point. Before testing, a hand dynamometer was 

adjusted to fit the size of the participant’s hand. Right and left grip strength was 

measured by participants gripping a hand dynamometer with maximum force with 

one hand, whilst the dynamometer rested on the opposite shoulder. In childhood, 

participants had one attempt at right and left grip strength. At each adult follow-

up, participants repeated all tests twice and the maximum of the two attempts was 

used in analyses. At each time-point, participants were asked to record whether 

their dominant hand was right or left. Dominant grip strength at all three life 

stages was created not attributable to body mass, by regressing dominant grip 

strength on body mass and using the residuals added to the grand mean6, 107, and 

standardised for age and sex.  

 

7.3.3 ANTHROPOMETRIC MEASURES 

Regularly calibrated scales measured body mass to the nearest 0.5 kg in 

childhood and Heine scales (Heine, Dover, NH) were used to measure adult body 

mass to the nearest 0.1 kg. In both childhood and adulthood, height was measured 

to the closest 0.1 cm. A KaWe height tape (KaWe Kirchner & Wilhelm, Aspeg, 

Germany) measured height in childhood and a Leicester height measure (Invicta, 

Leicester, UK) was used in adulthood. Body mass (kg) divided by height (m) 

squared was used to calculate BMI. Using a constant tension tape, child waist 

circumference was measured to the nearest 0.1 cm at the level of the umbilicus 

and adult waist circumference was measured at the narrowest point between the 

lower costal border and the iliac crest. Triceps, biceps, subscapular, and suprailiac 

skinfolds were measured using Holtain calipers (Holtain, Crymych, UK) to the 
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nearest 0.2 mm in childhood and using Slim Guide Calipers to the nearest 0.5 mm 

in adulthood. Using the log of sum of four skinfolds, body density and fat 

percentage were calculated according to age-specific regression estimates109. 

Using the Siri Formula, body fat was calculated from body density126. The 

difference between total body mass and fat mass was used to estimate fat-free 

mass.  

 

7.3.4 CARDIORESPIRATORY FITNESS 

PWC170 was the submaximal test used to measure CRF in childhood and 

adulthood. The test was performed using a Monark 818E bicycle ergometer 

(Monark Exercise AB, Vansbro, Sweden) in childhood, a Monark 828E bicycle 

ergometer (Monark Exercise AB, Vansbro, Sweden) in young-adulthood and a 

Monark 928G3r bicycle ergometer (Monark Exercise AB, Vansbro, Sweden) in 

mid-adulthood. At each time-point, participants were asked to pedal at a cadence 

of 60 RPM. This test included successive workloads that increased resistance 

stepwise. Three 3-minute workloads were used in childhood and three 4-minute 

workloads were used at each follow-up in adulthood. In the final minute of each 

workload, a research technician measured watts and participants’ heart rate and 

the regression lines were extrapolated to provide a measure of PWC170. In 

childhood, heart rate was measured using a stethoscope and a stopwatch timing 

30 beats, with this time being converted to pulse per minute. Heart rate was 

measured using a Polar A5 heart rate monitor (Polar Electro Oy, Kempele, 

Finland) in young-adulthood and a Polar RS300X heart rate monitor (Polar 

Electro Oy, Kempele, Finland) in mid-adulthood. As the absolute work load 

achieved in this test could be influenced by muscle mass127, measures of PWC170 
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not attributable to fat-free mass were created by regressing PWC170 on fat-free 

mass and using the residuals added to the grand mean107.  

 

7.3.5 PREDIABETES AND TYPE 2 DIABETES  

In mid-adulthood, a fasting status of at least 8 hours was confirmed with the 

participant upon arrival at the clinic. Participants provided a blood sample that 

was tested for fasting glucose and HbA1c. Fasting glucose was measured using a 

Siemens Advia 2400 Chemistry analyser (Siemens Healthcare Diagnostics Inc, 

Deerfield, IL, USA) and HbA1c was measured using a Bio-Rad D100 HbA1c 

analyser (Bio-Rad Laboratories Inc, Hercules, CA, USA). Participants were 

categorised as having prediabetes or type 2 diabetes if fasting glucose levels were 

≥5.6 mmol/L and/or HbA1c levels were ≥5.7 %, as defined by the American 

Diabetes Association166, 167.  

 

7.3.6 STATISTICAL ANALYSES 

7.3.6.1 Demographics 

Participant characteristics were examined using Stata (Version 15.0, StataCorp, 

College Station, Texas) and are stratified by life stage (childhood, young-

adulthood, mid-adulthood). For continuous variables, mean and SD are presented. 

For categorical variables, percentage and number of participants are reported. 

 

7.3.6.2 Bayesian model for life course investigation 

The relative importance of grip strength measured in childhood, young-adulthood 

and mid-adulthood on prediabetes and type 2 diabetes risk in mid-adulthood is 
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identified using a Bayesian relevant life course exposure model (BRLM)95, 168. 

The BRLM assumes weights for the effect of grip strength at different life stages 

(childhood=W1, young-adulthood=W2, mid-adulthood=W3), allowing grip 

strength to associate with prediabetes and type 2 diabetes at different levels 

depending on the life stage at which it was measured. The BRLM considers a 

model of weighted exposure for each considered life stage, conceptualized as the 

product of the exposure metric and its corresponding weight over each considered 

life stage, summed over all life stages. The weight relates to the relevance of grip 

strength during each period to the development of prediabetes and type 2 diabetes 

in later life. The life stage specific weight parameters are estimated using a 

Bayesian approach. The estimated weights help determine the life course 

hypothesis best supported by the data. Their joint posterior distribution from the 

three life stages is visualised using a ternary plot, where vertices represent critical 

periods and a central point represents an accumulation model95, 168. In addition, 

the BRLM estimates an overall effect for the lifetime exposure of grip strength, 

representing the maximum accumulated effect of grip strength across the life 

course on prediabetes and type 2 diabetes in mid-adulthood. Furthermore, the 

BRLM method derives life stage specific effects, a combination of the overall 

effect and relative weights. These represent the time dependent association 

between grip strength (in childhood, young-adulthood and mid-adulthood) and 

prediabetes and type 2 diabetes in mid-adulthood95, 168.  

 

In R (Version 3.5.3, R Foundation for Statistical Computing, Vienna, Austria)169 

using the Stan package to fit Bayesian models170, the BRLM with an 

unconditional logistic regression likelihood was used to identify the relative 
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importance of grip strength measured in childhood, young-adulthood and mid-

adulthood on prediabetes and type 2 diabetes. There was little or no evidence to 

include prior beliefs on what life course hypothesis would best support these data. 

Therefore, a non-informative prior, giving equal support to all life course 

hypotheses, was used. In this study, a non-informative Dirichlet (1, 1, 1) prior for 

weights and a Cauchy prior (0, 2.5) for the lifetime effect were used. Posterior 

distributions were used to compute mean and 95% credible intervals (95% CrI) 

for weights (interpreted as relative importance) and OR for the overall effect. 

Measures of CRF and waist circumference in childhood, young-adulthood and 

mid-adulthood were age- and sex-standardised and a numerical average from 

across the life course, representing an average standardised value, was created 

((z-childhood + z-young-adulthood + z-mid-adulthood)/3). If data were not 

available at all three time-points, an average standardised value was created using 

the data that were available (one time-point: CRF: n=11; waist circumference: 

n=0; two time-points: CRF: n=91; waist circumference: n=14; three time-points: 

CRF: n=163; waist circumference: n=251). In a sensitivity analysis, the lifetime 

average of standardised CRF and waist circumference values were included 

within the model as covariates using Cauchy priors (0, 2.5) for each continuous 

covariate.  

 

The accuracy of BRLM to identify the correct life course hypothesis in a scenario 

including a small sample size (N=265) and a rare binary outcome (frequency=7.5 

%) like our own has not been investigated. Therefore, we simulated a three-period 

pure accumulation (W1=W2=W3=0.33) life course model (‘true’ model), with 

three exposure variables to assess the performance of the BRLM to predict the 
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‘true’ model in a dataset matching our sample size and case numbers. We 

simulated 5,000 random samples of N=265 and using the BRLM, for each of the 

5,000 simulated datasets we retrieved the posterior distribution for each of the 

three weight parameters and identified the shortest Euclidian distance 

(representing the life course hypothesis model best supported by the data) 

between the estimated weights and five possible reference weight vectors 

corresponding to different life course hypothesis scenarios. Additional detail 

outlining the simulation study and a full overview of the results can be found in 

Appendix G2. In short, on average, the BRLM estimates the correct weight values 

in a N=265 cohort, although there is some variability around those estimates. 

However, using the Euclidian distance approach, the BRLM had a power of 83.2 

% for detecting the ‘true’ life course hypothesis in a situation of N=265 and a 

disease prevalence of 7.5 %. 



The association between grip strength at specific life stages with prediabetes and type 2 
diabetes in mid-adulthood 

 

185 
 

7.4 RESULTS 

7.4.1 DEMOGRAPHICS 

An overview of participant characteristics are presented in Table 7.1. The average 

length of follow-up between childhood and mid-adulthood was 32.5 (1.1) years. 

Dominant grip strength and PWC170 were greatest in young-adulthood. Body 

mass, waist circumference and fat-free mass increased with increasing age. Of the 

265 participants, 7.5 % (n=20) had prediabetes or type 2 diabetes in mid-

adulthood.
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Table 7.1. Characteristics of participants. 

  Childhood  Young-adulthood  Mid-adulthood 

Characteristic n Mean (SD)*  n Mean (SD)*  n Mean (SD)* 

Age, y 265 11.7 (2.4)  265 31.6 (2.5)  265 44.2 (2.7) 

Right grip strength, kg 265 22.6 (8.5)  265 38.6 (10.5)  265 38.3 (10.7) 

Left grip strength, kg 265 22.0 (8.6)  264 36.6 (10.6)  265 36.3 (10.7) 

Dominant grip strength, kg 265 22.7 (8.6)  265 38.7 (10.6)  265 38.2 (10.7) 

Dominant grip strength not attributable 

to body mass, kg 

265 23.0 (8.1)  265 39.0 (10.5)  265 38.2 (10.6) 

Age- and sex-standardised dominant grip 

strength not attributable to body mass 

265 0.08 (1.00)  265 0.05 (1.00)  265 –0.01 (1.07) 

Body mass, kg 265 41.9 (12.6)  265 74.7 (14.7)  265 79.9 (17.4) 

Waist circumference, cm 265 63.4 (7.4)  251 82.0 (10.6)  265 86.9 (12.4) 

Body mass index, kg/m2 265 18.1 (2.7)  264 24.9 (3.8)  265 26.7 (4.9) 

Fat-free mass, kg 265 32.8 (8.9)  250 53.9 (11.4)  262 56.7 (11.7) 

PWC170, watts 252 90.8 (35.9)  250 165.3 (50.1)  187 146.0 (66.6) 

PWC170 not attributable to fat-free mass, 

watts 

252 91.3 (32.6)  246 167.8 (47.2)  184 146.3 (65.4) 
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  Childhood  Young-adulthood  Mid-adulthood 

Characteristic n Mean (SD)*  n Mean (SD)*  n Mean (SD)* 

Fasting glucose, mmol/L       264 4.7 (0.5) 

HbA1c, %       265 5.2 (0.3) 

Prediabetes and type 2 diabetes       265  

 No        92.5 % (245) 

 Yes        7.5 % (20) 

* Mean (standard deviation) for continuous variables and percentage (number of participants) for categorical variables. 

Abbreviations: HbA1c, glycated haemoglobin; PWC170, physical work capacity at 170 beats per minute; SD, standard 

deviation. 
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7.4.2 BAYESIAN MODEL FOR LIFE COURSE INVESTIGATION 

A one SD increase in life course cumulative exposure to grip strength decreased 

the odds of developing prediabetes and type 2 diabetes in mid-adulthood by 35 % 

(OR=0.65, 95% CI=0.40, 0.96; Table 7.2). The relative importance of grip 

strength measured in childhood, young-adulthood and mid-adulthood for 

prediabetes and type 2 diabetes risk was approximately equal (ranging from 27–

39 %; Table 7.2 and Figure 7.1). As the relative importance values (i.e. weights) 

were not exactly equal, the association between life course grip strength and 

prediabetes and type 2 diabetes was described by a relaxed accumulation life 

course model (W1≈W2≈W3) compared with a pure accumulation model 

(W1=W2=W3). Evidence of a relaxed accumulation life course model was 

reflected in the life stage specific effects presented in Figure 7.2. When examined 

separately, a one SD increase in grip strength at each life stage was associated 

with 14 % (childhood: OR=0.86, 95% CrI=0.63, 1.00), 16 % (young-adulthood: 

OR=0.84, 95% CrI=0.59, 1.00) and 11 % (mid-adulthood: OR=0.89, 95% 

CrI=0.71, 1.00) lower odds of developing prediabetes and type 2 diabetes in mid-

adulthood (Figure 7.2).
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Table 7.2. Association between dominant grip strength and prediabetes and type 2 

diabetes. 
 

