
Title page 

Associations between dietary consumption and cardiometabolic disorders among 

community-dwelling Australian adults 

Candidate: Xianwen Shang 

ORCID: 0000-0002-2362-3222 

Student No.: 652992 

Submitted in total fulfillment of the requirements of the degree of Doctor of Philosophy 

Submitted in February 2017 

Melbourne Medical School-Western Precinct 

Faculty of Medicine, Dentistry and Health Sciences 

The University of Melbourne 



i 
 

Abstract 

Background: Cardiometabolic disorders including atherosclerosis, diabetes, and metabolic 

syndrome (MetS) are major causes of mortality and morbidity. Nutrition is a lifestyle factor 

that plays an important role in the development of cardiometabolic disorders.  

Objective: The research project aimed to examine the association of omega-3 fatty acid 

intake and dietary quality with abdominal aortic calcification (AAC) among community-

dwelling adults from a subset of the Melbourne Collaborative Cohort Study (MCCS) and 

whether protein intakes from different sources are differently associated with the incident 

diabetes and MetS in the whole population of the MCCS.  

Methods: Analyses regarding association of omega-3 fatty acid intakes and dietary quality 

with AAC were based on a subset (n=312) of the MCCS with diet assessed at baseline (1990-

1994) and follow-up (2010-2011) and AAC measured using radiography and dual-energy x-

ray absorptiometry (DXA) at follow-up (2010-2011). Analyses regarding protein intakes, 

diabetes and MetS were conducted using data from the MCCS of 41,514 participants. Dietary 

intakes, diabetes, and MetS were assessed at both baseline (1990-1994) and follow-up (2003-

2007). A meta-analysis of the association between protein intakes and incident diabetes was 

also conducted.  

Results: Baseline energy-adjusted alpha linolenic acid (ALA) intake showed inverse 

associations with AAC severity by both radiography (odds ratio (OR) (95% CI) for tertiles 3 

vs 1: 0.49 (0.23, 1.02)) and DXA (0.37 (0.16, 0.83)) in women. Women in the third tertile of 

total omega-3 fatty acid intake had lower AAC severity by radiography with OR (95% CI) 

0.33 (0.16, 0.71) and DXA with OR (95% CI) 0.27 (0.12, 0.62) compared with those in the 

first tertile. Omega-3 fatty acid intake was not associated with AAC severity in men. Higher 

baseline dietary quality assessed by Alternate Healthy Eating Index-2010 was associated with 

lower AAC severity by both radiography (OR (95% CI) for tertiles 3 vs 1: 0.53 (0.29, 0.99)) 

and DXA (0.38 (0.20, 0.70)).  

Multivariate-adjusted ORs (95% CIs) of incident MetS for the highest compared with lowest 

quartile of percentage energy intake from total, animal and plant protein were 1.46 (1.01, 

2.10), 1.67 (1.13, 2.48) and 0.60 (0.37, 0.97), respectively. The multivariate-adjusted OR 

(95% CI) for incident type 2 diabetes in the highest compared with the lowest quintile of 

animal protein intake as % energy was 1.29 (0.99, 1.67). In the meta-analysis of 11 
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prospective cohort studies, the pooled relative risks for type 2 diabetes comparing the highest 

with the lowest category of total, animal, and plant protein intakes were 1.09 (1.06, 1.13), 

1.19 (1.11, 1.28), and 0.95 (0.89, 1.02), respectively.  

Conclusion: Higher intakes of ALA and total omega-3 fatty acids and high quality diets were 

associated with lower risk of AAC in adults. Higher plant protein and lower animal protein 

consumption, and substitution of animal protein, were associated with lower incidence of 

MetS and diabetes. This research provides novel evidence regarding the potential benefits of 

adherence to dietary guidelines especially high intakes of plant foods and low intakes animal 

foods in the prevention of cardiometabolic disorders.  
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Chapter 1: Introduction 

This thesis aimed to examine the association of omega-3 fatty acid intake and dietary quality 

with abdominal aortic calcification (AAC) using a subset of the MCCS, and whether protein 

intakes from different sources are differently associated with the incidence of diabetes and 

MetS in the whole population of the MCCS. The importance of investigating these 

associations is highlighted in Chapter 1. The other chapters that comprise this thesis are also 

outlined below. 

Chapter 2 reviews literature on the epidemiology of cardiometabolic disorders and related 

dietary factors. In addition, non-dietary factors for cardiometabolic disorders that are 

potential moderators or confounders were reviewed. The hypotheses and aims of the thesis 

are elucidated at the end of this chapter. 

Chapter 3 describes the design, population selection, and materials for analyses of a subset 

and the whole cohort of the MCCS, and statistical methods used in relevant chapters. 

Cardiovascular disease (CVD) is the leading cause of death internationally (1) and reducing 

the rate of CVD death is a challenge for public health. Dietary factors are key determinants 

for the prevention and treatment of CVD (2, 3) and high quality diets may help curb the 

increasing prevalence of CVD worldwide. AAC has been investigated in an increasing 

number of studies which indicated that AAC was an independent predictor of vascular 

morbidity and mortality (4-8). An advantage of AAC for detection of atherosclerosis is that it 

can be measured with non-invasive modalities including radiography or Dual-energy X-ray 

Absorptiometry (DXA) (9), potentially providing a widely acceptable method for 

determining CVD risk over time.  

Although omega-3 fatty acid consumption has been widely shown to be inversely associated 

with risk of CVD and related disease (10, 11), few studies have reviewed its association with 

AAC, the limitation of which is that the association between ALA intake and AAC was not 

reported (12, 13). Chapter 4 aimed to examine the association of baseline and changes in 

dietary intake of omega-3 fatty acids, including alpha-linolenic acid (ALA), eicosapentaenoic 

acid (EPA), and decosahexaenoic acid (DHA), with AAC assessed 18 years later in a subset 

of the Melbourne Collaborative Cohort Study (MCCS).   
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Studying the association between dietary patterns and chronic diseases is likely to have 

important public health implications (14). The dietary pattern approach, which uses a priori 

indices or statistically derived patterns to reflect overall diet, has been widely applied to 

determine the relationship of dietary intakes with chronic diseases including heart disease, 

stroke, diabetes, hypertension, dyslipidemia, and some cancers (15). The association between 

AAC and dietary quality has not been investigated. Since AAC is an identified risk factor for 

CVD (16, 17) and high dietary quality has been shown to be beneficial for the prevention of 

CVD and related risk factors (18-22), there may be an association between dietary quality 

and AAC. Chapter 5 aimed to investigate whether the Alternate Healthy Eating Index-2010 

(AHEI-2010) score was associated with AAC in a community-dwelling older adult 

population who were a subset of the MCCS.  

Different food sources of nutrients including fat, carbohydrate, and fibre have been proposed 

to play different roles in the associations between dietary patterns and chronic disease (23-

26). Findings from prospective studies are inconsistent on whether protein intake from 

different food sources is a contributor to different associations of animal and plant foods with 

chronic diseases. Chapters 6 and 7 are based on analyses using the whole MCCS cohort with 

large sample size and data from previous prospective studies examining the association 

between dietary protein intake and incident type 2 diabetes. In Chapter 6, I examined the 

associations of protein intake from different food sources with incident metabolic syndrome 

(MetS) and changes in its components. Chapter 7 aimed to explore whether protein intakes 

from different sources were associated with the incidence of type 2 diabetes. A meta-analysis 

of the association between protein intakes and the risk of type 2 diabetes including the results 

from the MCCS and previous studies was also conducted. 
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Chapter 2: Literature review 

2.1 The epidemiology of cardiometabolic disorders 

Cardiometabolic disorders including CVD, diabetes and metabolic syndrome are highly 

interrelated. Major diabetes features, including insulin resistance and hyperglycaemia, are 

associated with inflammation, cell dysfunction and increased oxidative stress, which may 

contribute to accelerated atherosclerosis resulting in CVD incidence (27, 28). The fact that 

cardiometabolic risk factors including the composite predictor known as MetS as well as the 

individual risk factors of obesity, hypertension, hyperglycaemia, and dyslipidaemia are all 

important determinants of the development of both diabetes and CVD (28, 29) has also partly 

explained the association between diabetes and CVD. Cardiovascular disease, diabetes, MetS, 

and components of MetS are key risk factors of disease burden and mortality globally (30).     

2.1.1 Cardiovascular disease and vascular calcification  

Cardiovascular disease includes coronary heart disease (CHD), stroke, diseases of the aorta 

and arteries, and other conditions, with CHD and stroke as predominant causes of all CVD 

deaths (75% for female and 80% for male) (31). With population growth and aging and 

decreasing rates of communicable diseases, there has been a global shift towards the 

contribution of non-communicable diseases to disease burden in last two to three decades. 

Ischaemic heart disease (also known as coronary artery disease) and stroke were the top two 

leading causes of death globally, accounting for one in every five deaths (9.9 million) 

worldwide in 1990, increasing to more than one in every four deaths (15.2 million) in 2015 

(Figure 2.1) (1, 32). In Australia in 2010, one in every nine people aged 45 years or over had 

CVD and the prevalence increased with age (33). As shown in Figure 2.2, the mortality rate 

attributable to CVD has decreased in the last ten years and the total annual number of deaths 

caused by CVD (43,600) was surpassed by that caused by all types of cancer (44,100) in 

2013 (34). However, CHD and cerebrovascular disease are the first and third specific leading 

causes of mortality respectively, and CVD still accounted for around 30% of total deaths in 

Australia in 2013 (35). It was estimated that $AUD 7,605 million was directly spent on CVD 

in 2008-2009, which accounted for 12% of all health care expenditure in Australia (36).  
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Figure 2.1 Percentage of mortality caused by cardiovascular disease and diabetes 

worldwide.  

Data source: Wang H, Naghavi M, Allen C, Barber RM, Bhutta ZA, Carter A, Casey DC, 

Charlson FJ, Chen AZ, Coates MM, et al. Global, regional, and national life expectancy, all-

cause mortality, and cause-specific mortality for 249 causes of death, 1980-2015: a 

systematic analysis for the Global Burden of Disease Study 2015. Lancet 

2016;388(10053):1459-544. doi: 10.1016/s0140-6736(16)31012-1. 

Atherosclerosis contributes to a predominant proportion of CVD deaths (>82% for female 

and >86% for male) (31). Vascular calcification is a progressive process occurring within 

advanced atherosclerotic plaques, which reduces aortic and arterial elasticity resulting in 

substantial artery disease (37-42). The prevalence of vascular calcification, as a subclinical 

phase of atherosclerosis has been increasing in recent years (9, 40). The pathological process 

of vascular calcification was first recorded in an autopsy of the mummy of an Egyptian 

woman in 1852 (43). Since then, with the application of DXA, lateral radiography, 

echocardiography, and computed tomography technologies in the assessment of vascular 
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calcification, an increasing number of studies have investigated the mechanisms and clinical 

consequences of vascular calcification (39-42).  

Epidemiological studies have demonstrated that vascular calcification could predict the 

development of CHD and stroke (7, 44, 45). A recent meta-analysis suggested that AAC  was 

associated with an 81% (95% CI: 54%, 214%) higher risk for coronary events, 64% (95% CI: 

24%, 117%) higher risk for cerebrovascular events, 37% (95% CI: 22%, 254%) higher risk 

for all cardiovascular events, and 72% (95% CI: 3%, 186%) higher risk for CVD death in the 

general population (16). These associations are independent of traditional risk factors 

including ageing, smoking history, high blood pressure, high cholesterol, decreased HDL-C, 

and diabetes. AAC score was used to estimate both the extent and the severity of calcific 

deposits on walls of the abdominal aorta (7, 46). This score could be used to identify patients 

at a high risk of cardiovascular events with low levels of the abovementioned traditional risk 

factors (17). Over the past two decades, a growing body of evidence suggests that vascular 

calcification is a regulated cell-mediated process that shares many similarities with bone 

mineralization (41) and is potentially modifiable and even possibly reversible (47). Vascular 

calcification is associated with ageing and the prevalence of diffuse calcification was less 

than 5% in individuals younger than 50 years old which increased to 75% in those older than 

70 years (48). 

2.1.2 Diabetes 

Diabetes is a major risk factor for CVD and people with diabetes are at increased risk of 

death from complications of atherosclerosis (31, 49). A collaborative meta-analysis of 102 

prospective studies with 698,782 participants and 52,765 vascular outcomes demonstrated 

that diabetes was associated with an increased risk of CHD (HR (95% CI): 2.00 (1.83, 2.19)), 

ischaemic stroke (HR (95% CI): 2.27 (1.95, 2.65)), haemorrhagic stroke (HR (95% CI): 1.56 

(1.19, 2.05)), and unclassified stroke (HR (95% CI): 1.73 (1.51, 1.98)). It was estimated that 

11% of vascular deaths were attributable to diabetes assuming a population prevalence of 

10% (50). Diabetes affected 380 million people globally in 2013 and this number is expected 

to increase to 592 million by 2035 (51). Diabetes was the ninth leading cause (665 million) of 

death globally in 1990, and this contribution had doubled than more by 2015 (1519 million) 

(1, 32). It was estimated that 5.4% of Australian adults had diabetes in 2011-2012, with type 

2 diabetes accounting for 87% of all diabetes cases (33). Diabetes was the sixth leading cause 

(2.9%) of death in Australia in 2013 (Figure 2). The total annual cost of type 2 diabetes was 
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estimated to be around $14.6 billion (direct costs plus government subsidies) in Australia in 

2005, and was forecast to increase to $30 billion by 2025 (52).  

 

 

Figure 2.2 Percentage of mortality caused by cardiovascular disease and diabetes in 

Australia. Data source: Australian Bureau of Statistics, 2015. 

2.1.3 Metabolic syndrome and its components 

Metabolic syndrome (MetS) is a cluster of metabolic abnormalities including central obesity, 

elevated plasma glucose, elevated blood pressure, elevated triglycerides, and decreased HDL-

C that occur together and increase the risk for CVD by about two-fold and for type 2 diabetes 

by about five-fold (53). MetS was also shown to be associated with an increased risk of CVD 

mortality (RR (95% CI): 1.47-2.49)) and total mortality (RR (95% CI): 1.60 (1.37-1.92)) in a 

meta-analysis (54). The prevalence of MetS is estimated to be between 20-30% worldwide 

(55). Consistent with this, the prevalence of MetS using definitions from the US National 

Cholesterol Education Program, World Health Organization and International Diabetes 
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Federation is 22%, 22% and 31%, respectively in Australian adults (56). As shown in Figure 

2.3, MetS components were among the top 10 risk factors for disability-adjusted life years 

(DALYs) in the two decades prior to 2010 in Australia and New Zealand (57). 

 

Figure 2.3. Ranking of risk factors according to percentages of disability-adjusted life 
years in Australia and New Zealand.  
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Data source: Lim, S. S., et al. (2012). "A comparative risk assessment of burden of disease 

and injury attributable to 67 risk factors and risk factor clusters in 21 regions, 1990-2010: a 

systematic analysis for the Global Burden of Disease Study 2010." Lancet 380(9859): 2224-

2260. 

PA, physical activity; PUFA, polyunsaturated fatty acid.  
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Obesity is an independent risk factor for numerous cardiometabolic disorders such as CVD, 

type 2 diabetes, hypertension, and dyslipidaemia (58). Compared with waist circumference, 

waist to hip ratio, and waist to height ratio, body mass index (BMI), has been more 

commonly used to assess obesity (58). High BMI, accounting for 3.96 million (95% CI: 2.73, 

5.33) deaths and 4.9% (95% CI: 3.4%, 6.4%) of DALYs was ranked as the fourth leading 

contributor to global burden of disease in 2015 (30). The number of overweight (BMI 

between 25 and 29.9 kg/m2) and obese (BMI ≥30 kg/m2) individuals globally increased from 

857 million in 1980 to 2.1 billion in 2013. In Australia in 2013, more than two in three men 

(68.2%, 95% CI: 65.6%, 70.5%) and more than half (56.1%, 95% CI: 53.4%, 58.9%) of all 

women were overweight or obese. The increasing prevalence of overweight and obesity (15.5% 

in boys and 15.8% in girls in 1980 to around 24.4% in boys and 23.0% in girls in 2013) in 

children indicates that high BMI will likely be a health challenge in the long-term (59). 

However, BMI has limitations in the diagnosis of obesity since it fails to discriminate 

between individuals with high lean mass and those with high fat mass (60). Waist 

circumference has been shown to be more predictive of hypertension, dyslipidemia, and MetS 

in adults (61, 62) such that central obesity defined by waist circumference has been 

considered as a component of MetS (53).  