Odds Ratio  

(95% CrI) 

 
Relative importance  

(95% CrI) 

Prediabetes and type 2 diabetes  
   

Life time effect 0.65 (0.40, 0.96) 
  

Life stages 
   

 
Childhood 

  
34 % (3 %, 75 %) 

 
Young-adulthood 

  
39 % (4 %, 81 %) 

 
Mid-adulthood 

  
27 % (2 %, 68 %) 

Abbreviations: CrI, Credible Intervals.  
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Figure 7.1. Posterior joint distribution of weights estimated for dominant grip 

strength measured in childhood, young-adulthood and mid-adulthood.  

Lighter areas represent a higher density of posterior mean estimates of the 

weights. The location of the posterior joint distribution of weights highlights the 

life course model best supported by the data. For example, in a critical period 

model the highest density of posterior mean estimates of the weights would lie 

along one of the vertices (W1=childhood critical period; W2=young-adulthood 

critical period; W3=mid-adulthood critical period); in an accumulation model the 

highest density of posterior mean estimates of the weights would be around the 

central point; and in a sensitive period model the highest density of posterior 

mean estimates of the weights would be between the vertices and the central 

point. Abbreviations: W1, posterior mean estimates of weights for childhood; 

W2, posterior mean estimates of weights for young-adulthood; W3, posterior 

mean estimates of weights for mid-adulthood. 
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Figure 7.2. Life stage specific associations between dominant grip strength and 

prediabetes and type 2 diabetes.  

Abbreviations: CrI, Credible Intervals. 
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When life course average standardised values for CRF and waist circumference 

were included in the model, evidence for a relaxed accumulation model persisted, 

with the relative importance of grip strength at each life stage remaining 

essentially unchanged (Appendix G3). Furthermore, after adjustment, the lifetime 

effect for grip strength and each life stage specific effect attenuated, and statistical 

significance was lost, although effects remained in a protective direction 

(Appendix G3 and Appendix G4).
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7.5 DISCUSSION 

This study is the first to address the relative contribution of grip strength 

measured across the life course with prediabetes and type 2 diabetes in mid-

adulthood. Our estimates suggest an approximately equal contribution from grip 

strength measured in childhood, young-adulthood and mid-adulthood on 

prediabetes and type 2 diabetes risk and that greater cumulative exposure to grip 

strength across the life course reduced the odds of developing prediabetes and 

type 2 diabetes in mid-adulthood by 35 %. These findings advance recent 

confirmation of a causal link between grip strength and type 2 diabetes from 

Mendelian randomisation analysis75 by demonstrating the cumulative nature of 

the association across the life course. As such, our data support the importance of 

developing and maintaining higher levels of muscular strength beginning in 

childhood and continuing through mid-adulthood to maximise future 

cardiometabolic health benefits. 

 

Despite this being the first study to apply a life course modelling framework to 

examine the association of grip strength with prediabetes and type 2 diabetes, 

previous work provides a strong rationale for a causal link. For example, a recent 

Mendelian randomisation study75 leveraging a multi-sample analysis strategy of 

SNPs shown to be associated with grip strength of the UK Biobank with data 

from two large meta-analysis consortia of type 2 diabetes among over 1 million 

participants (DIAGRAM and MAGIC) found a one SD increase in grip strength 

was associated with 23 % lower odds of type 2 diabetes (OR=0.77, 95% CI=0.62, 

0.95)75. The association between measures of muscular strength and type 2 

diabetes risk is also supported by observational data. Results from a systematic 
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review and meta-analysis suggest that in adulthood, a one SD increase in 

muscular strength is associated with a 13 % decreased risk of type 2 diabetes 

(RR=0.87, 95% CI=0.81, 0.94), independent of a measure of adiposity28. The 

longitudinal association between child and adolescent muscular strength with 

adult type 2 diabetes and associated risk factors has also been described, 

independent of CRF and waist circumference. Higher levels of childhood 

muscular strength (defined as a combined score including right and left grip, 

shoulder flexion, shoulder and leg extension, and the mean of abdominal and back 

strength) were associated with lower adult levels of insulin resistance and beta 

cell function, precursors of type 2 diabetes, among cohorts from Australia and 

Europe7, 99, while low levels of muscular strength (the weighted sum of maximal 

knee extension, elbow flexion, and hand grip) among Swedish male military 

conscripts aged 18 years were associated with an increased risk of type 2 diabetes 

10–40 years later, independent of CRF and BMI33. 

 

Our findings expand current evidence by suggesting grip strength measured at 

three life stages were similarly associated with prediabetes and type 2 diabetes in 

mid-adulthood. Consequently, childhood, young-adulthood and mid-adulthood 

are equally important life stages that can be targeted to help protect against the 

development of type 2 diabetes. That is, it is not grip strength at a single period in 

the life course or the tracking of grip strength from distal to proximal time-points 

that explains the association with type 2 diabetes. These results suggest that 

cumulative exposure to higher levels of grip strength across the life course is 

important in preventing the development of prediabetes and type 2 diabetes. 

These findings support current national and global physical activity guidelines 
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where both children and adults are encouraged to participate in muscle-

strengthening activities34, 35. Strategies aimed at promoting environments and 

factors leading to muscular strength gains in childhood and initiating and 

maintaining participation in muscle-strengthening activities into adulthood could 

help prevent the development of type 2 diabetes in later life. Evidence suggests 

resistance training interventions administered in schools without the need for 

elaborate equipment can increase childhood muscular fitness levels171. 

Furthermore, the modifiable factors of lower adiposity and higher fat-free mass, 

CRF, flexibility, and speed capability are associated with greater childhood 

muscular strength172 and could be targeted for strategies aimed at increasing 

childhood muscular strength. Concerningly, childhood muscular fitness levels 

have declined over time103, 105, 121, 123, and as muscular strength tracks between 

childhood and adulthood94, this decline could have long-term effects on future 

muscular strength levels. Therefore, implementing well-informed strategies aimed 

at improving muscular strength in childhood are required to help promote 

favourable muscular strength levels across the life course.  

 

The mechanism explaining the association between grip strength and type 2 

diabetes is currently unknown. Associations may be acting indirectly through 

adiposity levels where higher grip strength could associate with lower adiposity, 

and it is lower adiposity that decreases the risk of type 2 diabetes. However, grip 

strength appears to associate with type 2 diabetes independent of adiposity levels. 

Resistance training induced improvements in glucose homeostasis may explain 

this association173. Grip strength is a measure of overall muscular strength174 and 

resistance training increases muscular strength levels100, 175. Participation in 
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resistance training lowers HbA1c176 and upregulates key proteins in the insulin 

signalling cascade increasing glucose uptake152, potentially explaining the 

association between muscular strength and type 2 diabetes. Although additional 

research is required to confirm exact mechanisms linking grip strength with type 

2 diabetes, results from this study suggest protective effects begin in childhood 

and that cumulative exposure across the life course is beneficial. These data 

reinforce the causal link between grip strength and type 2 diabetes highlighted by 

Mendelian randomisation analysis75.    

 

This study had limitations. Due to time and economic constraints at baseline, a 

subset of children (approximately one third) had grip strength measured97. For 

inclusion in our analysis dataset, these participants had to attend both follow-up 

clinics as adults and pass the fitness exclusion questionnaire at each clinic. This 

meant a substantial proportion were lost to follow-up availing a relatively small 

sample size and case numbers for analysis. The loss to follow-up experienced in 

this study could have biased our results. Reassuringly, our simulation study 

showed that we had >80 % power to detect the true life course model in a sample 

of our size and type 2 diabetes prevalence. However, we recommend that the 

research presented in this study be replicated in other cohorts to determine if the 

observed life course model persists. Furthermore, the newly developed BRLM 

approach does not currently allow inclusion of time varying covariates (i.e. CRF 

and waist circumference at each time-point). In our study, it was important to 

attempt to remove the influence of CRF and waist circumference from the 

association between life course grip strength and future risk of prediabetes and 

type 2 diabetes. In the absence of a formal method incorporated within the BRLM 
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model, we attempted to remove their influence by including an average life 

course standardised value of CRF and waist circumference in the model. 

Although this approach is not ideal as it considers a cumulative effect averaged 

from one to three time-points, this was the best approach available to us to adjust 

for time-varying covariates in the BRLM. Strengths of this study include the use 

of a national cohort of participants including both sexes with a baseline age of 9–

15 years and a follow-up period of over 30-years. Furthermore, measures of grip 

strength were available at three time-points across the life course. This meant the 

BRLM, a novel and insightful statistical analytic model, could be used to address 

a research question that was, up to this point, unknown. Lastly, the exposure of 

interest in this study was grip strength. Grip strength, a measure of  overall 

muscular strength174, is a reliable and valid field-based measure49 and correlates 

with the one repetition maximum, a gold standard test to assess muscular 

strength51.   

 

In conclusion, grip strength measured in childhood, young-adulthood and mid-

adulthood contributed approximately equally to prediabetes and type 2 diabetes 

risk highlighting the importance, and future cardiometabolic health benefits, of 

cumulative exposure to higher levels of grip strength across the life course. These 

findings suggest implementing strategies aimed at increasing muscular strength in 

childhood and maintaining these behaviours into later life could help protect 

against the development of prediabetes and type 2 diabetes.
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7.6 POSTSCRIPT 

In Chapter 7, grip strength, an overall measure of muscular strength174, measured 

in childhood, young-adulthood and mid-adulthood was equally associated with 

prediabetes and type 2 diabetes in mid-adulthood and greater cumulative exposure 

to grip strength across the life course reduced the odds of developing prediabetes 

and type 2 diabetes by 35 %. These findings suggest a relaxed accumulation 

model best describes the association between life course muscular strength and 

the development of prediabetes and type 2 diabetes. The results presented in 

Chapter 7 suggest that it is not muscular strength at one time-point in isolation 

that is important for prediabetes and type 2 diabetes risk, but rather highlight the 

importance of muscular strength across the life course. These findings suggest 

that implementing strategies aimed at increasing muscular strength in childhood 

and maintaining these into adulthood could help prevent future development of 

type 2 diabetes.  

 

The work presented in this thesis has contributed to the literature by better 

understanding childhood muscular fitness and identifying how it associates with 

impaired glucose homeostasis and type 2 diabetes in adulthood. Findings 

suggested that not only is childhood muscular fitness important for future 

cardiometabolic health, but so too are adult muscular fitness levels. Collectively, 

results presented in this thesis highlight the importance of muscular fitness across 

the life course and encourage people in the life stages to participate in muscle-

strengthening activities with the aim of improving their muscular strength levels. 

An overview of the key findings presented in this thesis, their public health and 

clinical implications and areas for future research are outlined in Chapter 8.  
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8  SUMMARY, RECOMMENDATIONS, AND 

CONCLUSIONS 

8.1 BACKGROUND AND OVERVIEW OF THESIS AIMS 

Historically, resistance training for children was a controversial topic. 

Misconceptions regarding its safety, with fears that participation could stunt 

growth, a large barrier40-42. Furthermore, as the range of independent health 

benefits associated with childhood muscular fitness have long been understudied, 

the idea that the benefits of correctly administered resistance training for children 

could outweigh any potential risks was not widely considered. However, with 

time and further research, muscular fitness has become defined as a health-related 

component of physical fitness10 and a form of activity that children should 

participate in at least three times per week according to global physical activity 

guidelines released in 201034 and Australian recommendations introduced in 

201435. Although, despite these recommendations and the associated health 

benefits of childhood muscular fitness being increasingly recognised4, 5, 29, it is 

unclear how the muscular fitness levels of Australian children have changed over 

time. Ideally, as the importance of muscular fitness rose, so too did muscular 

fitness levels. However, the benefits of children participating in muscle-

strengthening activities may not have been translated as best they could and 

concurrent secular changes in childhood overweight and obesity113 may have had 

a detrimental effect on muscular fitness levels. By better understanding how the 

muscular fitness levels of contemporary Australian children fare in comparison to 

previous generations and identifying the determinants of childhood muscular 
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fitness, insight can be gained into whether interventions aimed at increasing levels 

are required and what factors these interventions could target.  