High blood pressure is associated with the development of CVD and type 2 diabetes (63, 64). 

Both hypertension (systolic blood pressure (SBP) ≥140 mm Hg or diastolic blood pressure 

(DBP) ≥90 mm Hg) and prehypertension (SBP between 120-139 mm Hg or DBP between 

80-89 mm Hg) are predictive of CVD risks (65). For individuals aged between 40 and 70 

years, each increment of 20 mm Hg in SBP or 10 mm Hg in DBP was associated with more 

than two-fold risk of death from stroke, IHD and vascular disease (66). A recent meta-

analysis of 123 clinical trials with 613,815 participants demonstrated that each 10 mm Hg 

reduction in SBP reduced the risk of major CVD events by 20% (95% CI: 17%, 23%), CHD 

by 17% (95% CI: 12%, 22%), stroke by 27% (95% CI: 23%, 32%), heart failure by 28% (95% 

CI: 22%, 33%), and total mortality by 13% (95% CI: 9%, 16%) (67). Elevated blood pressure 

is associated with diabetic complications and reduction in blood pressure has been shown to 

be beneficial for the prevention of CVD events in patients with diabetes (65, 68). Although 

SBP showed a slight decrease globally between 1980 and 2008 (69), high blood pressure was 

the leading risk factor for global disease burden; accounting for 10.7 million (95% CI: 9.6 

million, 11.8 million) deaths and 8.6% (95% CI: 7.8%, 9.4%) of DALYs in 2015 (30). The 
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prevalence of hypertension in Australia in 2011-2012 was 34% in men and 29% in women 

(33).  

Dyslipidaemia describes elevated plasma cholesterol, triglycerides or both, or low levels of 

HDL-C, and is an independent risk factor for both CVD and diabetes (70). High total 

cholesterol was the seventh greatest risk factor for global disease burden in 2015, accounting 

for 4.3 million deaths and 3.6% of DALYs (30). In 2011/2012, 5.6 million Australian adults 

aged 18 years and over were affected by high cholesterol with women (33%) and men (32%) 

having similar prevalence (33). Although higher total cholesterol (≥5 mmol/L) was associated 

with an increased risk of CHD (50), HDL-C and low-density lipoprotein cholesterol (LDL-C) 

have opposite associations with CVD (71-74). High HDL-C is a strong inverse predictor of 

CVD (ie. protective) (71, 72) and so reduced HDL-C is a component of MetS. A meta-

analysis of 29 studies with 10,158 cases from 262,525 participants reported that participants 

in the third tertile of triglyceride had a 72% higher risk of incident CHD (75). Fasting and 

non-fasting triglycerides are both reliable predictors of the risk of CVD (76, 77) and elevated 

triglycerides is also a MetS component. 

Elevated plasma glucose is a condition of pre-diabetes status and is significantly associated 

with the development of CVD (50). High plasma glucose is the third leading cause of global 

disease burden, and is estimated to account for 5.2 million (95% CI: 4.5 million, 6.2 million) 

deaths and 5.8% (95% CI: 5.1%, 6.6%) of DALYs lost (30). Global age-standardised fasting 

plasma glucose increased by 0.07 mmol/L in men and 0.09 mmol/L in women each decade 

between 1980 and 2008 (78). A collaborative meta-analysis of 102 prospective studies found 

that blood glucose concentration was related to CVD. Among participants without known 

diabetes at baseline, individuals with fasting blood glucose of 5.60-6.09 mmol/L and of 6.10-

6.99 mmol/L had an 11% and 17% higher risk for CHD respectively, compared with those 

with fasting blood glucose of 3.90-5.59 mmol/L. Participants with a history of diabetes and 

fasting blood glucose of at least 7 mmol/L had a 50% higher risk of CHD compared with 

those with a history of diabetes but fasting glucose lower than 7 mmol/L (50) indicating that 

blood glucose control might help reduce the risk of incident CHD.  
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2.1.4 Summary 

Elevation of BMI, blood pressure, fasting plasma glucose, and total cholesterol were among 

the top five risk factors for DALYs in 2015 in Australia (30). There is a complex relationship 

between cardiometabolic disorders with multiple inter-relationships. For example, MetS and 

its components are all markers of CVD and diabetes risk while diabetes is an independent 

risk factor for CVD and increases the risk of CVD death. With modernisation and population 

ageing, obesity is increasing rapidly and the related cardiometabolic disorders including 

CVD, diabetes, MetS, elevated glucose, elevated blood pressure, and dyslipidaemia in turn 

are increasing in prevalence. This imposes a tremendous burden on economic and health care 

systems globally.  
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2.2 Risk factors for cardiometabolic disorders 

Cardiometabolic disorders share many risk factors including ageing, gender, socioeconomic 

status (SES), genetic susceptibility, smoking, low physical activity, heavy alcohol drinking, 

and unhealthy dietary intake. Ageing, gender and genetics are factors that cannot be modified 

and SES cannot readily be modified. Lifestyle factors can however be modified and many 

clinical trials have examined the effects of lifestyle interventions on the risk reduction of 

cardiometabolic disorders.   

2.2.1 Ageing 

Population ageing is an issue worldwide and it is estimated that the aged population (60 years 

or older) will account for 14.1% of the total population by 2050 (79). The number of people 

aged 65 years or over is increasing in Australia, accounting for 8% of the total population in 

1964 and 15% in 2014 (80). Physiological degeneration with aging is associated with many 

complications including CVD, diabetes, and cancer (81, 82). 

Evidence from many previous studies has shown that the risk of CVD increases with age (83-

85). In the Framingham study of 5,127 participants, 1,240 coronary events were observed 

during 26 years’ follow-up. The incidence of myocardial infarction, CHD mortality, and total 

mortality was shown to increase significantly with age in both men and women (86). In a 

prediction model using traditional risk factor categories, age was a key predictor of CHD for 

both men and women (87). Aging is associated with increased risks for hypertension, 

dyslipidaemia, decreased heart rate variability, and endothelial dysfunction (83, 84, 88, 89), 

resulting in an increase in incidence of CVD.  

Visceral obesity and insulin resistance are more commonly observed in older adults (90, 91), 

which might play an important role in the development of diabetes and MetS. Data from the 

National Health and Nutrition Examination Survey (NHANES) of US has demonstrated that 

the prevalence of diabetes increased from 5% in participants aged between 20 and 44 years to 

18% and 33% for those aged between 45 and 64 years, and 65 years or over, respectively (92). 

A similar trend was also seen for the prevalence of MetS in the NHANES (1988-1994) study 

(93). 

Ageing is associated with impaired gastrointestinal function which may reduce the efficiency 

of digestion and absorption of nutrients resulting in increased risk of chronic disease (94). 



13 
 

Ageing is also related to muscle loss which increases the risk of obesity and diabetes (95). 

Briefly, ageing is a risk factor for most chronic diseases including CVD, diabetes, 

hypertension, dyslipidaemia, or atherosclerosis. (79, 81, 82, 91).  

2.2.2 Gender 

There is gender difference in life expectancy worldwide with women outliving men by 

average five years (96), which can be partly explained by different distribution of chronic 

conditions such as CVD, diabetes, hypertension, and cancer (97). The sex differences in the 

risk of chronic diseases have been investigated in many studies. 

Data from the Framingham study have shown that men had much higher incidence of CHD 

and total CVD than women; however, male to female incidence ratio decreased with age and 

was less than 1:1 for ages 75-84 years. The patterns also differed between sexes, with 

myocardial infarction and uncomplicated angina accounting for 43% and 26% of total 

coronary events in men and 29% and 47% respectively in women (86). Patients with 

myocardial infarction had higher mortality risk than those with uncomplicated angina (98). A 

prospective study of 14,786 Finnish men and women aged between 25 and 64 years old at 

baseline observed that the RRs (95% CIs) for men were 3.38 (2.87, 3.97) for CHD incidence 

and 5.00 (3.78, 6.62) for CHD mortality compared with women (99). More than half of the 

excess CHD incidence and mortality in men compared with women could not be explained 

by known risk factors and the underlying mechanisms remain to be explored. 

The global prevalence of diabetes was greater in men than women in 2000 and age appeared 

to be an important modifier with a slightly higher prevalence in men aged less than 60 years 

old and in women aged 60 years or older (100). A recent meta-analysis of 858,507 

individuals and 28,203 coronary events demonstrated that women with diabetes had a 40% 

higher risk of incident CHD compared to men with diabetes, although the baseline prevalence 

of diabetes was greater in men than women (101). Higher levels of CVD risk factors in 

women than women might partly explain this gender gap; however, exact mechanisms 

remain to be explored. Similarly, a prospective study of 8,172 men and 9,047 women with a 

median follow-up of 8.3 years suggested that hyperglycaemia resulted in a higher risk of 

CVD mortality in women compared with men (102).   

Differences in biological, social and physiological status between men and women play an 

important role in the different patterns of chronic disease (103). For example, one study of 
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19,298 adults from 23 countries found that women had stronger beliefs in healthy eating and 

were more likely to make healthy food choices such as avoiding high-fat foods, eating fruit 

and fibre, and limiting salt (104), which might contribute to the sex difference in CVD 

prevalence and mortality. Sex differences in fat distribution pattern and secretion of 

hormones such as testosterone and oestrogen (105, 106), may also partly explain the sex 

differences in cardiometabolic disorders.  

2.2.3 Socioeconomic status 

SES is a measure of social position in relation to others on the basis of income, education, 

and occupation, which are important contributors to health inequity (107). Socioeconomic 

inequality in the prevalence of chronic disease is a public health challenge.    

There is strong evidence for an inverse association between SES and CVD in high-income 

countries (108). In a prospective study of 10 western European countries, the relative risks 

(RRs) (95% CIs) for ischemic heart disease mortality comparing participants with relatively 

low to those with high SES were 1.55 (1.51, 1.60) and 1.22 (1.21, 1.24) for men aged 30-59 

years and 60 years old or over, respectively, and the RRs (95% CIs) were 2.13 (1.98, 2.29) 

and 1.36 (1.33, 1.38) in women (109). The inverse association between SES and CHD 

mortality decreased with age indicating that SES might contribute less to the risk of CHD 

mortality in older adults. Survival bias is also an important factor that might contribute to this 

observation.  

A case-cohort study identified 12,403 incident cases of type 2 diabetes and compared these 

against a randomly selected sample of 16,835 individuals from the European Prospective 

Investigation into Cancer and Nutrition (EPIC) Study including eight European countries. 

Lower SES (based on education level) was associated with higher risk of incident diabetes in 

both men (HR: 1.36, 95% CI: 1.23, 1.51)) and women (HR: 1.32, 95% CI: 1.20, 1.45) (110). 

The prospective Whitehall II cohort study of 7,237 adults with health behaviours, 

anthropometry and biological markers measured four times over 14 years found that 53% (95% 

CI: 29%, 88%) of the inverse association between SES (based on participants’ occupational 

position categorised into high (administrative), intermediate (professional/executive), and low 

(clerical/support) levels)) and incident diabetes was explained by the increased smoking and 

alcohol consumption, unhealthy diet, lower physical activity, higher levels of BMI, SBP, and 

triglycerides and reduced HDL-C in those with lower SES (111). Socioeconomic differences 

in psychological factors may also contribute to SES inequalities in the incidence of type 2 
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diabetes (103, 112). A study of eight European countries has demonstrated that there was a 

higher prevalence of most cardiometabolic disorders including heart disease, stroke, diabetes, 

and hypertension in participants with lower education. An interaction between SES and 

gender was also found for some chronic diseases, with SES inequalities in diabetes, 

hypertension and heart disease being larger in women compared with men (113).  

SES is associated with spending power, diet, medical care, physical exposures, psychology, 

and economic resources (107) that might partly explain the associations of SES with chronic 

disease and mortality (114). SES might influence food choices such that individuals with 

low-income tend to consume more refined carbohydrates and foods with added sugars, fats 

and sodium and less fresh vegetables and fruits because of the price, contributing to increased 

risks of obesity, hypertension, diabetes, dyslipidaemia, and other chronic diseases (115). 

People with low education may be less aware of dietary guidelines and less likely to prioritise 

choosing healthy foods (115). Patients with low SES who have chronic diseases are less 

likely to seek treatment (116), which could contribute to the SES inequality in mortality and 

morbidity. SES is a strong predictor of almost all chronic diseases. Although modifiable 

lifestyle and diet factors partly explain the SES inequalities in chronic disease, underlying 

mechanisms remain to be explored in more prospective studies.   

2.2.4 Smoking 

Smoking represents one of the most important preventable risk factors for the development of 

CVD and is responsible for one tenth of CVD burden globally (117). It was estimated that 

1.69 million CVD deaths worldwide in 2000 were attributable to smoking (118) and these 

figures were projected to increase dramatically over the next two decades (119). Increase in 

tobacco price via tax is an effective strategy for reducing tobacco use (120) and a significant 

decrease in smoking prevalence has been observed in some developed countries such as 

Australia, Canada, Sweden, and US (121). 

Many studies have investigated the associations between smoking, incident CVD and CVD 

mortality. A recent analysis of data from the CHANCES consortium of 503,905 participants 

demonstrated that current smokers (HR (95% CI): 2.07 (1.86, 2.36)) and former smokers (HR 

(95% CI): 1.37 (1.25, 1.49)) had higher risk of CVD mortality compared with never smokers. 

A decline in the risk of CVD mortality with time since smoking cessation in former smokers 

was also observed in this study (122). The mechanisms by which smoking affects CVD are 

unclear, and research attention has focused on whether smoking has hazardous influences on 
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risk factors including diabetes, hyperlipidemia, hypertension, and atherosclerosis. In 

comparison with non-smokers, an increase of serum cholesterol (3.0%), triglycerides (9.1%), 

very LDL-C (10.4%), and LDL-C (1.7%) and a decrease of serum HDL-C (5.7%) were 

observed among active smokers (123). However, smoking also tends to cluster with other 

unhealthy behaviours such as heavy alcohol consumption, physical inactivity, and unhealthy 

food choices (124-126), which might partly explain the positive association between smoking 

and cardiometabolic disorders. 

A recent meta-analysis of 88 prospective studies with 5,898,795 participants and 295,446 

new cases of type 2 diabetes found that current smokers had 37% (95% CI: 33%, 42%) 

higher risk of incident diabetes compared with non-smokers. Compared with never smoking, 

former smoking was associated with higher risk of diabetes (RR (95% CI): 1.14 (1.10, 1.18), 

although the magnitude of association decreased with time since cigarette cessation (RR (95% 

CI): 1.54 (1.36, 1.74) for new quitters (<5 years), 1.18 (1.07, 1.29) for middle-term quitters 

(5–9 years), and 1.11 (1.02, 1.20) for long-term quitters (≥10 years)) (127).  

In Australia, the prevalence of smoking has decreased since the 1950s in men and since the 

1980s in women (128, 129), however, a continuation of current smoking, quitting and 

initiating patterns would result in around 14% of adults still smoking in 2020 (129).  

2.2.5 Alcohol 

The level of alcohol consumption was determined by many factors such as culture and the 

association between alcohol intake and chronic disease has been debated (130). Evidence 

from observational studies has demonstrated the benefits of moderate alcohol consumption 

for the prevention of chronic disease (131, 132) but this favourable effect has only been 

observed for CHD or diabetes (133, 134). Conversely, heavy alcohol intake increases the risk 

of many chronic diseases, as well as mortality (135, 136). 

A meta-analysis indicated that the combination of risks and benefits of alcohol consumption 

resulted in a U- or J-shape dose-response relationship between alcohol consumption and the 

risk of CHD. Compared with no drinking, moderate consumption (20 g/d) of alcohol was 

associated with a 20% lower risk of CHD, whereas high consumption (≥89 g/d) was 

associated with a 5% higher risk (137). Another recent meta-analysis found that moderate 

alcohol intake was associated with lower risk of CHD and CHD mortality, whereas no 

significant association of moderate alcohol intake with incident stroke, mortality from stroke, 

or mortality from CVD was observed (138). A stratified analysis by different levels of 
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alcohol intake (<2.5 g, 2.5-14.9 g, 15-29.9 g, 30-60 g, and >60 g) showed that participants 

with alcohol intake more than 60 grams per day had a higher risk of stroke incidence and 

stroke mortality. Genetics and family environmental factors (habits of diet, physical activity, 

smoking and alcohol intake) are important modifiers of the association between alcohol 

intake and CVD risks, however, these factors could not be controlled in most traditional 

prospective studies. Twin and within-family designs are feasible approaches that may address 

this limitation given that genetics and family environmental factors can be controlled in these 

studies. The prospective National Heart, Lung, and Blood Institute Twin Study included 843 

twins with 129 coronary artery disease (CAD) deaths and 219 CVD deaths during 41 years of 

follow-up. An inverse association between alcohol intake and CAD deaths was observed, 

however, this association was not found for CVD deaths and total deaths (139). Data from the 

Finnish twin cohort of 14,787 twins found that even moderate alcohol consumption 

(≥ 259 g/month=8.6g/day) was associated with a higher risk of mortality (135). These studies 

have demonstrated that moderate alcohol intake might be associated with a lower risk of 

CAD deaths but not total CVD deaths and associated with a higher risk of total mortality. 

Evidence from clinical trials has also shown that moderate alcohol intake had a favourable 

effect on HDL-C but not LDL-C, total cholesterol, or triglycerides (140).  

A recent meta-analysis of 26 prospective cohort studies including 31,621 incident cases of 

type 2 diabetes in 706,716 individuals with a follow-up between 3 to 20 years found a U-

shaped relationship between alcohol intake and incident diabetes. Compared with non-

consumers, the RRs (95% CIs) for type 2 diabetes in light (≤12 g/day) or moderate 

consumers (12-24 g/day) were 0.83 (0.73-0.95) and 0.74 (0.67-0.82), respectively and heavy 

drinkers (≥24 g/day) were not observed to have an increased risk (0.95 (0.85-1.09)) (134). 

However, this is not supported by strong evidence from clinical trials. A meta-analysis of 

clinical trials found that moderate alcohol intake had no significant effects on insulin 

sensitivity or fasting glucose, but moderately reduced fasting insulin and HbA1c (141).  

Moderate alcohol intake appears to be associated with lower risks of certain chronic diseases 

including CHD and diabetes but not others such as obesity, stroke, and cancer. It has been 

argued that the benefits of moderate alcohol may be due to the fact that the non-drinking 

group contains never drinkers and also past heavy drinkers who may have ceased drinking 

due to illness (142) given that most observational studies have failed to separate ex-drinkers 

from life-time abstainers (136). Heavy alcohol consumption has been associated with 

increased risk for a cluster of chronic diseases and alcohol use was ranked as the fifth risk for 
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DALYs lost globally and the sixth risk in Australia and New Zealand (57). Moderate alcohol 

intake has been associated with reduced risk of CHD and diabetes in observational studies; 

however, evidence from clinical trials is inconsistent regarding any favourable effects on 

cardiometabolic disorders. Moderate drinking or reducing drinking is recommended when 

considering the deleterious effect of high alcohol intake on other chronic disease and the 

burden of heavy alcohol intake on mortality.    

2.2.6 Physical activity 

Physical activity increases energy expenditure, induces lipolysis and improves the ability of 

muscles to burn fat instead of glycogen, which is beneficial for the prevention of many 

chronic disorders including diabetes, CVD, hypertension, dyslipidaemia, MetS, and obesity 

(143). It is estimated that physical inactivity and low physical activity accounted for 1.6 

million (95% CI: 1.3 million, 2.0 million) deaths and 1.4% (95% CI: 1.1%, 1.7%) of DALYs 

globally in 2015 (30).   

In a recent randomized clinical trial, 1635 older adults aged 70 to 89 years were assigned to 

physical activity (predominantly walking two times per week) and successful aging 

intervention (weekly health education sessions for six months, then monthly) groups. The 

physical intervention was not associated with reduced risk of CVD during 2.6 years’ follow-

up (144). The lack of favourable effect of physical activity intervention in this study may be 

explained by the short follow-up duration. In addition, the level of adherence to the 

intervention was not reported and changes in physical activity were unclear. Participants in 

the control group received health education, which might result in improvement in lifestyle 

behaviour and reduce the risk of CVD. There are few clinical trials examining the effect of 

intensive physical activity on the development of CVD and this might be partly explained by 

the potential side effects of intensive physical activity in individuals with high CVD risk 

(143). However, strong evidence from clinical trials has shown that physical activity 

interventions reduce the risk for CVD risk factors including hypertension, hyperlipidaemia, 

obesity, and type 2 diabetes (143, 145). For example, isometric exercise training was shown 

to results in a mean reduction of 5.20 mm Hg (95% CI: -6.08, -4.33) in SBP and 3.91 mm Hg 

(95% CI: -5.68, -2.14) in DBP in a meta-analysis of 11 clinical trials (146). Observational 

data is more available and a recent meta-analysis of 21 prospective studies with more than 

650,000 adults indicated that a high level of physical activity was associated with a 24% (95% 

CI: 18%, 30%) and 27% (95% CI: 22%, 32%) lower risk of CVD for men and women, 

respectively. Moderate levels of physical activity were associated with a smaller reduction in 
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risk of incident CVD for both men (RR (95% CI): 0.80 (0.74, 0.87)) and women (RR (95% 

CI): 0.82 (0.76, 0.88)) (147).  

During 6 years’ follow-up, the exercise only intervention in The Da Qing IGT and Diabetes 

Study was found to decrease by 46% the risk of developing diabetes relative to the control 

group among participants with impaired glucose tolerance (148). There are few studies 

exploring exercise only interventions in relation to the development of diabetes. However, 

clinical trials have demonstrated that combined physical activity and diet interventions were 

associated with decreased cardiometabolic risks (148-150). The evidence from observational 

studies is however quite strong. In a meta-analysis of 81 prospective studies, RRs (95% CIs) 

for incident type 2 diabetes in high versus low activity were 0.65 (95 % CI: 0.59, 0.71) for 

total physical activity, 0.61 (95 % CI: 0.51, 0.74) for vigorous activity, 0.68 (95 % CI: 0.52, 

0.90) for moderate intensity activity, 0.66 (95 % CI 0.47, 0.94) for low intensity activity, and 

0.85 (95 % CI: 0.79-0.91) for walking (151). Moderate or low intensity activity or even 

walking might help reduce the risk of diabetes in adults. 

Although combined diet and physical activity interventions are effective in reducing risks of 

diabetes and other cardiometabolic disorders (152), the effects of physical activity 

interventions alone have not been clearly determined. Findings from observational studies are 

consistently supportive of the benefits of walking, and of moderate to high intensity physical 

activity for prevention of cardiometabolic disorders. 

2.2.7 Diet 

Dietary factors play pivotal roles in the prevention and treatment of non-communicable 

diseases. It is estimated that low intakes of fruits, vegetables, whole grains, nuts and seeds 

and a high intake of salt individually accounted for 1.8% to 3.5% of global disease burden in 

2015 (30). Diet as reviewed in this section refers to dietary interventions such as diets low in 

saturated fat, sodium, red meat, and processed foods and high in fibre, vegetables, fruits, and 

whole grains. The details of associations of dietary intakes of individual nutrients and foods 

with cardiometabolic disorders will be elucidated in the next section.    

The landmark Women’s Health Initiative study included 48,835 community-dwelling 

postmenopausal women aged 50 to 79 years, who were randomly assigned to an intervention 

(19,541 individuals) or control group (29,294 individuals). The intervention group received a 

diet in which total fat intake was reduced to no more than 20% of total calories, fruit and 

vegetable intake increased to five servings per day and grains to at least six servings per day. 
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During a mean of 8.1 years’ follow-up, the dietary intervention did not significantly reduce 

the risk of CHD, stroke, or CVD, however, significant decreases in weight, waist 

circumference, SBP, and LDL-C level were observed in the intervention group after three 

years (153). A recent meta-analysis of 83 clinical trials reported that dietary interventions 

which caused any weight loss resulted in a significant reduction in CVD risk factors 

including SBP (-2.68 mmHg, 95% CI: -3.37, -2.11), DBP (-1.34 mmHg, 95% CI: -1.71, -

0.97), LDL-C (-0.20 mmol /L , 95% CI: -0.29, -0.10), triglycerides (-0.13 mmol/ L, 95% CI -

0.22, -0.03), fasting plasma glucose (-0.32 mmol /L, 95% CI -0.43, -0.22) and haemoglobin 

A1c (-0.40%, 95% CI: -0.52, -0.28) over 6-12 months. The effects on risk reduction were not 

significant for several risk factors when follow-up periods were longer than two years (154). 

This suggests that adherence to intervention diets might decrease with time so that the 

intervention effects over the long term might be attenuated to some extent.    

Strong evidence from clinical trials has demonstrated the benefits of lifestyle intervention on 

the prevention of diabetes (155). In the Da Qing IGT and Diabetes Study, total calorie 

consumption and daily quantities of cereals, vegetables, meat, milk, and oils were set for 

participants in the diet intervention group. Individual counselling regarding daily food intakes 

was conducted weekly for one month, monthly for three months, and then once every three 

month. Participants in the exercise intervention group were encouraged to increase the 

amount of their leisure physical activity of across light to high intensity. Counselling 

regarding exercise was conducted with the same time intervals as the diet intervention. Diet 

only or diet plus exercise interventions reduced by 31% and 42% respectively, the risk of 

developing diabetes during 6 years’ follow-up (148). Lifestyle intervention was still effective 

in the prevention of diabetes 6 years after the 14 years’ active intervention (156) and 

beneficial effects on the prevention of diabetes (HR: 0.55, 95% CI: 0.40, 0.76), CVD 

mortality (HR: 0.59, 95% CI: 0.36, 0.96) and total mortality (HR: 0.71, 95% CI: 0.51, 0.99) 

were observed at the 23-year follow-up (157). In the Finnish Diabetes Prevention Study, 

participants in the intervention group were encouraged to reduce at least 5% of weight; 

consume less than 30% of energy from fat, less than 10% of energy from saturated fat, 

increase fibre intake 15 g per 1000 kcal or more; and perform moderate intensity physical 

activity for at least 30 minutes per day. Four years of active intervention resulted in a reduced 

intake of total and saturated fat and increased intake of dietary fibre, higher physical activity 

and a 43% reduction in risk of incident diabetes in the lifestyle intervention group 3 years 

after the intervention was stopped (158). Although the independent effects of diet only could 
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not be separated from the comprehensive lifestyle interventions included in most clinical 

trials, the benefits of combined diet and physical activity were significant in the long-term.   

Favourable effects of diet intervention may be partly attributable to energy restriction. In 

addition, any diet that results in weight loss is likely to be beneficial in the prevention and 

treatment of cardiometabolic disorders irrespective of diet composition. 

 

 

Figure 2.4 The relationships between risk factors and cardiometabolic disorders 

Blue circles without vertical bars denote risk factors of outcomes. Blue circles with vertical 

bars denote outcomes. Arrow from one circle to another one indicates that the factor 

influences the outcome. 
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2.2.8 Summary 

Different cardiometabolic disorders share many risk factors including non-modifiable and 

modifiable factors (Figure 2.4). Non-modifiable factors including ageing, gender, and 

genetics may influence cardiometabolic disorders directly and indirectly through modifiable 

factors. Although these factors cannot be modified through interventions, individuals with 

high risk of cardiometabolic disorders in specific groups can be identified and they may 

benefits from improvement in behaviour and lifestyle habits. There has been a dramatic 

decline in the prevalence of smoking in Australia and many other developed countries, which 

is largely a result of tobacco control policies (159). Other modifiable factors including 

alcohol consumption, physical activity, and diet may also be improved through education and 

appropriate policies. Diet plays an important role in the development of cardiometabolic 

disorders (3), improvement in dietary habit could reduce disease burden in Australia and 

worldwide. My PhD research focuses on examining the association between dietary factors 

and cardiometabolic disorders.      
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2.3 Diet and cardiometabolic disorders 

Consumption of many food groups and nutrients has been linked to the development of 

chronic diseases (3, 160-162). Macronutrients protein, fat and carbohydrate, contribute to 

energy intake, along with alcohol if consumed (163). The metabolism of macronutrients plays 

an important role in the development of cardiometabolic disorders (164-167). First, this 

section reviewed existing evidence on the association of protein from different sources, fat of 

different types, and carbohydrate amount and quality with cardiometabolic disorders. 

Micronutrients, vitamins, and minerals, are required in small amounts but are important for 

the normal functions of body such that these are also reviewed in relation to cardiometabolic 

disorders. Major sources of micronutrients including vegetables, fruits, whole grains, legumes 

and nuts, dairy, fish and red meat that have been widely linked to cardiometabolic disorders 

(3) are also of interest in this context. Since various foods and nutrients are usually consumed 

in combination, overall diet is a key factor for the development of chronic disease. Finally, 

this section evaluated evidence from recent studies regarding dietary pattern analysis used to 

describe overall diet.    

2.3.1 Protein  

Protein is assembled from amino acids and of great importance for organ formation and 

health. In Australia, the recommended dietary intake for protein is 64 g/day for men and 46 

g/day for women aged between 19 and 70 years, and 81 g/day for men and 51 g/day for 

women aged over 70 years (168). The major sources of protein in Australia are meat, poultry, 

fish, cereals, dairy, and vegetables (168). 

Total protein 

High-protein diets have been widely recommended as a way to reduce the risk of MetS given 

that high-protein diets may be beneficial for reduction in weight, fat mass and triglycerides 

(169, 170). The favourable effect of high protein intakes on MetS has been attributed to its 

potential effect on enhancing energy expenditure, substrate oxidation and satiety (171). 

A clinical trial has shown that people who consume inadequate protein experience appetite 

changes that might promote increased food intake (172). Clinical trials have also 

demonstrated that diets high in protein could help improve perceptions of satiety and pleasure 

during energy restriction (173, 174) and could even increase satiety relative to low protein 
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diets of similar or lower energy intake (175, 176). Meanwhile, previous studies have 

demonstrated the benefits of high protein diets for maintaining fat-free mass during weight 

loss (173, 177-182). It has also been suggested that higher protein intake might reduce energy 

efficiency during overfeeding, which could mitigate weight gain (183, 184). The mechanisms 

mentioned above could contribute to greater weight loss and more sustained body weight 

maintenance with high protein energy restricted diets (185). However it is unclear whether 

macronutrient composition of the diet plays a role in weight regulation if energy intake is not 

restricted (170). 

Data from NHANES 2005-2006 indicated that for every additional 1% energy from protein, 

total energy intake was lower by 134 KJ (1.5% energy) (164). Results from EPIC suggested 

that participants consuming more protein than recommended by the American Diabetes 

Association, when total energy intake was constant, may experience a higher risk of 

becoming overweight or obese during adult life (186). Another study from EPIC also 

indicated that a higher total protein intake (energy intake was adjusted for) was associated 

with subsequent weight gain, and the association was mainly attributable to protein from red 

and processed meat and poultry, rather than from fish and dairy sources (187). In contrast, a 

recent literature review of observational studies showed that the proportion of macronutrients 

in the diet was not important in predicting changes in weight or waist circumference (188). In 

conclusion, observational studies have been inconsistent regarding the relationship between 

total protein intake and body weight.  

Many clinical trials using diets to reduce cardiometabolic disorders have restricted energy 

intake and substituted protein for fat or carbohydrates. Lejeune et al. reported that a 20% 

higher protein intake, that is, protein constituting 18% vs. 15% of total energy intake during 

weight maintenance following weight loss, resulted in a 50% lower body weight regain (189). 

A recent meta-analysis included nine clinical trials with duration ranging from 4 to 24 weeks 

and dietary protein intakes ranging from 25 to 32% of total energy in the intervention groups 

and from 15 to 20% in the control groups. Compared with the control diets, the high-protein 

diets resulted in more weight loss (190). In contrast, Evans et al. demonstrated that 

participants consuming energy-restricted diets with 1.6 g protein/kg body weight or 0.8 g 

protein/kg body weight lost similar amounts of weight during 12 months of treatment (191). 

In another clinical trial, 811 overweight adults were randomly assigned to one of four diets 

with targeted percentages of energy derived from fat, protein, and carbohydrate of 20, 15, and 
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65%; 20, 25, and 55%; 40, 15, and 45%; and 40, 25, and 35%. Weight losses were similar on 

the different diets at follow-up after 6, 12 and 24 months, and all diets had beneficial effects 

on cardiometabolic risk factors (192). A clinical trial of 99 individuals demonstrated that 

either high-protein or high-carbohydrate diet with energy restriction was beneficial in 

reduction of weight, serum triglycerides and total cholesterol, and increases in HDL-C, with 

no significant difference between the two intervention groups (193). Given the evidence 

provided by those randomised clinical trials with large sample sizes and long follow-up 

period, the favourable effects may be ascribed to energy restriction rather than macronutrient 

composition (192, 193). However, diets high in protein may improve perceptions of satiety 

and pleasure, which results in less foods intake when energy intake is not restricted. 