 

By addressing these questions, childhood muscular fitness could be better 

understood. This is essential as low childhood muscular fitness emerges as a risk 

factor for a range of adverse health outcomes in later life30. Research reported in 

this thesis explored the previously understudied association between childhood 

muscular fitness and adult measures of glucose homeostasis and type 2 diabetes, a 

chronic disease with an increasing prevalence47, 48. By examining these 

associations, findings could help determine if strategies aimed at preventing the 

development of type 2 diabetes could target muscular fitness levels in childhood. 

However, before childhood muscular fitness can be promoted in this setting, 

longitudinal associations need to be better established and research must explore 

how muscular fitness across the life course is associated with future type 2 

diabetes risk. Life course epidemiology is key to understanding these 

associations165 and determining when low muscular fitness is most detrimental to 

future type 2 diabetes risk. These findings could help identify when in the life 

course strategies aimed at preventing type 2 diabetes by targeting muscular fitness 

levels could be implemented to be most effective. Using data from two national 

surveys of Australian children with measures of muscular fitness, the research 

reported in this thesis aimed to address current knowledge gaps by firstly better 

understanding childhood muscular fitness, by examining how it has changed over 

time and identifying its determinants, and secondly, examining if low childhood 

muscular fitness is a risk factor for impaired glucose homeostasis and type 2 

diabetes in adulthood.  



Summary, recommendations, and conclusions 

 

201 
 

 

This chapter provides a summary of the key findings presented in this thesis, a 

discussion of the clinical and public health implications of these findings and an 

overview of future research directions. 
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8.2 SUMMARY OF KEY FINDINGS 

The key findings from this thesis are summarised below: 

1. Contemporary Australian children have lower muscular fitness levels 

compared with their counterparts from 30-years ago, independent of increases 

in body mass over the same period.  

2. Higher childhood muscular fitness levels are associated with lower levels of 

fasting insulin, insulin resistance and beta cell function in young-adulthood, 

independent of childhood CRF and waist circumference.  

3. Cumulative exposure to higher levels of muscular fitness across the life 

course was associated with lower levels of fasting insulin, insulin resistance 

and beta cell function in young-adulthood and lower odds of developing 

prediabetes and type 2 diabetes in mid-adulthood. 
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8.3 CLINICAL AND PUBLIC HEALTH IMPLICATIONS 

The clinical and public health implications of the three key research findings 

presented in this thesis are discussed below: 

1. Contemporary Australian children have lower muscular fitness levels 

compared with their counterparts from 30-years ago, independent of 

increases in body mass over the same period.  

In Chapter 2, childhood muscular fitness levels, operationalised as jumping 

performance, declined by 11 cm between 1985 and 2015, independent of 

increases in body mass. These findings caught the attention of Active Healthy 

Kids Australia and were highlighted within their 2018 report card43, 177. In 

their report, the physical fitness levels of Australian children aged 9–15 years 

fell within the 35th percentile (95% CI=29, 41) relative to international and 

European norms and were awarded a grade of a “D+”43, 177. It is evident 

interventions aimed at reversing the secular decline and increasing childhood 

muscular fitness levels are required. However, evidence is needed to inform 

these interventions. Findings presented in Chapter 3 highlighted factors 

associated with childhood muscular fitness preceding the secular decline and 

in turn, identified potential factors interventions could target with an aim of 

increasing childhood muscular fitness. However, in addition to understanding 

the determinants of childhood muscular fitness and developing strategies 

aimed at increasing childhood muscular fitness levels, there is a need to better 

understand why the secular decline occurred to help prevent the decline 

continuing or from occurring again.  
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Low adherence to physical activity guidelines may have contributed to the 

observed secular decline. Self-report data show that 1.9 % of Australians aged 

15–17 years met both the aerobic and muscle-strengthening recommendations 

of the 2014 Physical Activity Guidelines in 2017–18 and that only 15.8 % did 

strength or toning activities on three or more days in the last week178. 

Adherence needs to improve, and more children must participate in muscle-

strengthening activities. To increase adherence, there is a need to make 

physical activity fun and engaging for our children, reduce sedentary 

behaviours and minimise screen time. Efforts to promote the importance of 

children participating in activities aimed at making their muscles stronger and 

more powerful and meet physical activity guidelines are crucial.  

 

In childhood, resistance training interventions improve muscular fitness 

levels100-102 and fundamental movement skills including sprinting, throwing 

and jumping179. However, outdated concerns regarding the safety of resistance 

training in childhood40-42 or misconceptions regarding the need for gym 

memberships and expensive equipment to increase muscular fitness43 could 

help to explain the observed secular decline in childhood muscular fitness 

levels. Activities that do not require elaborate equipment and increase 

muscular fitness levels include using free weights, elastic tubing, resistance 

ropes and medicine balls180-183. As research continues to highlight the 

different physical and health benefits associated with children participating in 

resistance exercises40, 42, 44-46, the range of different types of activities that 

improve childhood muscular fitness levels should be better promoted. 

Furthermore, to alleviate any concerns regarding the outdated stereotype that 
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resistance training is harmful for children, researchers and educators need to 

engage with parents and guardians and help them become better informed. 

Negative parental attitudes regarding children’s participation in muscle-

strengthening activities is a barrier to their child participating in resistance 

exercise39. Continuing to engage with the child and their parents to educate 

and promote the safety, importance and health benefits of childhood muscular 

fitness, is crucial. Also, parental role modelling and co-participation could 

play a role in helping physically active lifestyles become the new norm for 

our children. It is essential children, parents and educators are aware of the 

importance of children engaging in both aerobic and muscle-strengthening 

activities and do their best to help encourage increased participation. 

 

One way to encourage children to participate in muscle-strengthening 

activities is to target school settings. The importance of muscular fitness and 

its associated health benefits need to be highlighted to school educators and 

muscular fitness needs to be better implemented in school curriculums and 

within physical education classes. The opportunity for children to be 

physically active and participate in muscle-strengthening activities can be 

facilitated during organised and unstructured periods throughout the school 

day. Organised physical education classes should include activities aimed at 

promoting all health- and skill-related components of physical fitness10. 

Therefore, not only should children be encouraged to run around the oval and 

partake in activities aimed at increasing their flexibility, speed and 

coordination, but these classes should ensure children are engaging in muscle-

strengthening activities. These classes should incorporate basic muscle- and 



Summary, recommendations, and conclusions 

 

206 
 

bone-strengthening activities including jumping, skipping and body mass 

exercises. However, targeted activities aimed at increasing competency in the 

six key resistance training skills, including the ability to squat, push-up, lunge, 

overhead press, front support with chest touches, and suspended row, set out 

in the Resistance Training Skills Battery for adolescents are essential184. 

Educators should be made aware of the importance of children being able to 

correctly perform these foundational skills before progressing into more 

elaborate resistance training programs185. Implementing resistance training 

into schools and engaging with both educators and students is essential. The 

Australian-based “Resistance Training for Teens” intervention is a prime 

example of how resistance training can be effectively administered in a school 

setting, increase muscular fitness levels and improve skill competency171. 

Furthermore, unstructured periods throughout the day, including recess and 

lunch, are times where being physically active should be promoted and 

facilitated in a school setting. By having a clear course structure that includes 

all elements of physical fitness and a school environment where being 

physically active is encouraged, muscular fitness could become a less 

daunting form of physical fitness and childhood muscular fitness levels could 

increase.  

 

Furthermore, we currently have a generation with a strong engagement with 

celebrities/social media influencers and their respective health and lifestyle 

programs. These programs often align with qualified personal trainers and 

dietitians and have a large and engaged community with a focus on health and 

wellbeing. Researchers aligning themselves with these programs could 
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provide an avenue to increase translation of key health and fitness related 

research output to a wider, younger population. If done correctly, engaging 

with these celebrities/influencers and their large audience to promote and 

support research output could be a strategic and effective way forward.  

 

Better understanding childhood muscular fitness and identifying potential 

avenues to increase childhood muscular fitness levels and reverse the secular 

decline is important as low childhood muscular fitness levels are emerging as 

a risk factor for future adverse health outcomes. Although this thesis has 

focused on impaired glucose homeostasis and type 2 diabetes, low childhood 

muscular fitness is a risk factor for adverse bone health, lower self-esteem, 

adiposity and increased cardiovascular disease risk4, 5. Therefore, the 

detrimental effect of a secular decline in childhood muscular fitness levels is 

likely to extend beyond adverse cardiometabolic health.  

 

2. Higher childhood muscular fitness levels are associated with lower levels 

of fasting insulin, insulin resistance and beta cell function in young-

adulthood, independent of childhood CRF and waist circumference.  

In Chapter 4, higher childhood muscular fitness levels were associated with 

less impairments in measures of glucose homeostasis in young-adulthood, 

independent of childhood CRF and waist circumference. Although there was 

no association between childhood muscular fitness phenotypes and fasting 

glucose in young-adulthood, it was hypothesised in Chapter 4 that childhood 

muscular fitness will predict impaired fasting glucose in future follow-ups 

when participants were older. This hypothesis proved correct in Chapter 7, as 
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muscular fitness in childhood and across the life course was associated with 

prediabetes and type 2 diabetes in mid-adulthood. This finding suggests 

childhood muscular fitness could be an independent target for strategies aimed 

at preventing or reducing impaired glucose homeostasis in adulthood and 

suggest that with further research, childhood muscular fitness levels have the 

potential to be used as a screening tool to identify those at increased risk of 

developing type 2 diabetes in adulthood.  

 

An alarming implication of this work is the future risk of impaired glucose 

homeostasis and type 2 diabetes that contemporary children are faced with. As 

outlined in Chapter 2, contemporary children had lower muscular fitness 

compared with their counterparts from 30-years ago. Given the secular 

decline in childhood muscular fitness levels, if the longitudinal association 

between childhood muscular fitness and adult measures of glucose 

homeostasis remains stable, more contemporary children could be at risk of 

developing impaired glucose homeostasis and type 2 diabetes as adults. 

Consequently, the prevalence of type 2 diabetes could continue to rise. The 

Benjamin Franklin axiom that “an ounce of prevention is worth a pound of 

cure” is fitting in this setting. Well informed prevention strategies are crucial. 

Encouraging children to engage with activities aimed at increasing muscular 

fitness levels is an accessible avenue to help prevent the development of type 

2 diabetes and minimise the associated health burden of this disease. 

Furthermore, known early-life risk factors for future insulin resistance and 

type 2 diabetes include overweight and obesity and CRF7, 186, 187. For a child 

who may be overweight or physically inactive, changing their food habits or 
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running laps around an oval, although extremely important, can be 

overwhelming. However, with the appropriate support and knowledge, 

participating in muscle-strengthening activities could be a less daunting 

strategy aimed at benefiting future cardiometabolic health.  

 

These findings support physical activity guidelines and the recommendation 

that children should participate in activities aimed at strengthening their 

muscles and bones34. However, a strong focus on aerobic activities remain 

within these guidelines. As the health benefits of childhood muscular fitness 

become better understood, guidelines should be updated.  

 

The 2010 World Health Organisation Global Recommendations on Physical 

Activity for Health are currently being reviewed. More emphasis should be 

placed on the importance of children participating in muscle-strengthening 

activities, and the health benefits this form of fitness provides. Updated 

guidelines should consider and include intensity and frequency 

recommendations for childhood muscle-strengthening activities and clearly 

outline examples of recommended muscle-strengthening activities that are age 

and sex appropriate, developmental stage specific, and culturally sensitive. 

Recommended activities should consider and be tailored to different levels of 

motor skill development and ability. It is essential that activity 

recommendations, including their duration, intensity and frequency, are 

inclusive for not only the physically strong and able children, but that 

achievable recommendations are provided for children who may be less 

strong and not as physically capable. Providing guidance on recommended 
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activities targeting children of all ability levels is essential for widespread 

adherence to this component of the physical activity guidelines.  

 

Implementing strategies aimed at increasing childhood muscular fitness levels 

could help prevent impaired glucose homeostasis from developing. These 

strategies could also help enable children to become a part of favourable 

muscular fitness pathways between childhood and adulthood. This is further 

explored in the following section.  