The association between total protein intake and cardiometabolic disorders has been 

inconsistent in observational studies while clinical trials have suggested that beneficial effects 

on reduction in cardiometabolic disorders are attributable to energy-restriction rather than 

macronutrient composition in the long term. Extra protein intake also imposes additional 

burdens of metabolizing excess waste products on the liver and kidney (194, 195).  

Animal and plant protein 

Prospective studies aiming to determine whether protein intakes from different food sources 

are associated differently with chronic diseases have shown inconsistent results. Recent 

metabolite profiling studies have highlighted the importance of amino acid metabolism in the 

development of cardiometabolic risks (196-198). For example, plasma concentrations of 

branched-chain and aromatic amino acids have been shown to be strong predictors of incident 

diabetes independent of traditional risk factors (196). It is not necessarily a simple association 

between dietary and plasma amino acids (197, 199), however, an optimal composition of 

dietary amino acids may be beneficial for the prevention of chronic diseases (200). 

Prospective studies indicate inverse associations between plant protein intake and chronic 

disease (201-203) and protein intakes from different specific food sources may have different 

associations with the risk of chronic diseases.  

Plant and animal protein intakes may have differential effects on the development of chronic 

disease, given their differing amino acid composition. In addition, different sources of protein 

are associated with a range of nutrients that may also modify associations between protein 

intake and cardiometabolic disorders. For example, major sources of animal protein such as 

beef, lamb, pork, chicken, eggs and dairy can also be high in sodium, saturated and trans fat 
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content which may contribute to adverse effects on chronic diseases. Major food sources of 

plant protein including whole grains, legumes, nuts, fruits and vegetables typically have high 

levels of fibre, magnesium, vitamin E and vitamin C, which tend to be beneficial for the 

prevention of chronic diseases. 

The Chicago Western Electric Study of 1,730 men with 7 years of follow-up observed that 

baseline animal protein intake was positively and vegetable protein intake was inversely 

associated with the prevalence of overweight/obesity in apparently healthy middle-aged men 

(204). However, this study was limited by the high prevalence of obesity at baseline so that 

the authors had to include individuals with overweight or obesity at baseline, which suggests 

the data were analysed as cross-sectional design. Data from EPIC also demonstrated that a 

626 KJ higher daily intake from animal protein was associated with a significant yearly 

weight increase of 78 g (95% CI: 35, 120 g) during 6.5 years’ follow-up (187). However, this 

study did not take total energy intake into consideration and the weight at follow-up was self-

reported. Another study of 42,696 European adults followed for 5 years showed that each MJ 

per day from animal protein consumption at baseline was associated with a 0.28 (95% CI: 

0.05-0.51) cm lower waist circumference five years late (205). Plant protein intake was not 

associated with change in waist circumference. One limitation of this study was that waist 

circumference was self-reported by individuals, which might have added measurement errors. 

No significant associations between protein intake and changes in weight or waist 

circumference were found in other prospective studies (206-208). It is unclear whether 

protein intakes from different sources are associated with obesity or changes in weight and 

waist circumference. 

The population-based International Collaborative Study of Macronutrients, Micronutrients 

and Blood Pressure (INTERMAP) study included 4,680 participants aged 40 to 59 years from 

4 countries. A cross-sectional analysis demonstrated that each 2.8% energy increment from 

plant protein intake was associated with a 2.14 mm Hg lower systolic and 1.35 mm Hg lower 

diastolic blood pressure (209). Neither total nor animal protein intake was found to be 

associated with blood pressure. Similar results were observed in the Zutphen Elderly Study of 

272 men where only plant protein intake was inversely associated with blood pressure (210). 

A prospective study of 1,361 participants with a mean of 11.3 years’ follow-up reported that 

animal protein intake was positively but plant protein intake was inversely associated with 

incident hypertension in the multivariate-adjusted model (211).Total energy intake was not 

adjusted for in the analyses which might be an issue. In the Seguimiento Universidad de 
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Navarra cohort of 5,880 Spanish men and women aged over 20 years  followed for 2 years, 

an inverse relation between vegetable protein and hypertension was observed after (HR (95% 

CI): 0.5 (0.2-0.9)) but not before (HR (95% CI): 0.8 (0.5-1.2)) (highest VS lowest quintile) 

adjustment for other nutrients. Animal protein was not associated with the incidence of 

hypertension (202). A meta-analysis of 17 clinical trials found that higher intake of total 

protein was beneficial for the reduction of blood pressure (212). A favourable effect of higher 

protein intake (31-61 g higher compared with control group) on blood pressure was found in 

two clinical trials with duration of 4 and 8 weeks (213, 214), but this association was not 

observed in other studies with longer duration (212). In addition, results may be influenced 

by the sources of plant protein which vary between studies. For example, the source of plant 

protein was soy in He et al.’s study so the findings may not be applicable to total plant 

protein consumption in the general population (213).  

The Dutch EPIC study demonstrated that animal protein consumption was positively 

associated with incident diabetes but this association was not independent of waist 

circumference and BMI (215) suggesting that adiposity might be an intermediate for this 

association. A case-cohort study within EPIC investigated 12,403 incident type 2 diabetes 

cases and a random subcohort of 16,154 individuals from eight countries including France, 

Italy, Spain, UK, Netherlands, Germany, Sweden and Denmark (216). During 12 years of 

follow-up, higher animal protein intake was associated with a lower risk of type 2 diabetes 

independent of BMI and intakes of other major nutrients whereas plant protein intake was not 

related to diabetes risk. Further analysis demonstrated that this association was apparent in 

women but not in men, and the exact mechanisms are unclear. A recent pooled analysis 

including 72,992 women from the Nurses’ Health Study (NHS), 92,088 women from Nurses’ 

Health Study II (NHS-II), and 40,722 men from the Health Professionals Follow-up Study 

(HPFS) found that participants in the highest quintile of animal protein intake had a 13% 

higher risk of incident type 2 diabetes compared with those in the lowest quintile, while plant 

protein intake was associated with a 9% lower risk of type 2 diabetes for top vs bottom 

quintile (217). Although a significant inverse association was reported in the pooled analysis 

of the three cohorts, a trend towards an inverse association between plant protein intake and 

type 2 diabetes was only evident for the NHS. The participants in this pooled analysis 

consisted of health professionals, which limits the generalizability of the findings to the 

general population. Other studies did not find significant associations between plant protein 
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intake and diabetes (165, 215, 216, 218) and the narrow range of plant protein intakes in 

these populations might be an explanation.  

A meta-analysis of clinical trials reported an inverse association between plant protein intake 

and plasma cholesterol, however, the plant protein source was soy in all studies (188). 

Animal protein was not associated with plasma lipids in clinical trials. Limited data from 

prospective studies are available on the association of protein intake from different sources 

with plasma lipids. 

Plant protein intake was inversely associated with CHD mortality in postmenopausal women 

(201). Secondary analysis of this study indicated inverse associations for legume intake and 

positive associations for dairy and red meat intake with CHD mortality. However, data from 

the NHS did not find an association of animal or vegetable protein intakes with CHD in 

women (166). Plant protein intake was inversely associated with fatal ischemic heart disease 

and animal protein intake was positively associated with risk of ischemic heart disease in 

healthy men without baseline hypertension, diabetes or hypercholesterolemia (219). Only a 

few prospective studies have investigated the associations between protein intake and CHD 

and the results have been inconsistent. 

A recent meta-analysis of seven prospective studies indicated that animal but not plant 

protein intakes were inversely associated with incident stroke (220). This investigation was 

limited by the differing methodologies of included studies. Two of the five prospective 

studies (two of the seven included studies did not report the association of animal or plant 

protein intakes with incident stroke) reported significant inverse relationships between animal 

protein and incident stroke. One treated the protein intake as grams per day and the 

investigators did not account for total energy and other potentially-related covariates in their 

analyses and the outcome was mortality caused by stroke rather than incident stroke (221). 

The other study did not include saturated and monounsaturated fats, which were highly 

correlated with animal protein, in the multivariate-adjusted model (222).  

Although there are some limitations to previous studies, the results demonstrated a trend 

toward a positive association between intake of animal protein intake and changes in weight 

or waist circumference while keeping energy constant. As animal protein accounted for a 

majority of total protein intake, the positive association between total protein consumption 

and obesity was possibly driven by animal protein intake. There are a few prospective studies 

that have examined the association between protein intake from different sources and 
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incidence of CHD, dyslipidaemia, and hypertension. Some prospective studies have reported 

the association between protein intake from different sources and incident diabetes and 

stroke; however the findings have been inconsistent. More well-designed prospective studies 

with large sample sizes are needed to confirm these associations. 

 

Protein from specific food subgroups 

The work described to date has classified protein simply as from plant or animal sources but 

our knowledge of the main amino acids in foods suggests that health effects may be 

influenced by amino acid profiles. Plant foods rich in protein such as potatoes, nuts, beans, 

and legumes, have a relatively high proportion of the amino acids glutamic acid, cysteine and 

histidine; however, animal-based foods including meat, chicken, and eggs have a higher 

proportion of glycine and methionine. Therefore, proteins from different foods might play 

different roles in health due to their differing amino acid composition. Whether protein 

consumed from some specific foods such as vegetables, legumes, grains, eggs, dairy, red 

meat and chicken is associated with cardiometabolic disorders remains to be explored 

although it is difficult to identify whether such associations are attributable to the actual 

protein or other nutrients consumed with it.  

Amino acids and cardiometabolic disorders 

Amino acids have important functions in nutrition and their metabolism influences the 

development of cardiometabolic disorders. An increasing number of epidemiological studies 

have investigated the relationships between consumption of individual amino acids and 

chronic diseases. 

Glutamic acid, an essential amino acid, is the most common dietary amino acid, contributing 

approximately 20% of total protein intake in some Western and Asian populations (223, 224). 

In a cross-sectional analysis based on the INTERMAP of 4,680 participants aged between 40 

and 59 years, blood pressure and dietary intake were assessed at four visits. After adjustment 

for covariates, each 4.72% increment of total dietary protein from glutamic acid intake was 

associated with a 1.5-3.0 mm Hg lower SBP and 1.0-1.6 mm Hg lower DBP (224). Higher 

intakes of glutamic acid are associated with diets high in plant protein and low in animal 

protein, which may contribute to the inverse relationship reported between glutamic acid 

intake and blood pressure (209, 224). Another cross-sectional study of 1,898 female twins 

aged 18-75 years demonstrated inverse associations between glutamic acid intake and arterial 
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stiffness and central blood pressure (225). Although these studies have relatively large 

sample sizes and the populations are representative of different countries, causality cannot be 

inferred from cross-sectional studies. Using data from the Rotterdam Study, Kuil et al. 

performed both cross-sectional and prospective analyses (223). An association of glutamic 

acid intake with blood pressure was not found in the cross-sectional analysis of 3,086 older 

adults, or in the prospective analysis of 1,810 older adults with 6 years’ follow-up. In a 

prospective study of 1,227 middle-aged Chinese adults with 5 years’ follow-up, the 

associations of glutamic acid intake (highest quartile versus lowest quartile) with increases in 

SBP (mean: 3.15 mm Hg, 95% CI: -0.29, 6.60) and DBP (1.67 mm Hg, 95% CI: -0.30, 3.64) 

were not significant (226). In a population-based cohort study of 29,079 Japanese (13,355 

men, 15,724 women), 677 deaths from stroke (328 men, 349 women) were documented 

during 16 years’ follow-up (227). An inverse association between glutamic acid intake as a 

percentage of total protein intake and mortality from stroke was found in women (HR (95% 

CI) for the highest vs. lowest quartile: 0.72 (0.53, 0.98) but not in men (HR (95% CI): 0.87 

(0.62, 1.20)) after adjustment for confounders. However, this study did not test the interaction 

between glutamic acid intake and gender in relation to mortality from stroke, casting doubt 

on the rationale for separate analysis in men and women. Generally speaking, the findings 

from different studies on the association between glutamic acid intake and cardiometabolic 

disorders have been inconsistent. More prospective studies are needed to confirm this 

association given that as the most common dietary amino acid glutamate plays an important 

role in the mentalism of protein.   

Glycine, a non-essential amino acid, cooperates with cysteine and glutamate in the  synthesis 

of glutathione, which is the major antioxidant in cells (200). Using data from the INTERMAP 

study, Stamler et al. performed a cross-sectional analysis of the relationship between dietary 

glycine intake and blood pressure (228). They found that a 2-SD increment in glycine intake 

as a percentage of total protein was associated with a 1.8–3.4 mm Hg higher SBP and 0.7–1.8 

mm Hg higher DBP. The authors stated that the major source of glycine was meat, and 

dietary glycine was an important factor that linked meat to hypertension. Notably, food 

sources of glycine differ between regions, with meat as the predominant source for 

Westerners and plant foods as the major source for East Asians. However, the association 

between glycine intake and blood pressure was not examined separately in Western and 

Asian populations. A prospective study of Japanese adults also investigated the association 

between glycine intake and mortality from stroke (227). Higher glycine intake was associated 
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with an increased risk of total mortality (HR (95% CI) for the highest vs. lowest quartile 1.60 

(0.97, 2.51)) and ischemic stroke mortality (1.88 (1.01, 3.52)) in men without a history of 

hypertension, but not in women, although the interaction between glycine intake and gender 

for mortality was not reported in the study. Other prospective studies did not find associations 

of glycine intake with the risk of high blood pressure, arterial stiffness or stroke (225, 229). A 

randomised clinical trial of 24 adults, found that a supplement of glycine combined with 

cysteine reduced risks of MetS (230). However, the protective effect of dietary glycine intake 

is not supported by the evidence from observational studies.  

Methionine is an essential amino acid and mainly consumed from animal foods including 

eggs, beef, chicken and fish (171). In the Kuopio Ischaemic Heart Disease Risk Factor 

(KIHD) Study of 1,981 Finnish men, 292 acute coronary events were identified during 14 

years of follow-up. Higher intake of dietary methionine was found to be associated with an 

increased risk of acute coronary events (HR (95% CI) for fourth quartile vs. first quartile: 

2.08 (1.31-3.29)) (231). In a cohort study of 92 patients with CVD, methionine intake was 

positively associated with blood pressure (232). Others did not find any association between 

methionine intake and chronic disease (225, 229). 

Cysteine is a functional amino acid and plays an important role in the regulation of sulphur 

(200). Several prospective studies have reported associations between cysteine intake and 

chronic disease, but the results are inconsistent. The Swedish Mammography Cohort of 

34,250 women found that participants in the highest quintile of cysteine intake had a 21% (95% 

CI: 3%, 35%) lower risk of incident stroke compared with those in the lowest quintile during 

10.4 years’ follow-up (229). In contrast, dietary cysteine intake was not associated with the 

risk of arterial stiffness or hypertension (223, 225), which might be attributable to a narrow 

range of dietary cysteine or the cross-sectional design of the study. 

Several prospective studies have investigated the association of consumption of branched-

chain amino acids (BCAAs) including leucine, isoleucine and valine with type 2 diabetes and 

the results are inconsistent (233). A pooled analysis of three US cohorts of 192,140 adults has 

shown that individuals in the highest quintile of leucine (HR (95% CI): 1.13 (1.07-1.19)), 

isoleucine (1.13 (1.07-1.19)) and valine (1.11 (1.05-1.17)) intakes had higher risk of incident 

diabetes compared with those in the lowest quintile (233). In contrast, data from the 

Takayama study of 13,525 Japanese adults demonstrated inverse associations of BCCA 

intakes with diabetes in women but not men (234). One explanation for the inconsistent 

results is that BCAA intakes were expressed as percentages of total dietary protein in the 
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Japanese study whereas absolute intakes of energy adjusted BCAAs were used in the US 

study. In addition, the main sources of BCAAs were meat (37%), fish (8%) and milk (12%) 

in the US population and the major contributors were cereals, potatoes, and starches (23–

25%), fish (21–23%) and meats (14–15%) in the in the Japanese population. 

Other amino acids including arginine, tyrosine, and phenylalanine, have also been 

investigated in a few studies (223, 225, 229) but intakes of these amino acids were not found 

to be associated with the development of chronic disease. 