 

3. Cumulative exposure to higher levels of muscular fitness across the life 

course was associated with lower levels of fasting insulin, insulin 

resistance and beta cell function in young-adulthood and lower odds of 

developing prediabetes and type 2 diabetes in mid-adulthood. 

In Chapter 5, persistently high muscular power between childhood and young-

adulthood was the muscular power pathway associated with less impairments 

in measures of glucose homeostasis in adulthood. In Chapter 7, cumulative 

exposure to higher levels of muscular strength between childhood and mid-

adulthood was associated with lower odds of developing prediabetes and type 

2 diabetes in later life. Collectively, these findings suggest it is not muscular 

fitness at one time-point in the life course that is driving the association, but 

rather that it is muscular fitness across the life course that is important. There 

are two major implications from this key finding. Firstly, one must have good 

muscular fitness levels as a child to be a part of a favourable muscular fitness 

pathway. Therefore, childhood is a significant life period and childhood 

muscular fitness levels are extremely important. Further, as muscular fitness 
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tracks between childhood and adulthood92, 94, promoting muscular fitness in 

childhood could have a lasting effect on future muscular fitness levels. Efforts 

to promote the importance of childhood muscular fitness and encourage 

increased participation in muscle-strengthening activities are required. 

Secondly however, it is important to note that childhood is not a critical 

period in relation to how muscular fitness is associated with type 2 diabetes 

related outcomes. In Chapter 7, a relaxed accumulation model best 

represented the association between life course muscular strength and 

prediabetes and type 2 diabetes in mid-adulthood. Therefore, it is not 

childhood muscular fitness levels in isolation that are important, and strategies 

aimed at improving future cardiometabolic health should not limit their focus 

to childhood. These findings suggest that promoting strategies aimed at 

increasing muscular fitness in childhood and maintaining these behaviours 

into adulthood could help protect against the development of impaired glucose 

homeostasis and type 2 diabetes in later life. The life course epidemiological 

focus of this thesis helped to better understand that muscular fitness levels 

during the early phases of development is where timely intervention might 

help to prevent the development of type 2 diabetes in later life, but also helped 

to identify that continued efforts across the life course is most important for 

future cardiometabolic health. These findings highlight the importance of 

people of all ages participating in activities aimed at improving their muscular 

fitness levels. To promote adherence to favourable muscular fitness pathways 

across the life course, a better understanding into what factors are associated 

with the persistence or change in muscular fitness between childhood and 

adulthood were required. These were explored, albeit at only two time-points, 
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in Chapter 6. These findings could help to inform strategies aimed at 

promoting favourable muscular fitness pathways across the life course and in 

turn, potentially improve future cardiometabolic health.
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8.4 FUTURE RESEARCH DIRECTIONS 

The work presented in this thesis has broadened the knowledge of childhood 

muscular fitness and explored how childhood muscular fitness is associated with 

impaired glucose homeostasis and type 2 diabetes in adulthood. It has also 

identified several gaps that need to be met by future research. These include: 

 

 Better understanding and consideration of factors outside current 

behaviours that influence childhood muscular fitness phenotypes 

The research reported in this thesis focused on childhood muscular fitness 

phenotypes. However, muscular fitness levels could be influenced by not only 

current behaviours, but by early-life factors as well. Therefore, these factors must 

be further explored for childhood muscular fitness to be completely understood. 

The physical and social environment a child is exposed to in their early years may 

influence their future muscular fitness levels and should be better understood. 

Further exploring the association between early-life socioeconomic position and 

future muscular fitness levels is of interest164. Lack of access to equipment, 

facilities and a support network that encourages an active lifestyle may limit a 

child’s ability to develop fundamental skills, potentially hindering their ability to 

become physically fit later in life. A child’s home environment and parental role 

modelling are also important factors to consider given the positive association 

these factors have on childhood CRF and extracurricular sports participation158 

and with muscular fitness levels, albeit with a weak effect shown in Chapter 3. 

Moreover, factors associated with infant health and development could potentially 

influence a child’s future ability to participate in muscle-strengthening activities 

and affect their muscular fitness levels. However, longitudinal research in this 
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area is currently understudied. Available evidence suggests greater birth weight is 

associated with higher levels of muscular fitness in later life188 and that less time 

an infant spends participating in “tummy time” is associated with difficulty 

performing basic skills such as rolling over and sitting up189, which could have a 

detrimental effect on future muscular fitness levels190. Furthermore, the age at 

which motor-skill development milestones are met is associated with later stage 

child development191, although the specific association between meeting these 

milestones and future muscular fitness levels requires additional attention. Future 

research that aims to better understand these associations could help inform 

strategies aimed at improving childhood muscular fitness levels by identifying 

early-life and environmental factors these strategies could target.  

 

Furthermore, as muscular fitness has both an environmental and genetic 

component192, the association between genetics and childhood muscular fitness is 

another research area that could be further explored. The heritability of jumping 

ability and grip strength is estimated as 55–56 %193, suggesting that variability in 

these measures is influenced by genetic differences as well as behavioural and 

lifestyle factors. Future research attempting to better understand how genetic 

factors are associated with muscular fitness phenotypes and attempting to identify 

the mechanism behind these associations is required.  

 

 Exploring the role genetics plays in the association between muscular 

fitness and type 2 diabetes 

Future research should not only aim to better understand the role genetics plays in 

muscular fitness phenotypes, but also explore how genetic factors influence the 
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association between muscular fitness and type 2 diabetes. Currently, two 

Mendelian randomisation studies have explored the association between grip 

strength and type 2 diabetes74, 75. The first study examined two SNPs74 and the 

second published two years later had access to 130 SNPs75. This suggests the 

SNPs associated with grip strength are becoming better understood and future 

work should endeavour to identify more. As more SNPs associated with measures 

of muscular fitness from large consortia become published, additional Mendelian 

randomisation studies exploring the association between these SNPs and type 2 

diabetes are required. Results from these studies could help identify a causal 

association between low muscular strength and type 2 diabetes. If causation is 

established, researchers could then explore if there is any benefit of an individual 

participating in muscle-strengthening activities if they have a low genetic 

propensity toward having high muscular fitness levels. This knowledge could 

potentially help tailor strategies aimed at reducing the risk of developing type 2 

diabetes by promoting specific activities that are going to provide physical and 

cardiometabolic health benefits.   

 

 Identifying criterion-referenced health-related muscular fitness 

thresholds 

Childhood muscular fitness thresholds known to associate with health outcomes 

have been identified for grip strength194-196 and the standing long jump (follow-

up: two years)197. However, Australian based age- and sex-specific criterion-

referenced health-related muscular fitness thresholds are unknown. This requires 

further research. Establishing these thresholds would have public health and 

clinical significance as clinically relevant cut-offs could be used as a screening 
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tool to identify children at risk of developing adverse future health outcomes. In 

the absence of established cut-points, age- and sex-standardised measures of 

muscular fitness not attributable to body mass were created and used in this thesis 

either continuously or categorically (by being separated into thirds). As the 

baseline sample was a nationally representative cohort of Australian children, 

separating the muscular fitness levels of this cohort into thirds is an appropriate 

way to categorise participants as having low, middle and high muscular fitness in 

the absence of existing cut-points. Ideally however, interpretable cut-points and 

thresholds that associate with health-related outcomes in adulthood would have 

been the more appropriate choice.  

 

Before Australian based criterion-referenced muscular fitness thresholds are 

established, there are several complexities that should be considered. Given 

muscular fitness performance is influenced by age, sex and body mass51, 198, 199, 

these variables must be factored into the thresholds. Age- and sex-specific 

thresholds could be developed, although how differences in body mass are treated 

requires additional thought. There are different statistical approaches available to 

remove the influence of body mass from muscular fitness performance. Although 

there is currently no consensus on the most appropriate approach.  

 

 Determining the best statistical approach to remove the influence of body 

mass from measures of muscular fitness performance 

Different statistical analytic techniques are available to remove the influence of 

one factor from another and have been explored previously in a nutritional 

epidemiological context when disentangling the effects for total energy intake and 



Summary, recommendations, and conclusions 

 

217 
 

single nutrient intake200. The statistical discussions explored in the nutritional 

epidemiological context can be applied to different scenarios. Given the findings 

presented in this thesis, it is of interest to identify the best way to remove the 

influence of body mass from muscular fitness performance. The different 

statistical approaches available include the residual method (regressing muscular 

fitness on body mass and using the residuals), using normalised measures of 

muscular fitness (muscular fitness divided by body mass), allometric scaling201, 

and using absolute muscular fitness but including body mass as a covariate in 

regression models. These different treatment approaches are mathematically 

interconnected (residual method and including body mass as a covariate in a 

multivariable model) and others are analogous (normalised by body mass)200. 

However, each treatment approach has strengths and limitations.  

 

In this thesis, the residual method was used to create measures of muscular fitness 

completely not attributable to body mass (r=0.00). Furthermore, this approach 

allowed partial and complete adjustment for body mass. This was appropriate 

when considering our three multivariable models with successive adjustment 

where comparisons between unadjusted and adjusted models were made. 

However, a limitation of this approach is its difficult interpretation in clinical 

settings. Given a future direction of this research is to create criterion-referenced 

health-related muscular fitness thresholds that can be used in a clinical setting, 

considering a different, more easily interpretable approach to account for 

differences in body mass may be appropriate. However, there needs to be a 

balance between creating interpretable measures of muscular fitness and 

adequately removing the influence of body mass from muscular fitness 
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performance. Normalised measures of muscular fitness, created by dividing 

muscular fitness by body mass, are still likely to be highly correlated with body 

mass. However, this approach has been described as clinically interpretable and 

appropriate for public health advocacy purposes200. This may be an avenue to 

explore. However, if taking this next step, it is important to replicate the findings 

presented in this thesis.  

 

Furthermore, it is of interest to consider if taking account of body mass is 

important in all research settings or if it is context specific. The importance of 

removing the influence of body mass from muscular fitness performance may 

depend on what muscular fitness is being used a marker of. For example, in the 

case of grip strength, grip strength could be used as a measure of overall muscular 

strength174, nutritional status137, or frailty202. Does the context in which measures 

of muscular fitness are examined determine if they should be created not 

attributable to body mass? More work is required to address this question and 

gain a better understanding of all the intricacies involved.  

 

 Determining mechanistic pathways 

As the association between childhood muscular fitness and impaired glucose 

homeostasis and type 2 diabetes in adulthood becomes increasingly recognised, 

the mechanistic pathway behind these associations are of interest. However, a 

clear pathway is currently unknown. It is proposed that muscular fitness may have 

a direct and indirect effect on type 2 diabetes. The indirect effect may be 

explained by higher levels of muscular fitness being associated with decreased 

adiposity, and it is lower levels of adiposity that decrease the risk of developing 
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type 2 diabetes. However, as shown in this thesis, the association between 

muscular fitness and type 2 diabetes related outcomes is independent of a measure 

of adiposity. This highlights a potential direct effect. It is proposed that higher 

levels of muscular fitness, resulting from increased participation in resistance 

training, increases proteins (GLUT4 and insulin receptor) in the insulin signalling 

cascade and consequently, improves glucose uptake152. However, additional work 

is required to explore different mechanistic explanations and outline a pathway or 

a series of pathways that explain the association between muscular fitness and 

type 2 diabetes.   

 

 Updating childhood physical activity guidelines 

As the long-term health benefits of childhood muscular fitness become better 

understood, physical activity guidelines should be readdressed and the importance 

of children participating in activities aimed at increasing their muscular fitness 

levels should be made more explicit. Currently, these guidelines state that 

children should participate in activities aimed at strengthening their muscles and 

bones at least three times per week34-38. However, these guidelines do not include 

duration and intensity recommendations for these muscle-strengthening activities. 

These are important elements that revised guidelines should consider. Updated 

guidelines should also more clearly define what is meant by muscle-strengthening 

activities and include detailed age- and sex-specific and culturally sensitive 

examples of the types of activities that are recommended for children of varying 

levels of ability. These recommendations could be informed by additional 

research that aims to identify different forms of sport, exercise and physical 

activity that increase muscular fitness levels. Furthermore, the terminology of 
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muscle-strengthening activities included within these guidelines could be made 

broader. This is important given a range of childhood muscular fitness 

phenotypes, including muscular strength, muscular power and muscular 

endurance, are associated with health outcomes, including adult measures of 

glucose homeostasis as shown in Chapter 4. These elements need to be better 

understood and used to establish updated and more informed physical activity 

guidelines. It is promising to note that the 2010 World Health Organisation 

Global Recommendations on Physical Activity for Health are currently being 

reviewed and updated. 