Dietary BCAAs, glutamic acid, cysteine, glycine and methionine are amino acids of interest 

because of their potential effects on the development of chronic disease. Although 

associations of individual dietary amino acids with chronic disease have been inconsistent 

across studies, the amino acid composition as a whole might play a more important role. 

Different dietary amino acids have different roles in the regulation of health and disease, but 

they are consumed in combination as protein from foods. An optimal amino acid composition 

of dietary protein intake may help optimize amino acid metabolism and protect against excess 

fat deposition, diabetes, hypertension and CVD (200). 

2.3.2 Fat 

Dietary fatty acids can be classified as saturated (SFAs) without double bonds, 

monounsaturated (MUFAs) with only one double bond, or polyunsaturated (PUFAs) with 

two or more double bonds. Different dietary fatty acids may play different roles in the 

development of cardiometabolic disorders. For example, high MUFA or PUFA diets have 

been shown to be associated with greater energy expenditure (235, 236) and diet-induced 

thermogenesis (237) compared with high SFA diets. High intakes of MUFA and PUFA have 

been shown to be beneficial for the prevention of many cardiometabolic disorders including 

obesity, hypertension, hyperlipemia, diabetes, heart disease, and stroke (236, 238-242).  

Consumption of 6-11% percent of energy from PUFA for the prevention of CVD is 

advocated by the Food and Agriculture Organization (243). With respect to MUFAs, the 

international recommendations are inconsistent (239, 243, 244), which might be partly 

attributed to the weak evidence for a cardioprotective effect of high MUFA intakes. Less than 

10% of total energy intake from SFAs is recommended (245) and replacing of SFAs with 

PUFAs or MUFAs is considered as an efficient method for the prevention of cardiometabolic 

disorders (241, 246). 
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Saturated fatty acids 

Many clinical trials and prospective studies have investigated the associations between SFAs 

and cardiometabolic disorders (25). A recent meta-analysis of 15 clinical trials found that 

reduction in SFA intake was not associated with risks of CVD mortality, total mortality, 

CHD, or stroke, , but a small but significant favourable effect of reduction in SFA intake on 

the prevention of CVD (RR (95% CI): 0.83 (0.72, 0.96)) was found (247). Secondary 

analysis indicated that the beneficial effect was apparent for the prevention of myocardial 

infarction (RR (95% CI): 0.90 (0.80, 1.01)), but not stroke (RR (95% CI): 1.00 (0.89, 1.12)). 

The favourable effect was not observed in studies with intervention duration longer than 4 

years or published since 2000. Likewise, a recent meta-analysis of 12 prospective studies 

with follow-up duration between 4 and 30 years observed no significant associations of 

saturated fat intake with CVD, CHD, stroke, type 2 diabetes, CVD mortality, or total 

mortality (25).  

Monounsaturated fatty acids 

Previous prospective studies have demonstrated that MUFA intake was inversely associated 

with cardiovascular risks including obesity, hypertension, hyperlipideamia and insulin 

resistance (238, 248, 249). However, evidence from some other studies is not supportive of a 

favourable effect of high MUFA consumption on the prevention of coronary artery 

atherosclerosis, coronary events, and coronary deaths in animal and human studies (236, 250-

252). A recent meta-analysis included 32 cohort studies of 841,211 participants with racially 

and ethnically diverse backgrounds, who were followed 3.7 to 30 years found that MUFA 

intake was not associated with CVD, stroke, CVD mortality, or total mortality whereas an 

increased olive oil intake was associated with reduced risks (253). Associations between 

MUFA intake and cardiometabolic disorders may vary depending on whether the source of 

the MUFA is meat or olive oil, which contain a variety of other components that may 

influence health (252).  

Polyunsaturated fatty acids 

Evidence from some previous studies indicates that high PUFA intakes are effective in the 

prevention and treatment of CVD (241, 246). Substituting SFAs with PUFAs has shown a 

favourable effect on LDL-C, total cholesterol to HDL-C ratio, and insulin resistance in both 

observational studies and clinical trials (254, 255). A meta-analysis of randomized controlled 

trials concluded that consuming PUFAs in place of SFAs reduced the occurrence of CHD by 
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19% (RR: 0.81, 95% CI: 0.70, 0.95) (241). A meta-analysis of 11 American and European 

cohort studies suggested that each 5% energy intake from PUFAs replacing SFAs was 

associated with a 13% lower risk of coronary events (RR: 0.87, 95% CI: 0.77, 0.97) and a 

26% lower risk of coronary deaths (RR: 0.74, 95% CI: 0.61, 0.89) (246). However, analysis 

of the substitution of SFA with PUFA and chronic disease is limited in the ability to 

distinguish whether the effects relate to the high PUFA or low SFA intakes. Evidence from 

recent studies has cast doubt on the benefits of replacing SFAs with PUFAs for the 

prevention of chronic disease. For instance, a recent meta-analysis of randomised clinical 

trials has found that diets high in PUFA or MUFA and low in SFA were not associated with 

reduced risk of CVD, CVD mortality or total mortality (256), suggesting that substitution of 

saturated fat with unsaturated fat as recommended by dietary guidelines should be 

reconsidered. The benefits of total PUFA intake may be at least partly attributable to omega-3 

PUFA given that higher total PUFA intake might also indicate higher omega-3 PUFA intake. 

Omega 6 linoleic acid, the predominate PUFA in most populations, did not show a favourable 

effect on the prevention of CVD and mortality in clinical trials (242, 257).  

Omega-3 fatty acid 

Omega-3 fatty acids are vital components of body cells and essential for health. Dietary 

omega-3 fatty acids consist primarily of ALA, EPA, and DHA. ALA is mainly consumed 

from plant sources, such as canola, soybean, walnuts and flaxseed and the major source of 

EPA and DHA is fish. To reduce CVD, international dietary guidelines have consistently 

recommended at least 250 mg/day of EPA and DHA intake for the general population (258). 

In Australia, 0.61 g/day for men and 0.42 g/day for women of combined Docosapentaenoic 

acid (DPA) and EPA and DHA and 1.3 g/d for men and 0.8 g/d for women of ALA are 

recommended by the National Heart Foundation of Australia and National Health and 

Medical Research Council (259). There has been a significant increase in the intakes of 

omega-3 fatty acids in the two decades prior to 2010, with intakes of ALA of 0.92 g/d and 

0.91 g/d and EPA plus DHA of 0.29 g/d and 0.28 g/d, for Australian men and women, 

respectively (245). Despite these increases, women consumed more ALA but less EPA plus 

DHA compared with recommendations and men had ALA and EPA plus DHA intakes below 

the recommendations in Australia.  

Eicosapentaenoic acid and Docosahexaenoic acid 
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Many studies have explored the mechanisms by which EPA and DHA may improve health. 

Evidence from these studies has shown that metabolism of EPA and DHA is involved in the 

regulation of anti-inflammatory, gene expression and cell membrane properties (260), which 

may be beneficial for prevention and treatment of cardiometabolic disorders. 

Recently, a few clinical trials have investigated the association between omega-3 fatty acids 

intake and body composition with inconsistent results (162, 261). In one study, 324 

overweight or obese participants were assigned to one of four energy-restricted diets varying 

in fish and fish oil content: (1) control (no seafood); (2) lean fish (3×150 g portions of 

cod/week); (3) fatty fish (3×150 g portions of salmon/week); (4) fish oil (DHA/EPA capsules, 

no seafood). Compared with men in the control group, those who consumed lean or fatty fish 

or fish oil lost more weight over eight weeks (262). However, this effect was not observed in 

women. A double-blind clinical trial of 27 women with diabetes evaluated the effect of fish 

oil consumption on body composition. A moderate dose of fish oil (1.8 g/day) was shown to 

lower body fat mass but not total body weight over eight weeks (263). Likewise, another 

double blind clinical trial of 65 overweight or obese adults also found that high fish oil 

consumption reduced body fat but not body weight during 12 weeks’ treatment (264). Two 

clinical trials with longer treatment over 24 weeks did not find any benefit of omega-3 fatty 

acid intake on body weight or fat mass among overweight or obese adults (261, 265). Energy 

restriction or exercise was combined with high omega-3 fatty acid diets in these clinical trials 

such that it is hard to attribute any weight loss to omega-3 fatty acid intake. The long-term 

effect is unclear given that the duration of intervention was less than 6 months in previous 

clinical trials.  

Clinical trials of healthy adults have demonstrated that high consumption of EPA and DHA 

can reduce hepatic de novo lipogenesis, activity of enzymes for triglyceride synthesis, and 

delivery of non-esterified fatty acids to the liver, resulting in decreased circulating 

triglycerides (258, 266). A pooled analysis of 55 randomised clinical trials has shown that 

each gram per day increment of EPA plus DHA intake reduced circulating triglycerides by 

5.9 mg/dl (95% CI: 2.5, 9.3) and this effect was greater in studies of individuals with higher 

baseline triglycerides (-1.7 mg/dl (95% CI: -3.1, -0.2) for trials of participants with median 

baseline triglycerides<83 mg/dl, -8.4 mg/dl (95% CI: -13.7, -3.2) for trials of participants 

with median baseline triglycerides>83 mg/dl) (258). However, the long term effects of 

omega-3 fatty acid intake on CVD risk factors are unclear. 
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A recent meta-analysis of seven clinical trials has demonstrated that supplements of EPA plus 

DHA reduced SBP by 1.52 mm Hg (95% CI: 0.79, 2.25) and DBP by 0.99 mm Hg (95% CI: 

0.44, 1.54), and this effect was strongest in the individuals with untreated hypertension (267). 

Only high doses of EPA plus DHA (≥2 g/d) reduced both SBP and DBP whereas high fish 

consumption was not beneficial for the reduction in blood pressure. This dose is far beyond 

the recommendation of 250 mg/day of EPA and DHA or 2 servings/week of oily fish (258), 

which means that EPA plus DHA from foods may not achieve the level required for blood 

pressure maintenance or reduction in the general population. A pooled analysis of 30 clinical 

trials has suggested that fish oil could help reduce heart rate in humans, especially in those 

with higher baseline heart rate or longer treatment duration (268). This also suggests that fish 

oil may be beneficial for improving heart function and preventing heart disease.   

The association between EPA and DHA intakes and CVD has been investigated in numerous 

observational studies and clinical trials. In the Monitoring Project on Risk Factors for 

Chronic Diseases study, 21,342 community-dwelling men and women aged 20-65 years were 

followed for a mean of 11.3 years. Inverse relationships for dietary EPA and DHA with fatal 

CHD and myocardial infarction were seen after controlling for confounders (269). Evidence 

from recent studies regarding circulating or tissue biomarkers of omega-3 fatty acids supports 

this association. A recent meta-analysis of 19 prospective studies has reported that each SD 

increase of biomarkers of DPA and DHA were each associated with a lower risk of fatal 

CHD (RR (95% CI): 0.90 (0.85, 0.96) for DPA, and 0.90 (0.84, 0.96) for DHA)) but not 

nonfatal myocardial infarction (0.97 (0.93, 1.02) for DPA, and 0.96 (0.92, 1.02) for DHA)) 

(270). Dietary EPA and DHA were found to be inversely associated with cardiovascular risk 

factors including blood pressure, cardiac function, vascular reactivity, and lipids, and 

positively associated with anti-platelet, anti-inflammatory and anti-oxidative actions among 

large scale longitudinal cohorts (271). The results from clinical trials in CVD patients are 

inconsistent with those from observational studies. Kromhout et al. reported that EPA and 

DHA supplementation was not associated with a protective effect on major cardiovascular 

events among CVD patients in clinical trials (272). A recent meta-analysis of randomized 

controlled trials found that EPA and DHA supplements for CHD patients did not show clear 

benefits on major cardiovascular events (273). Thus, high intakes of dietary EPA and DHA 

may be more effective in primary prevention among free-living healthy populations rather 

than secondary prevention among CVD patients.   
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A pooled analysis of 11 clinical trials has found that high omega-3 fatty acids diets did not 

increase insulin sensitivity (274). Likewise, a meta-analysis of 16 prospective studies found 

no association of EPA plus DHA supplements (per 250 mg/d) or intake with incident type 2 

diabetes (RR (95% CI): 1.04 (0.97, 1.10)) whereas ALA intake (per 0.5 g/d) tended to be 

associated with lower risk of type 2 diabetes (RR (95% CI): 0.93 (0.83, 1.04)) (275). The 

association between omega-3 fatty acids and the risk of diabetes needs to be investigated in 

more well-designed interventional and observational studies. 

In summary, evidence from observational studies and clinical trials supports beneficial effects 

of high levels of EPA and DHA consumption for the prevention and treatment of 

hypertriglyceridemia, high blood pressure, and elevated heart rate. However, the results have 

been inconsistent on the association of EPA and DHA intake with obesity and insulin 

sensitivity. High intakes of EPA and DHA may be beneficial for primary prevention of CVD 

in healthy populations but the cardio-protective effect among CVD patients has been 

inconsistent.     

Alpha-linolenic acid  

ALA can be converted to EPA and DHA. High dose supplementation of ALA might be anti-

inflammatory and although the effects are much more modest than those of EPA and DHA 

(276), high ALA intake may be beneficial for the prevention of chronic disease. Compared 

with EPA and DHA, the association between ALA and cardiometabolic disorders has been 

less well investigated although now an increasing number of observational and interventional 

studies are being conducted. 

A study of cases with a first nonfatal acute myocardial infarction and population-based 

controls matched for age, sex, and area of residence indicated that higher consumption of 

ALA was associated with lower risk of myocardial infarction (277). Data from the NHS of 

76,283 women with 10 years of follow-up demonstrated that a higher dietary intake of ALA 

was inversely associated with the risk of fatal ischemic heart disease but not nonfatal 

ischemic heart disease, after adjustment for age and standard coronary risk factors (278). A 

recent meta-analysis of observational studies (including the two studies mentioned above) 

found that higher dietary ALA intake was related with a moderately lower risk of total CVD 

and fatal CHD but not nonfatal CHD, total CHD or stroke (279). Likewise, a meta-analysis of 

19 prospective studies has shown that higher levels of plasma ALA (each SD increment) 

were associated with a lower risk of fatal CHD (RR (95% CI): 0.91 (0.84, 0.98)) but not 
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nonfatal myocardial infarction (0.95 (0.87, 1.05)) (270). A clinical trial with a mean follow-

up of 27 months showed that the Mediterranean diet, abundant in ALA, appeared to be more 

effective than prudent diets in the secondary prevention of CHD and death (280). Beneficial 

effects of high ALA intake on biomarkers of CVD have not been observed in clinical trials. 

In a randomized clinical trial, 62 healthy participants were divided into 6 groups receiving 

1.2, 2.4, or 3.6 g flax oil/d; 0.6 or 1.2 g fish oil/d; or 1 g sunflower oil/d for 12 weeks. None 

of the treatments produced improvements in plasma inflammatory markers, plasma total or 

HDL-C, or triglycerides (281). A systematic review of clinical trials suggested that there 

were no or inconsistent effects of ALA intake on blood lipids, glucose, and low-density 

lipoprotein oxidation among most short-term trials with treatment duration between 6 and 12 

weeks in generally healthy participants (282). Although this review was limited by only 

including studies published between 2008 and 2010, another systematic review of studies 

published between 2000 and 2012 reported a similar lack of association (283). 

Observational studies suggest an inverse association between ALA consumption and incident 

CVD whereas the results from clinical trials have been inconsistent on the relationship 

between ALA intake and CVD risk factors including high blood pressure, elevated 

triglycerides, high cholesterol, or elevated glucose. It is possible that the protective effects of 

high dietary ALA intake are more apparent over the long-term and results of only a few 

clinical trials with long-term duration have been published.  

Omega-6 fatty acid 

Linoleic acid (LA) and arachidonic acid (AA) are main dietary omega-6 fatty acids. LA is 

mainly consumed from vegetable oils such as corn, sunflower and soybean and the major 

sources of AA are egg, turkey, and offal (284). Daily LA intakes of 13 g for men and 8 g for 

women are recommended by the National Health and Medical Research Council of Australia 

(168). 

A meta-analysis of 13 prospective studies indicated that being in the highest category of 

dietary LA was associated with a 15% lower risk of CHD (RR (95% CI): 0.85 (0.78–0.92)) 

and a 21% lower risk of CHD death (RR (95% CI): 0.79 (0.71–0.89)) compared with being in 

the lowest category (285). A recent analysis of data from the NHS and HPFS demonstrated 

that higher total omega-6 fatty acid and LA intakes but not AA intake, were associated with 

lower risk of total mortality (286). Biomarker studies also provided evidence on the 

association between LA and CVD risk. A meta-analysis of prospective studies of circulating 
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fatty acids demonstrated that plasma AA but not other n-6 fatty acids was inversely 

associated with coronary risk (273). However, data from the Cardiovascular Health Study 

(not included in the meta-analysis above) demonstrated that plasma phospholipid LA but not 

other n-6 fatty acids, was inversely associated with total and CVD mortality in older adults 

(287). Evidence from clinical trials does not support favourable effects of high n-6 fatty acids 

intake in the prevention of coronary risk (273). 

Trans fat 

Trans fats are usually formed during the partial hydrogenation of unsaturated oils to produce 

margarines and shortening. The predominant sources of trans fats are deep-fried foods, 

bakery products, packaged snack foods, margarines, and crackers (288). Meat and dairy 

products from cows, sheep, and other ruminants also contain naturally occurring trans fats but 

in smaller amounts. Mozaffarian et al. have pointed out that consumption of trans fats 

provides no apparent nutritional benefits but increases risks of CVD (288). However, 

evidence from recent studies has shown that higher levels of some circulating ruminant-

specific trans fats are associated with lower risk of CVD disorders (161). 

Data from the Women's Health Initiative Study of 48,835 postmenopausal women aged 50 to 

79 years found that individuals with trans fat intake <1.1% of energy had a lower risk of 

CHD (HR 95% CI: 0.81 (0.69-0.95)) compared with those with trans fat intake ≥1.1% energy 

(153). A recent meta-analysis of seven prospective studies showed that in a comparison of the 

highest with the lowest categories of total trans fat intake the RR (95% CI) was 1.21 (1.10-

1.33) for CHD and this deleterious association was only found for industrial (RR (95% CI): 

1.42 (1.05-1.92) but not ruminant trans fat (0.93 (0.73-1.18)) (25). De Souza et al. also 

analysed the association between trans fat and type 2 diabetes in six prospective studies and 

concluded that total trans fat was not associated (RR: 1.10, 95% CI: 0.95-1.27) with 

incidence of type 2 diabetes while ruminant trans fat showed a favourable association (RR: 

0.58, 95% CI: 0.46-0.74).  

High consumption of industrial but not ruminant trans fat appears to be a risk factor for 

chronic disease, and industrial trans fat tends to be the predominant type of trans fat 

consumed. Total trans fat intake less than 1% of total energy intake has been recommended in 

WHO dietary guidelines. Australian adults consume 0.5% to 0.9% energy from trans fat and 

the major source is margarines (289) such that high trans fat intake seems not to be a 

significant problem in Australia. 
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2.3.3 Carbohydrates 

Carbohydrates provide the body with energy and glucose, sparing protein and fat for other 

uses. Dietary guidelines recommended that carbohydrates provide 45-65% of total energy 

intake (163). Since carbohydrates are less functional in formation and regulation of body’s 

tissues than protein and fat, diets relatively low in carbohydrates and high in protein have 

been recommended for the prevention of CVD (170), however beneficial effects of low 

carbohydrate diets are not apparent in clinical trials with long-term interventions (192, 193).  

Using data from 82,802 women with 20 years of follow-up in the NHS, Halton et al. 

examined the association of dietary composition of carbohydrate, protein and fat with 

incident CHD. Diets lower in carbohydrate and higher in protein and fat (low carbohydrate 

diet score) were not associated with risk of CHD (166). Data from the Iowa Women’s Health 

Study did not show a significant association between carbohydrate intake and incident 

diabetes (HR (95% CI) for highest quintile vs. lowest quintile of carbohydrate consumption: 

0.93 (0.76, 1.13)) (290). Recently, other characteristics of carbohydrates such as the source, 

degree of refinement or glycemic index (GI), rather than the total carbohydrate amount have 

been examined in relation to the development of cardiometabolic disorders. For example, a 

pooled analysis of the NHS and HPFS including 84,628 women and 42,908 men with 24 to 

30 years of follow-up found that carbohydrate from whole grains was inversely associated 

with incident CHD (HR (95% CI): 0.90 (0.83, 0.98)) whereas carbohydrate in the form of 

refined starches/added sugars was positively associated with incident CHD (HR (95% CI): 

1.10 (1.00, 1.21)) (291).  

Glycemic index quantifies the postprandial glycemic effects of carbohydrates in different 

foods in a standardised way as a measure of carbohydrate quality (292). Glycemic load (GL) 

was subsequently developed as the product of the GI of a food and its carbohydrate content 

(293). In a meta-analysis, both higher GI and GL were demonstrated to be independent 

predictors of CHD, however, stratified analysis suggested that this association was only 

significant in women (294). The underlying mechanisms for the divergent associations 

between genders remain to be explored. Another meta-analysis of 15 prospective studies with 

438,073 participants and 2,123 stroke cases reported that higher dietary GL (RR (95% CI): 

1.19 (1.00-1.43)), but not higher GI, was associated with a higher risk of incident stroke 

(295). The association of GI and GL with incidence of diabetes appears to be consistent 

among observational studies. A recent meta-analysis of prospective studies has shown that 
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participants in the highest categories of GI and GL had a 19% (95% CI: 14%, 24%) and 13% 

(95% CI: 8%, 17%) hihger risk of incident type 2 diabetes, respectively (296).  

Foods rich in carbohydrates are an important part of a healthy diet. Besides the amount of 

carbohydrate consumed, the quality including different sources, GL and GL should be taken 

into account when examining the association between carbohydrate intake and chronic 

disease.  

2.3.4 Sodium 

Diets high in sodium have been estimated to account for 4.3 million (95% CI: 2.4 million, 6.4 

million) deaths and 3.4% (95% CI: 2.0%, 5.2%) DALYs lost globally in 2015 (30). High 

sodium intake imposes a high burden on the kidneys to excrete the extra salt, which leads to 

high levels of sodium in the circulation of body fluids resulting in high blood pressure (297, 

298). There is a subsequent rise in plasma sodium concentration after the consumption of salt, 

and in turn this stimulates thirst and promotes fluid intake (299). In addition, salted foods 

have been shown to stimulate appetite and increase calorie consumption (300), thus resulting 

in overeating, overweight and obesity. Thus, high sodium intake might contribute to the 

development of cardiometabolic disorders. 

Beneficial effects of sodium reduction on lowering blood pressure have been demonstrated in 

both observational studies and clinical trials (301-303). Higher salt intake has been 

demonstrated to be associated with increased risk of CVD and stroke in a meta-analysis of 13 

prospective studies with 177,025 participants (304). A sodium reduction intervention in 2,415 

participants aged 30-54 years old followed for 10-15 years resulted in a 25% lower risk (95% 

CI: 0.57, 0.99) of CVD events (305). A recent meta-analysis of seven randomised clinical 

trials with durations of more than six months reported no strong evidence for benefits of salt 

reduction on the prevention of CVD or CVD mortality, but a favourable effect in SBP 

reduction was found (306). Paradoxically, positive associations of sodium intake with CVD 

and CVD mortality were found in observational studies, whereas sodium reduction was not 

observed to be beneficial for the prevention of CVD and CVD mortality in clinical trials. One 

explanation is that interventions may be not effective in sustaining reductions in sodium 

intake over the long-term; however few studies assessed the changes in sodium intake over 

interventions or beyond.  
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Modest reduction in dietary sodium intake may result in large reduction in cardiovascular 

events and medical costs (307), but practicable and inexpensive interventions need to be 

explored. 

2.3.5 Vegetables 

Vegetables are generally relatively low in energy and fat and high in vitamins, minerals, 

antioxidants, fibre and water. High vegetable intake is generally considered beneficial for the 

prevention of chronic disease (308). Australian dietary guidelines recommend consumption 

of at least five servings of vegetables per day (168). Diets low in vegetables contributed to 

(2.0 million, 95% CI: 1.0 million, 3.1 million) deaths globally in 2015 (30).  

In a pooled analysis of data from three US cohorts including 50,422 women from the NHS, 

47,898 women from the NHS-II, and 22,557 men from the HPFS, each additional serving per 

day of vegetable was associated with a 0.22 lb lower weight gain within subsequent four-year 

periods (309). Similar associations were also observed in data from the Amsterdam Growth 

and Health Longitudinal Study and EPIC (252, 310). A meta-analysis found that higher 

intake of green leafy vegetables was associated with a 14% (95% CI: 3%, 23%) lower risk of 

incident type 2 diabetes (311). Cooper et al. also highlighted the favourable association of 

root vegetables or green leafy vegetables with incident diabetes (312). Thus, the types of 

vegetables may be an important issue when examining the association between vegetable 

intakes and diabetes. 

A recent analysis of data from the NHS and the HPFS of 113,276 participants found that 

individuals in the highest quintile of vegetable intake had an 11% (95% CI: 3%, 19%) lower 

risk for CHD compared with their counterparts in the lowest quintile (313). This association 

was more apparent among the participants with the highest intake of green leafy vegetables 

(RR (95% CI): 0.83 (0.77, 0.91)) compared with lowest intake. A meta-analysis of 20 

prospective studies of 760,629 participants and 16,981 stroke events demonstrated that each 

200 g/day increment in vegetable intake was associated with an 11% (95% CI: 2%, 19%) 

lower risk of stroke (314). Again, green leafy vegetables may drive the inverse association 

between vegetable intake and risk of incident stroke.  

In contrast to observational studies, clinical trials have demonstrated favourable effects of 

increased vegetables on blood pressure (315, 316) but not other cardiometabolic disorders 

including diabetes, hypercholesterolemia, and obesity (317).  
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2.3.6 Fruit 

Fruit is a rich source of vitamins, minerals, antioxidants and fibre. To meet nutrient 

requirements, a minimum recommended intake of fruit for US adults was 2-3 servings per 

day in 1980s (318), which increased to 4 servings per day in 2010s (319). In Australia, two or 

more servings of fruits per day has been recommended for adults by the National Health and 

Medical Research Council (168). A systematic global analysis has also shown that diets low 

in fruit are a leading risk factor for disease burden accounting for 2.9 million (95% CI: 1.9 

million, 4.0 million) deaths globally in 2015 (30). 

A pooled analysis of data from three US cohorts has shown that each one serving per day 

increment in fruit intake was associated with a 0.49 lb lower weight gain within subsequent 

four-year periods (309). A meta-analysis of prospective studies suggested that fruit intake 

was inversely associated with incident diabetes in studies of high quality but not in those of 

low quality (311). Data from three US cohorts also demonstrated that each increment of three 

servings/week for total whole fruit consumption was associated with a 2% ((95% CI: 1%, 4%) 

lower risk of type 2 diabetes (320). In a clinical trial, 459 adults were randomly assigned to 

receive a control diet, a diet rich in fruit and vegetables, or a "combination" diet rich in fruit, 

vegetables, and low-fat dairy products and with reduced total fat. During eight weeks of 

treatment, the diet rich in fruit and vegetables reduced SBP by 2.8 mm Hg and DBP by 1.1 

mm Hg compared with the control diet (316). However, energy intake was controlled in this 

clinical trial and the favorable effects on blood pressure reduction might be partly attributable 

to energy restriction. 

A meta-analysis of six prospective studies has shown that each serving/day increment in fruit 

intake was related to a 7% (95% CI: 4%, 11%) lower risk of CHD (321). In a recent 

prospective study of 451,665 participants, 5173 deaths from CVD, 2551 incident major 

coronary events, 14,579 ischemic strokes, and 3523 intracerebral hemorrhages were 

documented. Compared with non-fruit consumers, the adjusted hazard ratios for daily 

consumers were 0.60 (95% CI: 0.54, 0.67), 0.66 (95% CI: 0.58, 0.75), 0.75 (95% CI: 0.72, 

0.79), and 0.64 (95% CI: 0.56, 0.74) for cardiovascular death, incident major coronary events, 

ischemic stroke, and hemorrhagic stroke, respectively (322). One limitation of this study was 

that types of fruit were not identified so it is unclear whether different types of fruit were 

differently associated with incident CVD and mortality. However, data from three US cohorts 

demonstrated that variety in fruit intake played little role in the development of CHD (313).  
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Although not all studies have reported favourable associations between fruit intake and 

chronic disease (3), none demonstrated adverse effects from diets rich in fruit. High fruit 

consumption has been recommended for prevention against major chronic disease and 

mortality. 

2.3.7 Whole grains 

Whole grains have a low energy density and are rich in dietary fibre, antioxidant nutrients, 

minerals, and vitamins whereas by removing the bran and germ in refined grains the contents 

of these nutrients are reduced and the energy density is increased (323). High consumption of 

whole grains has been linked to reduce risk of cancer, CVD, diabetes and obesity (324, 325). 

A pooled analysis of data from three US cohorts reported that one serving/day increment of 

whole grains intake was associated a 0.37 lb lower weight gain within each 4-year period 

(309). Data from a meta-analysis of prospective studies suggested that participants 

consuming 3 to 5 servings/d of whole grain had a lower risk of type 2 diabetes (RR (95% CI): 

0.74 (0.69, 0.80)) and CVD (RR (95% CI): 0.79 (0.74, 0.85)), and gained less weight (1.27 

vs. 1.64 kg, P value=0.001), compared with those who never or rarely consumed whole 

grains (326). Fibre may play an important role in the association between whole grain intake 

and incident CVD. However, only two of the 10 included studies adjusted for fibre intakes in 

their analysis (327, 328) and both of them found that the inverse associations between whole 

grain intake and incident CVD were attenuated to be marginally significant (P for trend =0.07 

for both). Similar results were found for the association between whole grain intakes and 

incident diabetes, where the association was attenuated to be non-significant when cereal 

fibre intake was adjusted for in most of the studies included in the meta-analysis. A meta-

analysis of clinical trials by Ye et al., also reported that high whole-grain intake was 

associated with lower fasting glucose (-0.93 mmol/L (95% CI: -1.65, -0.21), total cholesterol 

(-0.83 mmol/L (95% CI-1.24, -0.42), and LDL-C (-0.72 mmol/L (-1.34, -0.11) (326). The 

limitation of the clinical trials is the short duration of intervention (≤16 weeks) so that the 

long-term effect of high whole grain intake is unclear. 

Beneficial effects of whole grain intake for the prevention of obesity, type 2 diabetes, and 

CVD have been demonstrated by observational studies (329, 330). Clinical trials have also 

found favourable effects of high whole grain consumption for the reduction in 

cardiometabolic risks.  
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2.3.8 Nuts and Legumes 

Nuts have high energy density and are rich in fatty acids most of which are unsaturated. Since 

nuts are also abundant in fibre and protein, they are a highly satiating food (331). Legumes 

are rich sources of unsaturated fatty acids, protein, fibre, isoflavones and antioxidants (332). 

It is estimated that diets low in nuts and seeds accounted for 2.1 million deaths and 2.0% 

DALYs lost globally in 2015 (30). 

Despite being relatively energy dense, nuts may play a little role in weight gain, due to their 

high satiety and elevation of energy expenditure and fat oxidation (237, 333). A recent meta-

analysis of clinical trials suggested that a diet enriched with nuts did not result in increased 

body weight, BMI, or waist circumference (334).  

In the NHS, higher nut consumption was associated with a reduced risk for both fatal CHD 

and non-fatal myocardial infarction (335). A recent meta-analysis demonstrated that each 

serving/d increment in nut intake was associated with a lower risk for incident coronary 

artery disease (RR (95% CI): 0.81(0.72, 0.91)) but not stroke (RR (95% CI): 0.90 (0.71, 1.14) 

(249). However, only four studies regarding nut intake and stroke were included in the meta-

analysis. More recent studies did not find significant associations between nut intake and risk 

of stroke (336). Previous studies have consistently shown an inverse association of nut 

consumption with all cause and CVD mortality. Compared with participants who did not eat 

nuts, the multivariate-adjusted HR (95% CI) for death among those who ate nuts daily was 

0.80 (95% CI: 0.73 to 0.86) in a pooled analysis of data from three US cohorts with 

3,038,853 person-years of follow-up (337). Another meta-analysis also suggested that higher 

nut intake was associated with a lower risk of total and CVD mortality (336).  