 

 Examining the external validity of key findings 

It is important to note that the associations between childhood and life course 

muscular fitness and impaired glucose homeostasis and type 2 diabetes in 

adulthood presented in this thesis were found using a healthy predominantly 

Caucasian cohort. It is of interest to determine if the association between low 

childhood muscular fitness and increased type 2 diabetes risk exist in non-

Caucasian populations, or in cohorts with a greater risk of developing type 2 

diabetes including Aboriginal and Torres Strait Islander populations. 

Furthermore, identifying if children with overweight or obesity with higher 

muscular fitness have a reduced risk of developing type 2 diabetes compared with 

children with overweight or obesity with low muscular fitness is also of interest. 

Examining these associations in a series of diverse cohorts could help determine 

the external validity of the findings presented in this thesis. If muscular fitness is 

consistently highlighted as an independent risk factor for future type 2 diabetes 

risk, its predictive utility would be extremely significant and muscular fitness 
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could be further highlighted as a key target for future strategies aimed at 

preventing the development of type 2 diabetes.   

 Exploring the association between childhood muscular fitness and future

cardiovascular health outcomes

The research presented in this thesis has focussed on the association between 

muscular fitness measured in childhood and across the life course and impaired 

glucose homeostasis, prediabetes and type 2 diabetes in later life. However, the 

health benefits of muscular fitness extend beyond these cardiometabolic 

outcomes. The link between low muscular fitness and increased cardiovascular 

risk has been highlighted in child87, 197, 203 and adult2, 3, 22 cohorts. Associations 

also span childhood to adulthood8, 204. However, the association between 

muscular fitness and measures of atherosclerosis, including carotid intima–media 

thickness and carotid plaque, is understudied. It is currently unknown if childhood 

muscular fitness is associated with these surrogate measures of atherosclerosis in 

adulthood. Further exploring the future adverse health outcomes low childhood 

muscular fitness is associated with requires further research.  

 Examining how exposure to muscular fitness, and other risk factors,

across the life course is associated with different health outcomes

In Chapter 7, cumulative exposure to higher levels of muscular strength across the 

life course was associated with lower odds of developing prediabetes and type 2 

diabetes in mid-adulthood. Future work should apply this same statistical analytic 

approach and examine different exposures, such as adiposity, CRF and physical 

activity. By better understanding how exposure to different risk factors across the 
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life course associate with type 2 diabetes, findings could be collated to help 

develop an effective holistic strategy to prevent the development of the disease. 

Furthermore, future research should use this same statistical analytic approach to 

examine other health outcomes. Identifying the association between life course 

muscular fitness and health outcomes such as cardiovascular disease and cancer 

could help inform interventions aimed at preventing these diseases. The 

association between muscular fitness measured across the life course and different 

health outcomes may be reflected by different life course hypotheses. By better 

understanding these associations, tailored outcome-specific prevention strategies 

could be developed. This statistical analytic approach helps identify the relative 

contribution of an exposure measured at different periods across the life course 

and helps direct prevention efforts. Therefore, this approach is extremely 

important in the life course epidemiology research field moving forward. 

However, the statistical analytic approach is currently limited by not being able to 

accommodate time varying covariates. This is an important element that should 

be addressed for this approach to better help researchers understand how exposure 

to a risk factor across the life course is associated with different health outcomes.  

 

 Implementing a muscle-strengthening intervention for primary school 

children 

The “Resistance Training for Teens” intervention, including interactive student 

seminars, a structured physical activity program with a focus on resistance 

training, lunch time fitness sessions, and smartphone apps, is an effective trial 

shown to increase muscular fitness and resistance training skill competency in 

Australian secondary school children (n=607, mean age=14.1 years)171. However, 
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physical activity guidelines suggest muscle-strengthening activities should be 

performed by children aged 5–17 years34, 35 and previous research has shown that 

the decline in moderate to vigorous physical activity occurs at approximately the 

age of seven205. Furthermore, research presented in this thesis highlighted the 

future cardiometabolic health benefits of muscular fitness for children aged 7–15 

years. Therefore, efforts to promote muscular fitness should begin before the 

teenage years. Additional research using the flexible and interactive 

administrative style of the “Resistance Training for Teens” trial171 and modifying 

elements to accommodate age-, sex- and developmental stage-specific activities 

for primary school aged children could be an important next step forward. By 

implementing a similar trial and engaging with primary school educators and 

primary school children, childhood muscular fitness levels could increase, and 

children could become competent in key resistance training skills at a younger 

age. Administration of a successful trial could have lasting effects on childhood 

muscular fitness levels, help develop positive attitudes toward resistance training 

and benefit future health. 

 Examining the combined and independent effects of muscular fitness and

CRF in childhood

The research presented in this thesis has focused on the association between 

childhood muscular fitness and measures of glucose homeostasis and type 2 

diabetes in adulthood, independent of CRF levels. Future research should explore 

how the effects for muscular fitness and CRF compare and determine if one 

fitness phenotype is more important for different health outcomes compared with 

the other. In relation to type 2 diabetes, having lower levels of both muscular 
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strength and CRF at age 18 years is associated with a threefold risk of developing 

type 2 diabetes in adulthood33. By better understanding how the effects for 

muscular fitness and CRF compare and interact for younger children of both 

sexes, greater insight into the most effective physical fitness strategy to prevent 

type 2 diabetes could be established. Next, research should explore if these 

associations are consistent for other health outcomes and examine if participating 

in both muscle-strengthening and aerobic activities provide significantly greater 

health benefits compared with doing either form of training alone. Once this 

question is addressed in a healthy population of children and if found to be true, it 

is important to understand why. Examining if the potential additional health 

benefit of participating in both forms of activities is due to the extra time spent 

being physically active or if each form of fitness provides independent health 

benefits through individual pathways should be addressed in future work.
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8.5 CONCLUSIONS 

In conclusion, findings presented in this thesis identified a secular decline in 

childhood muscular fitness levels over the past 30-years and highlighted low 

childhood muscular fitness as a risk factor for impaired glucose homeostasis in 

adulthood. These findings suggest more contemporary children could be at risk of 

developing impaired glucose homeostasis in later life and highlight childhood 

muscular fitness as a potential target for risk reduction strategies. Furthermore, 

cumulative exposure to higher levels of muscular fitness across the life course 

was associated with less impairments in measures of glucose homeostasis and 

lower odds of developing prediabetes and type 2 diabetes in adulthood. 

Collectively, the research presented in this thesis suggest implementing strategies 

aimed at increasing muscular fitness in childhood and maintaining these 

behaviours into later life could help prevent against the development of type 2 

diabetes. 
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Appendix B1. Secular changes in jumping performance distributional characteristics between 1985 and 2015*. 

  Combined (n=3730)  Males (n=1886)  Females (n=1844) 

  Model 1†  Model 2‡  Model 1†  Model 2‡  Model 1†  Model 2‡ 

Percentile   

(95% 

CI) 

SE p-

value 

  

(95% 

CI) 

SE p-value   

(95% 

CI) 

SE p-

value 

  

(95% 

CI) 

SE p-

value 

  (95% 

CI) 

SE p-value   (95% 

CI) 

SE p-

value 

P1  −27.0 

(−34.7, 

−19.4) 

3.9 <0.001  −7.4 

(−14.5, 

−0.3) 

3.6 0.04  −27.5 

(−45.4, 

−9.6) 

9.1 0.003  −13.1 

(−21.8, 

−4.5) 

4.4 0.003  −26.1 

(−33.8, 

−18.4) 

3.9 <0.001  −7.4 

(−16.0, 

1.2) 

4.4 0.09 

P5  −21.4 

(−26.0, 

−16.8) 

2.3 <0.001  −12.4 

(−15.7, 

−9.2) 

1.7 <0.001  −26.0 

(−34.4, 

−17.7) 

4.3 <0.001  −13.4 

(−18.2, 

−8.6) 

2.5 <0.001  −19.4 

(−24.4, 

−14.3) 

2.6 <0.001  −11.0 

(−15.0, 

−7.0) 

2.0 <0.001 

P10  −20.5 

(−23.7, 

−17.3) 

1.6 <0.001  −12.5 

(−14.8, 

−10.1) 

1.2 <0.001  −22.0 

(−27.3, 

−16.8) 

2.7 <0.001  −12.6 

(−16.4, 

−8.9) 

1.9 <0.001  −18.6 

(−23.1, 

−14.1) 

2.3 <0.001  −12.8 

(−16.0, 

−9.6) 

1.6 <0.001 

P20  −19.6 

(−22.2, 

−16.9) 

1.3 <0.001  −13.2 

(−15.2, 

−11.2) 

1.0 <0.001  −20.9 

(−24.9, 

−16.8) 

2.0 <0.001  −15.1 

(−17.7, 

−12.5) 

1.3 <0.001  −17.9 

(−21.1, 

−14.6) 

1.7 <0.001  −11.6 

(−15.0, 

−8.1) 

1.8 <0.001 

P25  −19.8 

(−22.3, 

−17.4) 

1.3 <0.001  −12.9 

(−14.8, 

−10.9) 

1.0 <0.001  −21.8 

(−25.7, 

−18.0) 

2.0 <0.001  −14.4 

(−17.1, 

−11.7) 

1.4 <0.001  −18.6 

(−21.7, 

−15.5) 

1.6 <0.001  −12.0 

(−15.0, 

−8.9) 

1.6 <0.001 
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  Combined (n=3730)  Males (n=1886)  Females (n=1844) 

  Model 1†  Model 2‡  Model 1†  Model 2‡  Model 1†  Model 2‡ 

Percentile   

(95% 

CI) 

SE p-

value 

  

(95% 

CI) 

SE p-value   

(95% 

CI) 

SE p-

value 

  

(95% 

CI) 

SE p-

value 

  (95% 

CI) 

SE p-value   (95% 

CI) 

SE p-

value 

P50  −16.2 

(−17.9, 

−14.4) 

0.9 <0.001  −11.2 

(−13.0, 

−9.4) 

0.9 <0.001  −18.1 

(−20.8, 

−15.5) 

1.3 <0.001  −11.5 

(−14.2, 

−8.9)  

1.3 <0.001  −14.1 

(−16.5, 

−11.7) 

1.2 <0.001  −10.2 

(−12.8, 

−7.6) 

1.3 <0.001 

P75  −13.8 

(−16.0, 

−11.7) 

1.1 <0.001  −10.1 

(−11.9, 

−8.3) 

0.9 <0.001  −14.6 

(−17.8, 

−11.6) 

1.5 <0.001  −10.3 

(−12.7, 

−7.9) 

1.2 <0.001  −12.4 

(−15.3, 

−9.6) 

1.5 <0.001  −9.6 

(−12.2, 

−7.0) 

1.3 <0.001 

P80  −13.1 

(−15.1, 

−11.2) 

1.0 <0.001  −9.6 

(−11.6, 

−7.6) 

1.0 <0.001  −14.1 

(−16.9, 

−11.3) 

1.4 <0.001  −11.0 

(−14.0, 

−8.1) 

1.5 <0.001  −12.2 

(−14.8, 

−9.5) 

1.4 <0.001  −9.5 

(−12.6, 

−6.4) 

1.6 <0.001 

P90  −12.1 

(−14.5, 

−9.8) 

1.2 <0.001  −9.2 

(−11.7, 

−6.8) 

1.3 <0.001  −13.2 

(−16.7, 

−9.7) 

1.8 <0.001  −7.7 

(−10.9, 

−4.6) 

1.6 <0.001  −12.0 

(−15.9, 

−8.0) 

2.0 <0.001  −8.6 

(−12.3, 

−5.0) 

1.9 <0.001 

P95  −10.8 

(−13.6, 

−8.0) 

1.4 <0.001  −7.6 

(−11.0, 

−4.3) 

1.7 <0.001  −11.4 

(−15.2, 

−7.6) 

1.9 <0.001  −8.0 

(−12.4, 

−3.6) 

2.2 <0.001  −9.6 

(−14.0, 

−5.2) 

2.2 <0.001  −9.6 

(−14.7, 

−4.5) 

2.6 <0.001 

P99  −13.0 

(−18.6, 

−7.4) 

2.9 <0.001  −11.8 

(−17.0, 

−6.6) 

2.6 <0.001  −10.2 

(−17.6, 

−2.7) 

3.8 0.007  −11.6 

(−18.0, 

−5.1) 

3.3 <0.001  −14.2 

(−23.9, 

−4.4) 

5.0 0.004  −7.9 

(−15.9, 

0.0) 

4.1 0.05 

* Beta coefficients, 95% CI and standard errors are expressed in cm.  

† Model 1 adjusted for age and sex (sex combined) or adjusted for age (sex stratified).  
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‡ Model 2 adjusted for Model 1 covariates and body mass.  

Abbreviations: , beta coefficient; CI, confidence intervals; SE, standard error.
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Appendix B2. Standing long jump (cm) percentile values by sex for Australian adolescents in 1985 and 2015, adjusted for age, sex and body 

mass. 

Sex P1 P5 P10 P20 P25 P50 P75 P80 P90 P95 P99 

Combined            

 1985 90.7 109.3 117.3 127.4 130.7 144.2 157.9 161.1 170.7 177.8 193.1 

 2015 83.3 96.8 104.9 114.2 117.9 133.0 147.8 151.5 161.5 170.1 181.3 

 Difference −7.4 −12.5 −12.4 −13.2 −12.8 −11.2 −10.1 −9.6 −9.2 −7.7 −11.8 

Males            

 1985 97.7 114.0 122.2 132.1 135.3 148.4 162.2 166.0 174.4 181.0 195.6 

 2015 84.6 100.0 109.6 117.0 120.9 136.8 151.8 154.9 166.6 173.0 184.1 

 Difference −13.1 −14.0 −12.6 −15.1 −14.4 −11.6 −10.4 −11.1 −7.8 −8.0 −11.5 

Females            

 1985 89.4 105.1 113.6 122.5 126.8 139.5 153.0 156.6 166.1 174.5 189.2 

 2015 82.0 94.1 100.8 110.9 114.8 129.3 143.4 147.1 157.5 164.8 181.2 

 Difference −7.4* −11.0 −12.8 −11.6 −12.0 −10.2 −9.6 −9.5 −8.6 −9.7 −8.0* 

* Difference in standing long jump distance was not statistically significant (p>0.05) 
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Appendix B3. Secular changes in jumping performance between 1985 and 2015, adjusted for changes in different body composition measures*. 

    Model 1†  Model 2 (additionally adjusted for height) 

Sex  n   (95% CI) SE p-value   (95% CI) SE p-value 

Combined  3729  −16.4 (−18.0, −14.8) 0.8 <0.001  −13.3 (−14.6, −11.9) 0.8 <0.001 

Males  1885  −18.0 (−20.4, −15.6) 1.2 <0.001  −15.0 (−16.9, −13.1) 1.2 <0.001 

Females  1844  −14.8 (−17.0, −12.7) 1.1 <0.001  −11.7 (−13.6, −9.8) 1.1 <0.001 

    Model 1†  Model 2 (additionally adjusted for body mass index) 

  n   (95% CI) SE p-value   (95% CI) SE p-value 

Combined  3729  −16.4 (−18.0, −14.8) 0.8 <0.001  −14.5 (−16.2, −12.9) 0.7 <0.001 

Males  1885  −18.0 (−20.4, −15.6) 1.2 <0.001  −15.2 (−17.6, −12.7) 0.9 <0.001 

Females  1844  −14.8 (−17.0, −12.7) 1.1 <0.001  −13.8 (−16.1, −11.6) 1.0 <0.001 

    Model 1†  Model 2 (additionally adjusted for waist circumference) 

  n   (95% CI) SE p-value   (95% CI) SE p-value 

Combined  3728  −16.5 (−18.1, −14.9) 0.8 <0.001  −14.6 (−15.9, −13.3) 0.7 <0.001 

Males  1885  −18.1 (−20.4, −15.7) 1.2 <0.001  −16.2 (−18.1, −14.4) 0.9 <0.001 

Females  1843  −14.9 (−17.0, −12.7) 1.1 <0.001  −13.0 (−14.9, −11.2) 1.0 <0.001 

    Model 1†  Model 2 (additionally adjusted for fat-free mass) 

  n   (95% CI) SE p-value   (95% CI) SE p-value 

Combined  2409  −17.9 (−20.4, −15.5) 1.3 <0.001  −14.9 (−17.3, −12.4) 1.3 <0.001 

Males  1204  −19.2 (−22.9, −15.5) 1.9 <0.001  −16.5 (−20.1, −12.9) 1.8 <0.001 

Females  1205  −16.6 (−19.9, −13.3) 1.7 <0.001  −13.6 (−16.9, −10.2) 1.7 <0.001 
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    Model 1†  Model 2 (additionally adjusted for fat mass) 

  n   (95% CI) SE p-value   (95% CI) SE p-value 

Combined  2728  −18.1 (−20.4, −15.8) 1.2 <0.001  −15.6 (−17.4, −13.8) 0.9 <0.001 

Males  1376  −18.9 (−22.3, −15.4) 1.8 <0.001  −15.0 (−17.5, −12.5) 1.3 <0.001 

Females  1352  −17.4 (−20.5, −14.3) 1.6 <0.001  −16.0 (−18.5, −13.5) 1.3 <0.001 

* Beta coefficients, 95% CI and standard errors are expressed in cm.  

† Model 1 adjusted for age and sex (sex combined) or adjusted for age (sex stratified).  

Abbreviations: , beta coefficient; CI, confidence intervals; SE, standard error. 
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Appendix C. Supplementary material for Chapter 3 
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Appendix C1.  Associations between modifiable and environmental factors and the combined muscular strength score for males and females 

separately, adjusted for age and all other listed variables. 

 Males (n=746)†  Females (n=688)‡ 

Characteristic  (95% CI)* p-value   (95% CI)* p-value 

Adiposity and fat-free mass      

 Sum of skinfolds, per 10 mm –0.32 (–0.40, –0.25) <0.001  –0.18 (–0.25, –0.11) <0.001 

 Fat-free mass, per 1 kg 0.09 (0.07, 0.12) <0.001  0.06 (0.03, 0.08) <0.001 

Cardiorespiratory fitness      

 1.6 km run, per 1 min n/r n/r  –0.16 (–0.25, –0.06) 0.001 

 Estimated VO2 max, per 1 ml/kg/min –0.00 (–0.04, 0.03) 0.78  n/r n/r 

Flexibility and speed capability      

 Sit and reach, cm 0.03 (0.02, 0.04) <0.001  0.04 (0.02, 0.05) <0.001 

 50m run, per second –0.80 (–0.97, –0.63) <0.001  –0.94 (–1.15, –0.73) <0.001 

Physical activity      

 Total weekly physical activity, per 60 

mins/week 

0.01 (–0.00, 0.02) 0.20  –0.00 (–0.01, 0.02) 0.90 

 Parental exercise      

  Both parents are inactive n/r n/r  REF REF 

  Father active only n/r n/r  0.08 (–0.19, 0.36) 0.55 

  Mother active only n/r n/r  0.12 (–0.17, 0.41) 0.41 
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 Males (n=746)†  Females (n=688)‡ 

Characteristic  (95% CI)* p-value   (95% CI)* p-value 

  Both parents are active n/r n/r  0.10 (–0.19, 0.38) 0.50 

Dietary quality and intake      

 Fruit intake      

  1 serve or less REF REF  n/r n/r 

  2–3 serves 0.00 (–0.22, 0.22) 0.99  n/r n/r 

  4 or more serves 0.21 (–0.07, 0.48) 0.14  n/r n/r 

 Vegetable intake      

  1 serve or less REF REF  n/r n/r 

  2–3 serves 0.01 (–0.21, 0.23) 0.91  n/r n/r 

  4 or more serves 0.16 (–0.07, 0.39) 0.17  n/r n/r 

 Protein intake      

  2 serves or less n/r n/r  REF REF 

  3–4 serves n/r n/r  0.13 (–0.09, 0.35) 0.25 

  5 or more serves n/r n/r  –0.30 (–0.60, 0.00) 0.05 

 Protein, total daily intake per 10 grams –0.01 (–0.04, 0.02) 0.40  n/r n/r 

Socioeconomic status      

 Area-level SES      

  Low REF REF  REF REF 

  Medium–low –0.20 (–0.53, 0.14) 0.26  0.01 (–0.38, 0.40) 0.96 

  Medium–high –0.29 (–0.64, 0.06) 0.10  –0.05 (–0.46, 0.35) 0.80 
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 Males (n=746)†  Females (n=688)‡ 

Characteristic  (95% CI)* p-value   (95% CI)* p-value 

  High –0.15 (–0.51, 0.21) 0.41  –0.09 (–0.50, 0.32) 0.67 

 School type      

  State REF REF  REF REF 

  Catholic –0.28 (–0.52, –0.05) 0.02  –0.14 (–0.39, 0.10) 0.26 

  Independent 0.47 (0.09, 0.84) 0.02  –0.05 (–0.59, 0.48) 0.84 

* Beta coefficient represents the estimated difference in the age and sex standardised combined muscular strength score per one-unit increase in a continuous variable from 

its mean or for each level of a categorical variable.  

† r-squared for male multivariable model=0.41.  

‡ r-squared for female multivariable model=0.32.  

Abbreviations: , beta coefficient; CI, confidence interval; n/r, not retained in multivariable model; SES, socioeconomic status. 
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Appendix C2. Associations between modifiable and environmental factors and muscular power for males and females separately, adjusted for 

age and all other listed variables. 

 Males (n=761)†  Females (n=710)‡ 

Characteristic  (95% CI)* p-value   (95% CI)* p-value 

Adiposity and fat-free mass      

 Sum of skinfolds, per 10 mm –0.15 (–0.19, –0.10) <0.001  –0.04 (–0.08, –0.00) 0.03 

 Fat-free mass, per 1 kg 0.03 (0.02, 0.04) <0.001  n/r n/r 

Cardiorespiratory fitness      

 1.6 km run, per 1 min 0.02 (–0.03, 0.07) 0.47  –0.06 (–0.11, –0.02) 0.006 

Flexibility and speed capability      

 Sit and reach, cm 0.03 (0.02, 0.04) <0.001  0.02 (0.02, 0.03) <0.001 

 50m run, per second –0.60 (–0.71, –0.49) <0.001  –0.58 (–0.68, –0.48) <0.001 

Physical activity      

 Total weekly physical activity, per 60 mins/week 0.01 (–0.00, 0.02) 0.06  0.00 (–0.01, 0.01) 0.64 

 Parental exercise      

  Both parents are inactive n/r n/r  REF REF 

  Father active only n/r n/r  –0.00 (–0.17, 0.16) 0.96 

  Mother active only n/r n/r  –0.02 (–0.19, 0.16) 0.85 

  Both parents are active n/r n/r  0.08 (–0.09, 0.25) 0.33 

Dietary quality and intake      
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 Males (n=761)†  Females (n=710)‡ 

Characteristic  (95% CI)* p-value   (95% CI)* p-value 

 Dietary guideline index, per 10 units 0.02 (–0.03, 0.08) 0.41  0.02 (–0.04, 0.08) 0.49 

 Fruit intake      

  1 serve or less REF REF  REF REF 

  2–3 serves 0.08 (–0.06, 0.22) 0.25  0.12 (–0.04, 0.27) 0.13 

  4 or more serves 0.05 (–0.12, 0.23) 0.57  0.17 (–0.02, 0.35) 0.08 

 Vegetable intake      

  1 serve or less REF REF  n/r n/r 

  2–3 serves –0.06 (–0.20, 0.08) 0.41  n/r n/r 

  4 or more serves 0.01 (–0.15, 0.16) 0.94  n/r n/r 

 Protein, total daily intake per 10 grams 0.02 0.09  0.01 (–0.01, 0.04) 0.40 

Socioeconomic status      

 Area-level SES      

  Low REF REF  REF REF 

  Medium–low 0.08 (–0.12, 0.34) 0.33  0.42 (0.18, 0.65) 0.001 

  Medium–high 0.23 (0.02, 0.44) 0.03  0.40 (0.15, 0.64) 0.001 

  High 0.33 (0.12, 0.55) 0.003  0.45 (0.20, 0.70) <0.001 

 School type      

  State REF REF  REF REF 

  Catholic 0.27 (0.13, 0.42) <0.001  –0.07 (–0.22, 0.08) 0.40 

  Independent 0.31 (0.08, 0.53) 0.008  0.33 (0.00, 0.66) 0.05 
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* Beta coefficient represents the estimated difference in the age- and sex-standardised measure of muscular power per one-unit increase in a continuous variable from its 

mean or for each level of a categorical variable.  