Regular consumption of nuts was shown to be beneficial for the prevention of type 2 diabetes 

(338), however this association is not supported of evidence from a recent meta-analysis 

(339). A pooled analysis of 25 clinical trials demonstrated that higher nut consumption was 

associated with lower total cholesterol, LDL-C, and ratio of total cholesterol to HDL-C 

concentrations and this association was more apparent among subjects with higher LDL-C or 

with lower BMI at baseline (340). However, the clinical trials are limited by the short 

duration of dietary intervention (≤8 weeks). A few studies have shown that legume intake 

was inversely associated with incidence of CHD and type 2 diabetes (341, 342) but this 

association needs to be investigated in further research. 
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High nut intake is associated with lower risk of CHD, CVD mortality and total mortality. A 

few prospective studies have investigated the association of nut intake with stroke and 

diabetes and the results have been inconsistent. 

2.3.9 Red/processed meat 

Red meat is generally defined as unprocessed meat from beef, hamburgers, lamb, pork, or 

game, and excluding poultry, fish, or eggs (343). Processed meat includes any meat preserved 

by smoking, curing or salting, or addition of chemical preservatives, such as bacon, salami, 

sausages, hot dogs, or processed deli or luncheon meats, and excluding fish or eggs (344).  

A recent study based on the data from the NHS, the NHS-II, and the HPFS showed positive 

associations between consumption of both processed meats and unprocessed red meats and 

weight gain (309). Romaguera et al. found that that the change in BMI-adjusted waist 

circumference was positively associated with intake of processed meats but not red meats or 

poultry (345). However, these studies were limited in using self-reported weight, height, or 

waist circumference.  

A pooled analysis of data from three US cohorts indicated that each serving/d increment in 

consumption of unprocessed, processed, and total red meat was associated with a 12% (95% 

CI: 8%, 16%), 32% (95% CI: 25%, 40%), and 14% (95% CI: 10%, 18%) higher risk of type 

2 diabetes, respectively and a meta-analysis including these new findings found similar 

associations (346). Substitution of unprocessed, processed, or total red meat with equivalent 

amount of nuts, whole grains, low-fat dairy, or fish was associated with lower risk of incident 

type 2 diabetes, indicating that diets low in red meat and high in whole grains, nuts and low-

fat dairy might be beneficial for the prevention of diabetes. 

A meta-analysis of five prospective studies demonstrated that consumption of processed (RR 

(95% CI): 1.42 (1.07, 1.89)) but not unprocessed red meat (RR (95% CI): 1.00 (0.81, 1.23)) 

was positively associated with CHD (347). Another meta-analysis of five prospective studies 

with 239,251 participants and 9,593 stroke cases suggested that higher intakes of unprocessed, 

processed, or total red meat were all associated with higher risk of incident stroke (348). 

Cooking methods of unprocessed meat were assessed in previous studies but it is unclear 

whether inconsistent results for associations between unprocessed red meat and incident 

CHD are attributable to different cooking methods.  
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Observational studies have shown a positive association of red meat especially processed 

meat with CVD and diabetes. Since red and processed meat are energy-dense and are high in 

saturated fat and trans fat, moderate consumption of lean meat in combination with healthier 

choices in other food groups is recommended (168).   

2.3.10 Dietary patterns 

In comparison with single nutrient, food, or food group-based research in nutritional 

epidemiology, dietary pattern analysis may parallel more closely the real world, in which 

foods and nutrients are consumed in combination (14). Identifying associations between 

dietary patterns and chronic diseases may have important public health implications. The 

dietary pattern approach, which uses a priori scores or a posteriori approaches (i.e. 

statistically derived patterns) to represent overall diet, has been widely applied to determine 

the relationship between diet and chronic diseases (15). Dietary patterns characterised by 

high intakes of whole grains, vegetables, fruit, legume and nut have been demonstrated to be 

independently associated with lower risks for heart disease (18), diabetes (19, 20), obesity (21, 

22) and mortality (349), whereas dietary patterns characterised by high intakes of red meat, 

sweets and refined grains have been associated with higher risks of these chronic diseases.  

A posteriori approaches 

The two most commonly used data driven approaches for identifying dietary patterns are 

factor and cluster analysis (14, 350, 351). Factor analysis is used to derive distinct patterns 

based on food groups according to the degree to which they are correlated with each other in 

the dataset (351). A factor score is computed for each individual for each derived pattern. 

This score is a continuous variable, which can be used in either correlation or regression 

analysis to examine associations between dietary patterns and outcomes of interest (14). 

Individuals can also be divided into groups according to quantiles of this score and whether 

risks of outcomes are different between groups is then examined (351).  

In contrast, cluster analysis classifies individuals into distinct clusters (patterns) on the basis 

of the means, sum of squares, or medians of intakes of food groups (351). The number of 

dietary patterns usually ranges from two to eight and further analysis can then be conducted 

to examine the associations between these dietary pattern clusters and the outcome of interest 

(114). Dietary patterns are named according to the food groups with the highest factor 

loading in the factor analysis or according to the food groups with higher mean or median 
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intakes in cluster analysis. Food-frequency questionnaires (FFQs) or dietary records are 

commonly used to collect dietary intake  data (351).  

One advantage of using a posteriori approaches to derive dietary patterns is that more 

information obtained from FFQs or dietary records is included in the analysis, where all food 

groups are involved compared with several food groups or nutrients taken into consideration 

when computing a priori scores. Another advantage of a posteriori approaches is that data 

analysis of dietary patterns does not depend on previous evidence. There are also several 

limitations of a posteriori approaches. Firstly, food groups used in factor or cluster analysis 

have varied across studies (351), which limits the reproducibility of the dietary patterns in 

different populations. Although similar patterns such as “Prudent”, “Healthy” or “Western” 

diets have been observed in diverse populations (351), they usually differ in food items and 

can hardly be considered the same when conducting meta-analysis. In addition, relatively low 

levels of variation in foods or nutrients intakes can be explained in the analysis and no 

meaningful dietary patterns may be identified in some cases (14). It is also notable that 

although dietary patterns may be identified within the population, they may not be associated 

with the outcome of interest. In contrast, a dietary score is more likely to be associated with 

some outcomes as a dietary score has been derived based on nutrient or food items that have 

been demonstrated to be strongly associated with chronic disease of interest. 

Dietary quality indices 

Several dietary quality indices including the Mediterranean Diet Score, Dietary Approaches 

to Stop Hypertension (DASH) diet, and Healthy Eating Index have been used to assess 

overall dietary quality, and their associations with chronic disease have been explored (352-

354).  

Healthy Eating Index, Alternate Healthy Eating Index-2002, and Alternate Healthy Eating 

Index-2010 

The Healthy Eating Index (HEI) was created in 1995 to assess adherence to the American 

Dietary Guidelines and has ten components including grains, fruits, vegetables, milk, meat, 

total fat, saturated fat, cholesterol, sodium, variety (number of different food items) (355). 

However, the HEI was only demonstrated to be moderately predictive of chronic diseases 

(356, 357). In order to improve the HEI score for predicting major chronic disease risk, the 

Alternate Healthy Eating Index (AHEI) with nine components (fruits, vegetables, nuts and 
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soy, white to red meat ratio, cereal fibre, trans fat, ratio of PUFA to SFA, duration of 

multivitamin use, and alcohol intake) was developed in 2002. Compared with the HEI, the 

AHEI score was more strongly inversely associated with risk of major chronic diseases (358, 

359). The AHEI was updated to account for new scientific evidence on diet and health and 

the AHEI-2010 was developed. Eight of the nine components (excluding ‘duration of 

multivitamin use’) of the original AHEI were included in the calculation of AHEI-2010 score 

since vitamin supplementations have been shown to be not significant predictors of major 

chronic disease, Three other components including sodium, sugar-sweetened beverage and 

fruit juice, and long-chain omega-3 fatty acids were included because evidence from recent 

studies had demonstrated their importance in the development of chronic disease. The AHEI-

2010 has been demonstrated to be more strongly associated with major chronic diseases 

including CHD, stroke and diabetes compared with the AHEI and HEI (319).  

In a pooled analysis of data from 71,495 women in the NHS Study and 41,029 men in the 

HPFS, 26,759 and 15,558 incident chronic diseases were identified for women and men, 

respectively. The HRs (95% CI) for participants in the highest quintile compared with those 

in the lowest quintile of the AHEI-2010 score were 0.81 (0.77-0.85), 0.76 (0.71-0.81), 0.69 

(0.62-0.76), 0.80 (0.71-0.91), and 0.67 (0.61-0.74) for major chronic disease, CVD, CHD, 

stroke, and type 2 diabetes, respectively (319). Data from the NIH-AARP Diet and Health 

Study of 492,823 participants with 15 years’ follow-up demonstrated that a higher AHEI-

2010 was associated with a lower risk of all-cause, CVD, and cancer mortality (360, 361). In 

a secondary analysis, the authors examined the association of the scores of individual 

components with the risk of specific mortality and the total score minus the corresponding 

component score was adjusted for in the multivariate model. They found that no one 

component was independently associated with the risk of mortality highlighting the 

importance of overall diet in the prediction of chronic disease or mortality. 

One strength of AHEI-2010 is the inclusion of the components such as PUFA, omega-3 FA, 

and trans fat that have been shown to be strongly associated with chronic disease in recent 

studies. A limitation of the AHEI-2010 is that it includes alcohol intake as a component, 

although there has been considerable debate over whether moderate alcohol intake is 

beneficial for the prevention of chronic disease in recent years as reviewed in Section 2.2.5.        

One of the common strengths of dietary quality indices is that they are easy to understand and 

greater concordance with diet guidelines might help prevent the development of chronic 
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disease. In contrast to a posteriori approaches, the results for different populations are 

comparable such that they can be applied to meta-analysis. The major limitation of dietary 

quality indices is that they are unable to make use of all food items collected from surveys 

since only those components having strong association with chronic disease are included in 

the score calculation.  

2.3.11 Summary 

There has been a decrease in CVD prevalence and mortality in the last several decades but 

CVD remains the second leading cause of death in Australia, and contributes to around 30% 

of total mortality. More than 80% of CVD deaths are attributable to atherosclerosis. 

Abdominal aortic calcification as a subclinical state of atherosclerosis has been shown to be a 

significant risk factor for CVD and CVD mortality independent of traditional CVD risks. The 

application of new technologies in the assessment of vascular calcification has enabled 

studies which have investigated mechanisms and clinical consequences. Diabetes is a major 

risk factor for CVD and most patients with diabetes die from atherosclerosis. Diabetes was 

the sixth leading cause of death in Australia in 2013 and the prevalence has increased in the 

last decade. Metabolic syndrome significantly increases the risk for CVD and type 2 diabetes 

and is present in 20-30% of Australian adults. Metabolic syndrome components including 

elevated blood pressure, elevated fasting plasma glucose, and obesity are all significant 

markers of CVD and diabetes risk and are among the top five risk factors for mortality 

globally. 

It is evident that non-modifiable factors including age, gender, and genetics and modifiable 

factors including smoking, physical activity, alcohol consumption, and SES all play 

important roles in the development of cardiometabolic disorders. Dietary intakes individually 

and jointly with abovementioned factors contribute to the development of cardiometabolic 

disorders. In Australia and New Zealand, there were eleven and nine dietary factors among 

the top 20 risk factors for DALYs in 1990 and 2010, respectively, and a major proportion of 

DALYs was attributable to cardiometabolic disorders (57).  

Diets high in sodium and low in seafood derived omega-3 fatty acids, PUFA, and fibre were 

among the top 20 risk factors for DALYs in the two decades prior to 2010 in Australia and 

New Zealand (57). Evidence from previous studies has demonstrated the favourable effects 

of high fibre and magnesium and low sodium intakes on the prevention of cardiometabolic 

disorders. However, high intakes of omega-6 fatty acids, the major PUFA for most 
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populations, do not appear to be beneficial for the prevention of cardiometabolic disorders in 

clinical trials. Omega-3 PUFAs including seafood derived omega-3 fatty acids (EPA and 

DHA) and plant omega-3 fatty acid (ALA) might contribute to inverse associations between 

PUFA and cardiometabolic disorders. AAC is an independent predictor of CVD risk which 

can be measured non-invasively and therefore has important clinical significance. 

Inflammation may contribute to the development of AAC and so it is possible that older 

adults with higher intakes of omega-3 fatty acids have reduced AAC due to their anti-

inflammatory mechanisms (258). 

Compared with single nutrient, food, or food group-based research in nutritional 

epidemiology, the dietary pattern approach could better reflect the real world. In agreement 

with previous studies regarding dietary patterns, diets low in vegetables, fruits, nuts and seeds, 

whole grains and high in processed meat were among top 20 risk factors for DALYs in 

Australasia (57). Healthy dietary patterns have been shown to be beneficial for the prevention 

of CVD, diabetes and obesity (3) such that I assume high dietary quality may help delay or 

prevent the development of AAC in older adults.  

Plant and animal-based foods have different associations with chronic disease which have 

been ascribed in part to difference in contents of fat, carbohydrate, fibre, and magnesium of 

those foods. Metabolism of protein plays a pivotal role in the development of chronic disease 

and previous studies also suggest that plant protein intake should be considered as a factor for 

dietary quality (3, 319). Previous prospective studies have shown that glutamic acid mainly 

consumed from plant foods is inversely but intakes of glycine, methionine, leucine, 

isoleucine, and valine mainly consumed from animal foods are positively associated with risk 

of cardiometabolic disorders. It is possible that high plant protein and low animal protein 

consumption has potential role in the prevention of cardiometabolic disorders.  
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2.3.12 Hypotheses and aims 

The overall aim of the thesis is to examine the associations between dietary consumption and 

cardiometabolic disorders in community-dwelling Australian adults. High intakes of omega-3 

fatty acid and high quality diets could help prevent the development of AAC. I hypothesized 

that higher protein intakes from plant foods overall, grains, vegetables, legumes and nuts are 

beneficial for the prevention of cardiometabolic disorders whereas higher protein intakes 

from animal foods overall, red meat, and chicken may increase the risk of cardiometabolic 

disorders. To test these hypotheses this thesis covered the following objectives: 

1. To investigate the associations of baseline and change in intakes of omega-3 fatty 

acids with AAC severity in older adults using the sub-study data (Chapter 4). 

2. To investigate the association of baseline and change in dietary quality assessed by 

AHEI-2010 and the development or progression of AAC in older adults using the sub-

study data (Chapter 5). 

3. To investigate the association between plant and animal protein intakes at baseline 

with the risk of metabolic syndrome and relative progression of MetS components 

over 11 years using in the whole MCCS cohort (Chapter 6). 

4. To investigate whether protein from major food groups including whole grains, 

vegetables, legumes and nuts, red meat, chicken, fish, dairy and eggs has different 

associations with incidence of MetS and diabetes in the whole MCCS cohort (Chapter 

6). 

5. To investigate the association between plant and animal protein intakes at baseline 

with incident diabetes and whether these associations are modified by participant 

characteristics at baseline including age, sex, country of birth, SES, smoking, physical 

activity, plasma glucose, blood pressure, and BMI using the data from the whole 

MCCS cohort (Chapter 7). 

6. To investigate whether protein from animal and plant foods are differently associated 

with incident diabetes incorporating our new results from the MCCS with findings 

from previous studies and the associations may be modified by gender, geographic 

regions, length of follow-up, study quality, and method of expressing protein intake 

(Chapter 7). 
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Chapter 3: Study materials and methods  

The recruitment and data collection protocols for the entire thesis, comprising analyses of the 

whole cohort of MCCS and a subset of this for whom additional data are available, are 

presented in this section.  

3.1 Materials and methods for the whole MCCS cohort 

The Melbourne Collaborative Cohort Study (MCCS) is a prospective cohort study with 

41,514 participants recruited at baseline (1990-1994); two subsequent follow-ups were 

conducted (1995-2002 and 2003-2007). Participants from the Melbourne metropolitan area 

were approached using electoral registers, advertisements and community announcements in 

local media including television, radio and newspapers (362). Quota sampling was used to 

achieve desired numbers in each age strata (40-49, 50-59, and 60-69) by gender, and migrants 

to Melbourne from Southern Europe were oversampled to comprise a quarter of the study 

population so as to enrich the range of lifestyle and dietary variations in the cohort. Face to 

face interviews with 41,514 participants aged between 27 and 80 years, with almost all 

between 40 and 69 years, were conducted to collect data on country of birth, marital status, 

attained education, occupation, and current prescription and non-prescription medication use, 

past medical history, dietary intake, anthropometric measurements, and plasma lipid test. The 

study protocol was approved by the Cancer Council Victoria’s Human Research Ethics 

Committee and consent was obtained from all the participants. 