† r-squared for male multivariable model=0.42.  

‡ r-squared for female multivariable model=0.36.  

Abbreviations: , beta coefficient; CI, confidence interval; n/r, not retained in multivariable model; SES, socioeconomic status. 
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Appendix D. Supplementary material for Chapter 4
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Appendix D1. Participant flow chart.  

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: ASHFS, Australian Schools Health and Fitness Survey; CDAH, Childhood Determinants of Adult Health Study. 
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Appendix D2. Age and sex specific mean (SD) values for each muscular fitness 

measure not attributable to body mass and VO2 max. 

Physical fitness measure  Male  Female 

 Mean (SD)  Mean (SD) 

Right grip strength, kg     

 9 years  24.28 (3.57)  19.54 (2.96) 

 12 years  23.98 (5.06)  21.48 (4.06) 

 15 years  27.71 (6.14)  22.20 (4.53) 

Left grip strength, kg     

 9 years  23.84 (3.44)  18.91 (2.86) 

 12 years  23.66 (4.95)  20.52 (3.82) 

 15 years  27.17 (6.05)  21.21 (4.32) 

Shoulder extension, kg     

 9 years  16.79 (3.37)  12.87 (2.91) 

 12 years  16.23 (5.00)  13.72 (3.84) 

 15 years  19.50 (7.21)  15.41 (4.99) 

Shoulder flexion, kg     

 9 years  19.25 (4.34)  16.11 (4.16) 

 12 years  17.85 (7.30)  18.14 (5.85) 

 15 years  23.97 (10.06)  20.22 (6.93) 

Leg strength, kg     

 9 years  107.02 (23.30)  76.81 (18.31) 

 12 years  111.34 (31.93)  85.60 (25.39) 

 15 years  127.20 (38.94)  88.35 (29.59) 

Standing long jump, cm    

 7 years  138.21 (18.80)  120.01 (17.47) 

 8 years  141.07 (19.59)  128.55 (18.51) 

 9 years  145.67 (20.43)  132.94 (19.98) 

 10 years  151.54 (20.82)  138.25 (19.85) 

 11 years  149.96 (24.65)  140.14 (22.38) 

 12 years  150.81 (25.64)  140.58 (23.00) 

 13 years  156.18 (26.11)  140.25 (22.80) 

 14 years  159.45 (24.84)  142.11 (21.49) 

 15 years  163.09 (25.51)  139.48 (22.32) 

Push-ups     

 7 years  12.05 (4.67)  6.22 (4.90) 

 8 years  12.64 (5.33)  7.36 (5.33) 

 9 years  12.14 (5.36)  7.21 (4.98) 
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Physical fitness measure  Male  Female 

 Mean (SD)  Mean (SD) 

 10 years  13.53 (5.87)  8.11 (5.00) 

 11 years  12.56 (6.41)  7.65 (5.25) 

 12 years  12.57 (6.26)  7.67 (5.47) 

 13 years  13.66 (6.17)  7.71 (4.92) 

 14 years  15.64 (6.24)  8.86 (5.44) 

 15 years  16.71 (6.41)  7.64 (4.92) 

Estimated VO2 max, ml/min/kg    

 7 years  47.66 (2.96)  44.72 (2.55) 

 8 years  48.79 (3.42)  45.08 (2.83) 

 9 years  49.58 (3.87)  45.15 (3.58) 

 10 years  50.62 (3.97)  45.23 (3.46) 

 11 years  50.44 (4.58)  44.95 (4.13) 

 12 years  50.56 (4.69)  44.64 (3.91) 

 13 years  50.95 (4.86)  43.71 (3.93) 

 14 years  51.66 (4.43)  43.65 (3.71) 

 15 years  52.02 (4.24)  42.70 (4.89) 

Abbreviations: SD, standard deviation; VO2 max, maximal oxygen 

consumption. 
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Appendix D3. Multivariable association between childhood muscular strength phenotypes and adult measures of glucose homeostasis for males. 

  Model 1*  Model 2†  Model 3‡ 

 n  (95% CI) p-value   (95% CI) p-value   (95% CI) p-value 

Right grip strength             

 Fasting glucose, mmol/L 370 –0.06 (–0.10, –0.02) 0.005  –0.06 (–0.10, –0.01) 0.01  –0.06 (–0.10, –0.01) 0.02 

 Fasting insulin, mU/L 367 –0.85 (–1.26, –0.44) <0.001  –0.59 (–1.01, –0.16) 0.006  –0.52 (–0.96, –0.07) 0.02 

 HOMA2-IR 338 –0.10 (–0.14, –0.07) <0.001  –0.08 (–0.12, –0.04) <0.001  –0.08 (–0.12, –0.03) <0.001 

 HOMA2-, % 338 –5.19 (–8.01, –2.38) <0.001  –3.45 (–6.47, –0.44) 0.03  –3.05 (–6.19, 0.08) 0.06 

Left grip strength            

 Fasting glucose, mmol/L 368 –0.04 (–0.08, –0.00) 0.04  –0.04 (–0.08, 0.01) 0.11  –0.03 (–0.08, 0.01) 0.17 

 Fasting insulin, mU/L 365 –0.76 (–1.10, –0.42) <0.001  –0.45 (–0.82, –0.08) 0.02  –0.37 (–0.77, 0.03) 0.07 

 HOMA2-IR 337 –0.08 (–0.11, –0.05) <0.001  –0.05 (–0.09, –0.01) 0.008  –0.05 (–0.09, –0.00) 0.03 

 HOMA2-, % 337 –4.33 (–6.78, –1.87) <0.001  –2.41 (–5.21, 0.39) 0.09  –1.92 (–4.87, 1.03) 0.20 

Shoulder flexion          

 Fasting glucose, mmol/L 364 –0.03 (–0.08, 0.01) 0.16  –0.02 (–0.07, 0.03) 0.36  –0.02 (–0.07, 0.03) 0.44 

 Fasting insulin, mU/L 361 –0.69 (–1.08, –0.29) 0.001  –0.32 (–0.78, 0.14) 0.18  –0.23 (–0.71, 0.26) 0.36 

 HOMA2-IR 333 –0.07 (–0.11, –0.03) <0.001  –0.04 (–0.08, 0.01) 0.12  –0.03 (–0.08, 0.02) 0.21 

 HOMA2-, % 333 –4.12 (–6.84, –1.39) 0.003  –1.74 (–4.84, 1.35) 0.27  –1.21 (–4.46, 2.04) 0.47 

Shoulder extension          

 Fasting glucose, mmol/L 365 –0.01 (–0.06, 0.04) 0.67  0.00 (–0.05, 0.06) 0.94  0.00 (–0.05, 0.06) 0.86 

 Fasting insulin, mU/L 362 –0.81 (–1.24, –0.38) <0.001  –0.43 (–0.91, 0.05) 0.08  –0.38 (–0.88, 0.12) 0.14 
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  Model 1*  Model 2†  Model 3‡ 

 n  (95% CI) p-value   (95% CI) p-value   (95% CI) p-value 

 HOMA2-IR 334 –0.10 (–0.14, –0.06) <0.001  –0.07 (–0.11, –0.02) 0.007  –0.06 (–0.11, –0.01) 0.02 

 HOMA2-, % 334 –6.31 (–8.88, –3.74) <0.001  –4.20 (–7.27, –1.13) 0.007  –3.92 (–7.07, –0.77) 0.02 

Leg strength          

 Fasting glucose, mmol/L 367 –0.02 (–0.06, 0.02) 0.39  –0.01 (–0.06, 0.04) 0.62  –0.01 (–0.06, 0.04) 0.73 

 Fasting insulin, mU/L 364 –0.54 (–0.88, –0.20) 0.002  –0.25 (–0.63, 0.14) 0.21  –0.18 (–0.57, 0.22) 0.39 

 HOMA2-IR 336 –0.06 (–0.10, –0.02) 0.001  –0.03 (–0.07, 0.01) 0.13  –0.03 (–0.07, 0.02) 0.23 

 HOMA2-, % 336 –3.70 (–6.23, –1.17) 0.004  –1.88 (–4.67, 0.91) 0.19  –1.50 (–4.31, 1.30) 0.29 

* Model 1 is adjusted for childhood age and length to follow up.  

† Model 2 is adjusted for model 1 covariates and additionally for childhood cardiorespiratory fitness. 

‡ Model 3 is adjusted for model 2 covariates and additionally for childhood waist circumference.  

Abbreviations: , beta coefficient; CI, confidence intervals; HOMA2–, Homeostatic Model Assessment of beta cell function – 2; HOMA2–IR, Homeostatic Model 

Assessment of insulin resistance – 1.  
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Appendix D4. Supplementary methods 

Childhood socioeconomic status 

Using the Australian Bureau of Statistics SEIFA and 1981 census data, childhood 

SES was derived from residential postcode. Additional detail has been outlined 

previously206. These postcodes were classified into four categories: low, medium-

low, medium-high and high. 

 

Childhood smoking status 

Smoking status in childhood was ascertained from self-report in isolation from 

parents and teachers. Children were asked “How long have you been smoking 

regularly? (Regularly means 1 or more times a week)”. Children were defined as 

non-smokers if they indicated “I don’t smoke” and defined as smokers if they 

indicated any of the remaining responses (just started, 1–6 months, 7–12 months, 

1–2 years, 2–4 years, >4 years). 

 

Childhood dietary guideline index 

In childhood, the DGI was calculated according to servings of food and beverage 

items recorded in a 24-hour food diary. This score was based on the 2013 

Australian Dietary Guidelines135. The DGI was calculated from nine individual 

components, where a score from each component was summed to provide an 

overall DGI score. The individual DGI components included diet variety, 

vegetable intake, fruit intake, breads/cereals/wholegrains intake, meat intake, 

dairy intake, total fluid intake, discretionary (energy dense, nutrient poor) food 

intake and healthy fat intake. The maximum DGI score is 100, where a larger 

DGI reflects a healthier diet.  
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Adult muscular fitness 

Using the same protocols as those used in childhood, muscular strength and 

muscular power was measured in adults. Additional methodological detail has 

been described elsewhere94. Muscular endurance was not measured in adulthood. 

 

Right grip strength, left grip strength, shoulder extension, shoulder flexion and leg 

strength were measured using isometric dynamometers (Smedley’s 

Dynamometer, TTM, Tokyo, Japan). Each strength measure was performed 

twice, with the maximum of two attempts used in analyses. Right and left grip 

strength was measured as participants held the dynamometer in the required hand 

and supported the dynamometer on their opposite shoulder. The participants then 

gripped the dynamometer with maximum force. Shoulder strength (flexion and 

extension) was measured as participants held the dynamometer in front of their 

chest with both hands parallel to the ground and pulled (extension) or pushed 

(flexion) with maximum force. Leg strength was measured as participants stood 

on the leg-back dynamometer with their body flat against a wall. Participants held 

a bar with an overhand grip and flexed their knees at an angle of 115°. At this 

point, the bar was attached to the dynamometer by a chain. Ensuring their body 

remained in contact with the wall behind them, the participant then pulled the bar 

up as far as possible by moving their body upwards. A combined muscular 

strength score was created incorporating each of the five individual muscular 

strength measures via principal component analysis107. 
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Adult muscular power was measured by the distance of standing long jump. This 

standing long jump required a two footed take off. Each participant was allowed 

two attempts, with the best resulting distance used in the analysis.   

 

To create adult measures of muscular fitness not attributable to body mass, body 

mass was regressed on each muscular fitness measure and the residuals were 

used107. All muscular fitness measures were standardised for age and sex. 

 

Adult cardiorespiratory fitness 

Adult cardiorespiratory fitness was measured as PWC170. This test followed a 

standardised protocol and used a Monark 828E bicycle ergometer (Monark 

Exercise AB, Vansbro, Sweden) pedalled at 60 revolutions per minute. The 

PWC170 test was made up of three–four minute workloads, with heart rate being 

recorded during the last 20 seconds of each workload. PWC170 was estimated by 

extrapolating the line of best fit from the heart rates recorded at each workload. 

To create a measure of CRF not attributable to fat-free mass, fat-free mass was 

regressed on PWC170 and the residuals were used107. 

 

Fat-free mass was calculated from body density and percent body fat equations 

that used measures of skinfold thickness126. Tricep, bicep, subscapular and 

suprailiac skin folds were measured using Slim Guide Calipers to the nearest 

0.5mm. Sum skinfolds was created via summing each site-specific skin fold 

score. Calculations of body fat were made from body density using the Siri 

formula126 and fat-free mass was estimated by subtracting fat mass from total 

body mass.   
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Adult waist circumference 

Using a constant tension tape, adult waist circumference was measured at the 

narrowest point between the lower costal border and iliac crest to the nearest 0.1 

cm. 
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Appendix E. Supplementary material for Chapter 5 
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Appendix E1. Flow chart of participation.  

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: ASHFS, Australian Schools Health and Fitness Survey; CDAH, Childhood Determinants of Adult Health Study.
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Appendix F. Supplementary material for Chapter 6
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Appendix F1. Flow chart of participation.  

 

Abbreviations: ASHFS, Australian Schools Health and Fitness Survey; CDAH, Childhood Determinants of Adult Health Study.
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Appendix F2. Diagram of muscular power groups based on age- and sex-specific 

thirds between childhood and adulthood. Solid line represents the persistently 

high, persistently middle and persistently low muscular power groups. Small dash 

line represents the decreasing muscular power group and large dash line 

represents the increasing muscular power group.  

 

 

 

Abbreviations: ASHFS, Australian Schools Health and Fitness Survey; CDAH, 

Childhood Determinants of Adult Health Study.
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Appendix F3. Factors associated with the persistence or change in muscular power from childhood to adulthood*. 

 Muscular power group†‡ 

 Persistently low  Decreasing  Increasing  Persistently high 

Characteristic RR (95% CI)  RR (95% CI)  RR (95% CI)  RR (95% CI) 

BMI         

 Childhood 1.14 (1.02, 1.28)  0.90 (0.81, 1.00)§  0.96 (0.86, 1.07)  1.04 (0.92, 1.17) 

 Adulthood 1.08 (0.98, 1.20)  1.09 (0.99, 1.19)  1.03 (0.93, 1.14)  0.83 (0.74, 0.93) 

Waist circumference        

 Childhood 1.15 (1.01, 1.33)  0.89 (0.80, 0.97)  0.98 (0.87, 1.11)  1.02 (0.89, 1.16) 

 Adulthood 1.09 (0.94, 1.26)  1.13 (1.03, 1.25)  1.02 (0.91, 1.14)  0.79 (0.70, 0.89) 

Sum of skinfolds        

 Childhood 1.46 (1.19, 1.78)  0.84 (0.72, 0.98)  1.15 (0.95, 1.38)  0.72 (0.57, 0.91) 

 Adulthood 1.19 (1.05, 1.36)  1.16 (1.06, 1.27)  0.95 (0.83, 1.09)  0.72 (0.63, 0.83) 

Fat-free mass         

 Childhood 0.82 (0.66, 1.01)  1.14 (1.01, 1.29)  0.71 (0.60, 0.84)  1.46 (1.25, 1.71) 

 Adulthood 1.09 (0.84, 1.41)  0.83 (0.72, 0.96)  1.51 (1.29, 1.76)  0.84 (0.72, 0.99) 

Cardiorespiratory fitness        

 Childhood 1.02 (0.82, 1.27)  1.00 (0.86, 1.17)  1.04 (0.87, 1.25)  1.15 (0.93, 1.43) 

 Adulthood 0.75 (0.67, 0.85)  0.93 (0.84, 1.02)  1.12 (0.97, 1.30)  1.27 (1.08, 1.50) 

Physical activity         
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 Muscular power group†‡ 

 Persistently low  Decreasing  Increasing  Persistently high 

Characteristic RR (95% CI)  RR (95% CI)  RR (95% CI)  RR (95% CI) 

 Childhood 0.90 (0.78, 1.03)  1.00 (0.91, 1.09)  0.99 (0.89, 1.09)  1.07 (0.96, 1.19) 

 Adulthood 0.83 (0.73, 0.96)  0.99 (0.91, 1.07)  1.07 (0.99, 1.15)  1.03 (0.94, 1.13) 

Dietary guideline index        

 Childhood 0.88 (0.76, 1.01)  1.00 (0.89, 1.12)  1.09 (0.99, 1.20)  1.05 (0.93, 1.19) 

 Adulthood 0.87 (0.77, 1.00)‖  0.94 (0.85, 1.05)  1.09 (0.97, 1.22)  1.13 (0.99, 1.28) 

Fruit intake         

 Childhood 0.93 (0.80, 1.08)  1.09 (0.97, 1.22)  0.97 (0.86, 1.10)  1.08 (0.94, 1.24) 

 Adulthood 0.93 (0.81, 1.07)  0.91 (0.81, 1.01)  1.13 (1.02, 1.25)  1.05 (0.92, 1.20) 

Vegetable intake         

 Childhood 0.97 (0.84, 1.11)  0.96 (0.87, 1.07)  1.04 (0.93, 1.15)  1.03 (0.90, 1.17) 

 Adulthood 0.90 (0.79, 1.03)  0.94 (0.85, 1.05)  1.10 (0.98, 1.24)  1.03 (0.91, 1.17) 

Protein intake         

 Childhood 0.94 (0.83, 1.07)  0.96 (0.87, 1.07)  0.96 (0.87, 1.07)  1.23 (1.09, 1.39) 

 Adulthood 1.14 (0.98, 1.32)  0.89 (0.82, 0.97)  0.98 (0.88, 1.08)  1.05 (0.92, 1.21) 

Education-based SES        

 Childhood 0.89 (0.78, 1.02)  1.09 (0.99, 1.19)  1.02 (0.92, 1.13)  1.03 (0.91, 1.16) 

 Adulthood 0.79 (0.67, 0.90)  0.93 (0.85, 1.03)  1.04 (0.93, 1.17)  1.24 (1.07, 1.43) 

* Childhood and adulthood z-scores were included in analyses.  

† Persistently moderate is the excluded muscular power group.  
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‡ Numbers for analysis: range 108–331 (persistently low), 191–550 (decreasing), 72–230 (persistently moderate), 129–484 (increasing), 111–343 (persistently high). See 

Appendix F4.   

§ p-value=0.053. 

‖ p-value=0.047.  

Abbreviations: BMI, body mass index; CI, confidence intervals; RR, relative risk; SES, socioeconomic status.
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Appendix F4. Percentage and number of participants in each muscular power group for the analyses presented in Appendix F3. 

Characteristic  Persistently low Decreasing Persistently 

moderate 

Increasing Persistently 

high 

BMI  17.1 (331) 28.4 (550) 11.8 (229) 25.0 (484) 17.7 (343) 

Waist circumference  17.0 (330) 28.4 (550) 11.9 (230) 25.0 (484) 17.7 (343) 

Skinfolds  17.4 (113) 31.3 (204) 11.5 (75) 21.5 (140) 18.3 (119) 

Fat-free mass  17.4 (113) 31.3 (204) 11.5 (75) 21.5 (140) 18.3 (119) 

Cardiorespiratory fitness   17.7 (108) 31.3 (191) 11.8 (72) 21.1 (129) 18.2 (111) 

Physical activity  17.6 (238) 27.5 (373) 12.2 (165) 24.1 (326) 18.7 (253) 

Dietary guideline index  17.9 (200) 26.0 (290) 13.2 (147) 23.9 (266) 19.0 (212) 

Fruit intake  17.9 (200) 26.0 (290) 13.2 (147) 23.9 (266) 19.0 (212) 

Vegetable intake  17.9 (200) 26.0 (290) 13.2 (147) 23.9 (266) 19.0 (212) 

Protein intake  17.9 (200) 26.0 (290) 13.2 (147) 23.9 (266) 19.0 (212) 

Education-based SES  16.7 (304) 28.6 (522) 12.1 (220) 24.7 (450) 17.9 (327) 

Abbreviations: BMI, body mass index; SES, socioeconomic status. 
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Appendix G. Supplementary material for Chapter 7
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Appendix G1. Flow chart of participation 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: ASHFS, Australian Schools Health and Fitness Survey; CDAH, Childhood Determinants of Adult Health; HbA1c, glycated 

haemoglobin. 
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Appendix G2. Simulation study to assess the performance of the Bayesian 

relevant life course exposure model (BRLM) under small sample size and low 

outcome frequency. 

Simulation study to assess the performance of the BRLM approach under small 

sample size and low outcome frequency 

Since the BRLM is a recently developed approach, its performance at identifying 

the correct life course hypothesis by estimating ‘true’ parameter values has not 

been investigated in a scenario including a small sample size (<300 participants) 

and a rare binary outcome (frequency <10 %). To assess the performance of the 

model to predict a pure accumulation model in a dataset matching this scenario, 

we simulated a three-period pure accumulation (W1=W2=W3=0.33) life course 

model (‘true’ model), with three exposure gaussian distributed variables with a 

correlation of 0.75 between adjacent measures and 0.50 between non-adjacent 

measures. The parameter for the lifetime effect was set to beta=2 and for 

simplicity, covariates were not included. Using this model, the binary dependent 

variable was simulated for a sample of size N=265 using an inverse logit function 

of the cross product of the lifetime effect multiplied by the weighted simulated 

exposure to match the outcome prevalence with the prevalence of prediabetes and 

type 2 diabetes observed in our study (i.e. 7.5 %). This was repeated 5,000 times, 

and 5,000 random simulated samples of N=265, where the data generating 

process matched a pure accumulation scenario and the occurrence of the observed 

outcome was rare (<10 %), were produced. For each of these 5,000 simulated 

datasets, using the non-informative priors described in the previous section, the 

BRLM was fitted using 10000 iterations for burn-in and 20000 iterations for 

parameter inference to: (1) retrieve the posterior distribution for each of the three 
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weight parameters, and (2), identify the shortest Euclidian distance between the 

estimated weights and five possible reference weight vectors corresponding to 

various life course hypothesis scenarios. These included one pure accumulation 

(where all three weights=0.33), three critical periods (i.e. where one of the three 

weights=1 and the other two=0), and one sensitive period (where the most weight 

was set to period 1 (0.75), with 20 % of the weight allocated to period 2 and 5 % 

to period 3, respectively), as previously described95. The shortest Euclidian 

distance represents the life course hypothesis model best supported by the data. 

 

Results of the simulation study 

Across the 5,000 generated small (N=265) datasets, the average posterior mean of 

weights were close to the ‘true’ weights set in the simulation (i.e. mean 

(W1)=0.28, mean (W2)=0.27, mean (W3)=0.31) but the standard deviation 

around the means were relatively wide (i.e. SD (W1)=0.57, SD (W2)=0.62, SD 

(W3)=0.71). This suggest that although on average the BRLM estimates the 

correct weight values in a situation of small sample size such as ours, there is 

some variability around those estimates. However, using the Euclidian distance 

approach, the correct life hypothesis scenario (i.e. ‘pure’ accumulation) was 

identified for N=4,162/5,000 simulated samples with a sample size of N=265, 

suggesting that the BRLM has a power of 83.2 % at detecting the true data 

generating-process in situation of very small sample size and low disease 

prevalence. 
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Appendix G3. Association between dominant grip strength and prediabetes and 

type 2 diabetes adjusted for life course average standardised values of 

cardiorespiratory fitness and waist circumference. 

 
Odds Ratio  

(95% CrI) 

 
Relative importance  

(95% CrI) 

Prediabetes and type 2 diabetes  
   

Life time effect 0.73 (0.44, 1.09) 
  

Life stages 
   

 
Childhood 

  
33 % (3 %, 74 %) 

 
Young-adulthood 

  
39 % (4 %, 82 %) 

 
Mid-adulthood 

  
28 % (2 %, 71 %) 

Abbreviations: CrI, Credible Intervals.  
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Appendix G4. Life stage specific associations between dominant grip strength 

and prediabetes and type 2 diabetes adjusted for life course average standardised 

values of cardiorespiratory fitness and waist circumference. 

 
Odds Ratio (95% CrI) 

Childhood 0.90 (0.68, 1.02) 

Young-adulthood 0.87 (0.62, 1.02) 

Mid-adulthood 0.92 (0.74, 1.02) 

Abbreviations: CrI, Credible Intervals. 

 

 

 