Dietary intake 

At baseline, dietary intake was assessed by an FFQ with 121 food items (Appendix A1), 

which was designed specially for the MCCS (363). The FFQ was developed based on 

weighed food records of eight days completed by 810 men and women aged between 40 and 

69 years of whom one third each were born in Australia, Greece, and Italy. One hundred and 

sixty eight discrete categories were defined from 911 unique food items coded in the weighed 

food records. These food categories were ranked according to their contribution to intakes of 

nutrients within sex-country birth strata and food categories were included on the FFQ if they 

contributed to the first 80% of one nutrient intake in one sub-stratum. The nutrients of interest 

included energy, fat, SFA, MUFA, PUFA, carbohydrate, protein, fibre, sugars, starch, 

cholesterol, sodium, pottassium, calcium, iron, zinc retinol, carotene, vitamin C, vitamin E, 



54 
 

and folic acid. This process idenfied the 121 food items included in the FFQ. Information on 

dietary habits including types and frequency of fats and oils used, use of milk, sugar, and 

garlic, and diet supplements was also collected. Nine options of frequency response were 

used in the FFQ ranging from never or less than once per month to ≥6 per day (Never or less 

than once per month, 1-3 times/month, 1 time/week, 2-4 times/week, 5-6 times/week, 1 

time/day, 2-3 times/day, 4-5 times/day and ≥6 times/day) as used in the NHS.  

Daily equivalent consumption frequency of different foods was calculated from the nine 

frequency response options. Sex specific portion sizes for each food were determined from 

the weighed food records. Australian nutrient data with additional information from UK 

tables (folate and vitamin E), and US tables (carotenoids) were used to calculate the mean 

daily nutrient intakes. Glycaemic index was calculated using data from Foster-Powell et al. 

(364). Protein intakes from different sources were computed separately by multiplying daily 

consumption frequency by gender specific portion size by the protein content, and summing 

this across foods/beverages (the detailed calculation method can be seen in the Appendix 

A2). 

Since people were asked to report the frequency of consumption of foods in the preceding 12 

months, the intakes of seasonal fruits and vegetables could be overestimated. Seasonal 

variations were adjusted for where applicable in the calculation of nutrients or foods intake. 

In addition to the 121 food items, intakes of vegetable and olive oils were calculated from 

reported household consumption divided by the number of people in the household. 

Participant were assigned 50% of the vegetable oil consumption if they report using oil and 

vinegar dressing on salad vegetables and they report adding vegetable oil to cooked 

vegetables and they were born in Greece or Italy. These assumptions were made on the basis 

of comparisons with the reported oil consumptions from the FFQ, 7-day food diaries and 

plasma phospholipid MUFA in a sub-study, which indicated that olive oil intake and plasma 

phospholipid MUFA were moderately correlated for those born in Greece or Italy, but not for 

Australian-born. Milk contribution from breakfast cereals and beverages and butter or 

margarine added to the vegetables were also estimated in the calculation of nutrients or foods 

intake. 

Alcohol intake 

At baseline, self-reported alcohol intake was measured using a beverage-specific quantity 

frequency questionnaire and combined with the FFQ data. Usual current quantity and 
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frequency separately for each beverage type including beer, wine and spirits were self-

reported by each of the participants. To assess quantity, beer was reported as number of 

glasses, pots, cans, stubbies or bottles. Wine was reported as number of glasses, bottles or 

litres. Spirits were reported as number of glasses. Frequency was measured as the number of 

times a beverage consumed in a day, week, month or year. Alcohol per day was then 

calculated using Australian food composition tables (365).  

Physical activity  

At baseline, physical activity was assessed by a questionnaire developed by National Heart 

Foundation (366). Participants were asked specific questions regarding the frequency and 

duration of vigorous activity, less vigorous activity, activity, and walking in the preceding six 

months. Questions regarding vigorous activity included: “On average, how many times a 

week do you exercise vigorously for a period of 20 minutes (“Vigorously” means making you 

sweating or feel out of breath and includes activities such as swimming, tennis, netball, 

athletics, and running were)?” and “If you exercise vigorously three or more times a week, 

for how long have you been doing this level of activity?” For less vigorous activity, 

participants were asked “On average, how many times a week do you engage in less vigorous 

exercise for recreation, sport or health and fitness purposes which did not make you sweat or 

feel out of breath, including such activities as bike-riding, dancing etcetera?” Walking was 

assessed by asking, “On average, how many times a week do you walk for recreation or 

exercise?” Answers were recorded as ‘‘none at all’’, ‘‘once or twice a week’’, or ‘‘three or 

more times a week’’. Each of the physical activity responses was scored as follows: 0 (none), 

1.5 (one or two times per week), and 4 (three or more times a week). The frequency of less 

vigorous exercise and walking were added together with two times the frequency of vigorous 

exercise to generate a cumulative physical activity score for each participant (score range: 0 

to 16). Physical activity scores were then divided into four levels as low (score=0), little 

(score between 0 and 4), moderate (score between 4 and 6) and high physical activity 

(score>6). 

 

Smoking status 

At baseline, participants were asked whether they had ever smoked at least seven cigarettes a 

week in the past one year. For current and past smokers the magnitude of lifetime smoking 

was quantified by reporting the age when they started smoking, the average number of 

cigarettes smoked per day, the number of years in which they quit smoking, and also the use 
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of pipes and cigars. Smoking status was classified as current, former or never smoking in the 

data analysis.  

 

Socioeconomic status 

Socio-economic status was assessed at baseline using the Index of Relative Socio-economic 

Disadvantage (IRSD) developed by the Australian Bureau of Statistics (367). IRSD score was 

calculated based on SES parameters including low income, low educational attainment, and 

high unemployment, which were used to rank areas from the most disadvantaged to the least 

disadvantaged. Participants were divided into quintiles according to IRSD score with the 

lowest quintile representing the greatest socio-economic disadvantage. The National Health 

Survey has reported that Australian adults with the lowest IRSD score had 2.2 and 2.6 times 

higher rates of CHD and diabetes compared with those with the highest IRSD score in 2014-

2015 (34). 

Past medical history 

At baseline, information on clinical conditions was collected by asking questions on history 

of myocardial infarction, angina, stroke, diabetes, cancer, hypertension and arthritis. If a 

participant had ever been told by a doctor that he or she had any of these conditions, age at 

the time they were diagnosed with that clinical condition was obtained. Participants using 

medications for treating myocardial infarction, angina, stroke, diabetes, cancer, hypertension, 

and hyperlipidaemia were also identified by self-report  

Physical measurement  

At baseline, height, weight, waist circumference, hip circumference and blood pressure were 

measured by trained staff using standardised protocol (368). Height was measured to the 

nearest millimetre using a freestanding stadiometer with the participants removing shoes and 

outer clothes. Weight was measured to the nearest 0.1 kilogram using an electronic doctor’s 

scales with participants in light indoor clothing. Body mass index (BMI) was calculated as 

weight in kilograms divided the square of height in meters. Still in their light clothing, waist 

and hip circumference were measured by using a two-metre metal anthropometric tape. The 

waist measurement was taken at the narrowest part of the torso on an out-breath and the hip 

measurement was taken at the point of maximum circumference over the buttocks. Blood 

pressure was measured three times using a DINAMAP 1846SX automatic blood pressure 
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monitor and the average of latter two recorded was used in our analysis. Heart rate was 

measured for each participant in a seated position with the level of the cuff. 

At follow-up, WC, hip circumference, weight, BP, and heart rate were measured using 

similar methods. 

 

Plasma lipid test 

At baseline, 15 mL of blood were collected and plasma TC and glucose concentrations were 

measured immediately using a Kodak Ektachem DT60 analyser. 

At follow-up, plasma TC and HDL-C, and triglycerides were measured using a Hitachi 917 

instrument (Boehringer Mannheim Corp., Indianapolis, IN) and capillary whole blood 

glucose was assessed by glucometer. 

 

Definitions of diabetes and metabolic syndrome 

Participants who reported a diagnosis of diabetes or those with high blood glucose were 

defined as new cases of diabetes at follow-up between 2003 and 2007. Participants were 

asked if they had been diagnosed with diabetes by a physician and if yes, when the initial 

diagnosis had been made through face to face or telephone interviews. Although self-reported 

incident cases were not confirmed with nominated physicians at follow-up, there was good 

agreement between self-reported and physician confirmed diagnosis at four years’ follow-up 

(1995-2002) of the present study (369). In addition to self-reported cases, incident diabetes 

was also defined according to current World Health Organization criteria using fasting 

concentrations of glucose ≥7.0 mmol/L or random concentrations of glucose ≥11.1 mmol/L 

(370). Since the participants in our study were older than 27 years at baseline, I assumed new 

cases diagnosed during follow-up were type 2 diabetes (370). 

Metabolic syndrome was defined using the ATP III definition of at least three of five 

components including elevated WC (≥102 cm for men, ≥88 cm for women), BP (SBP≥130 

mmHg or DBP≥85 mmHg) or hypertension, triglycerides (≥1.7 mmol/L), glucose (≥5.6 

mmol/L) or self-reported diabetes, or reduced HDL-C (<1.03mmol/L for men, <1.3mmol/L 

for women) (53). The cut-off of ≥5.6 mmol/L for glucose is specifically for fasting 

concentrations. There is no consensus cut-off for random blood glucose, however, Diabetes 

Australia consider random blood glucose of >5.5 mmol/L as potential diabetes requiring 

follow-up (371). This level to define ‘elevated glucose’ was used at both baseline and follow-

up.  
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High-density lipoprotein cholesterol and triglycerides were not measured at baseline in the 

MCCS. However, I removed any prevalent cases of elevated waist circumference, elevated 

blood pressure, or elevated plasma glucose at baseline, which means that remaining 

participants could at most have two abnormal MetS components at baseline (reduced HDL-C 

and elevated triglycerides). In addition, participants who reported using medication for 

hyperlipidaemia at baseline were excluded so that the possibility of dyslipidaemia was 

reduced. This ensures there were no MetS cases at baseline as MetS requires at least three 

abnormal components and MetS cases identified at follow-up can be considered incident 

cases.  

Statistical analysis 

Continuous and categorical variables were summarized as means ± SDs and frequencies and 

percentages, respectively. ANOVA analysis was used to test the differences of continuous 

variables among quintiles of protein intakes. Tukey’s multiple comparison tests were 

performed to compare the differences between groups if significant differences across 

quintiles were observed by the ANOVA analysis. Chi-square test was used to test the 

differences of categorical variables among quintiles of protein intakes and Post Hoc Pair-

Wise comparisons between groups were conducted if the significant differences across 

quintiles were found. 

Correlations between nutrients including total energy, fibre, sodium, potassium, magnesium, 

vitamin C, vitamin E, saturated fat, monounsaturated fat, polyunsaturated fat, trans fat, 

glycaemic index total protein, protein from animal foods, plant foods, whole grains, refined 

grains, vegetables, fruits, legumes and nuts, yogurt, total dairy, eggs, chicken, red meat and 

fish, were examined using Pearson’s correlation analysis. Age and gender adjusted partial 

correlation coefficients were summarised in correlation matrix plot made by R (version 

3.2.2).   

To explore whether protein from major food sources was associated with incident MetS, 

logistic regression was performed. Different adjusted models were tested and the details are 

presented in the research chapters.  

Dose-response relationships between protein from different food sources, expressed as 

percentage of energy, and incident MetS/diabetes were also assessed using logistic regression 

models. Cox proportional-hazard analysis was not used because date of onset of 

MetS/diabetes is unknown or not exact. Since log-binomial regression models failed to 
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converge in the analyses of the dose-response relationship in our study, I also conducted 

Poisson regression analyses with the robust variance (PROC GENMOD) to calculate relative 

risk and 95% confidence interval of incident MetS/diabetes associated with each 5% of 

energy increment from total, animal and plant protein.    

To estimate the effect of substituting animal protein for other macronutrients, I 

simultaneously included total energy intake, percentages of energy from animal protein and 

other specific macronutrient (continuous) as well as other potential confounders in the 

logistic regression model. The difference in coefficients and covariance for the two 

macronutrients of interest was used to compute ORs and 95% CI (372, 373). I also evaluated 

the effect of substituting equivalent percentage of energy from carbohydrate, total fat, 

saturated fat, MUFA and PUFA for plant protein using the same method. 

Data analyses were carried out with the use of SAS 9.3 for Windows (SAS Institute Inc.). 

Associations were considered statistically significant if P value was less than 0.05 by a two-

tailed test. 
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3.2 Materials and methods for the sub-study of the MCCS 

The sub-study collected additional data in a subset of the MCCS between 2010 and 2011 

through interviews and measurements. As shown in Figure 1, 956 subjects who resided in the 

western suburbs of Melbourne, were aged between 45 and 64 years old (at baseline), had 

calcium intake less than 500 mg/d or equal or greater than 1300 mg/d, did not have history of 

diseases affecting bone and mineral metabolism and medication use for treating these 

diseases were approached in the subset. The data collection of this sub-study was conducted 

by Dr. Khan and the detailed population selection can been seen in his thesis (374). The study 

protocol was approved by the Cancer Council Victoria’s Human Research Ethics Committee 

and Melbourne Health Human Research Ethics Committee and consent was obtained from all 

the participants. 
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Whole Cohort: n=41,514

Participants approached in 
the subset: n=956

Participants who resided in suburbs faraway from the Western 
Hospital, Footscray, were aged equal or less than 45 or greater 
than 64 years at baseline, consumed calcium between 500 and 
1300 mg/d, or were non-English speakers were excluded: 
n=40,558  

Participants who did not respond the invitation letter (n=171), or 
could not be contacted (n=19), or moved interstate or overseas 
(n=2), or deceased (n=5) were excluded 

Responded participants: 
n=759

Participants were ineligible due to use of some specific 
medications, or diagnosis of cancer or other chronic diseases: 
n=107 

Eligible participants: 
n=652

Participants were unable to participate, or refused or withdrawn: 
n=245

Participants in the sub-
study: n=407

Participants complete 
radiograph: n=346

Participants did not complete lateral thoraco-lumbar radiograph: 
n=61

Participants included in 
the data analysis: n=312

Participants whose radiograph images were not readable: n=34

 
Figure 3.1 Study population selection 
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Structured face to face interviews were used to collect data at follow-up (2010-2011). 

Information included country of birth, marital status, attained education, occupation, and 

current prescription and non-prescription medication use, past medical history, dietary intake, 

anthropometric measurements, plasma lipid test, body composition, and AAC were obtained. 

Given that the data collection at baseline for the sub-study was the same as that for the whole 

MCCS cohort as described above, only methods used to collect data at follow-up were 

elucidated in this section.  

 

Dietary intake 

At follow-up, diet was assessed using a FFQ with 98 food items (Appendix A3), the dietary 

questionnarie for epidemiological studies (Version 3.1), an updated version of the 121 item 

FFQ at baseline. Besides the forementioned dietary habits at baseline, milk, vegetable and 

fruit intake per day were also assessed. The new version has ten options for consumption 

frequency ranging from never to 3 or more times per day (Never, less than once per month, 1-

3 times/month, 1 time/week, 2 times/week, 3-4 times/week, 5-6 times/week, 1 time/day, 2 

times/day and 3 or more times/day). Daily or week consumption of different foods were 

calculated from these ten options and standard portion sizes based on multiple 24 hour recalls 

in around 900 MCCS participants. Main nutrients, fatty acid, and carotenoid intakes were 

calculated based on the Australian Food, Supplement & Nutrient Database 2007 (375), 

Nutrient Data Table for Use in Australia (376), and the updated database of Carotenoid 

Content of U.S. Foods (377), respectivly. 

The reliability and validity of the FFQ was evaluated in a subset of the MCCS at follow-up 

(2003-2007). Good repeatability was observed for absolute intakes of 23 nutrients with 

intraclass correlation coefficients ranging from 0.66 to 0.80 for Australian-born (n=215) and 

from 0.51 to 0.74 for Greek or Italian-born (n=244) participants (378). Validity coefficients 

for nutrient densities ranged from 0.46 to 0.83 for Australian-born (n=269) and from 0.21 and 

0.64 for Greek or Italian-born (n=346). AHEI-2010 score was used to assess dietary quality 

and the calculation was based on 11 components (319). All the components were scored from 

0 (worst) to 10 (best) and total AHEI-2010 score ranged from 0 to 110. The maximum score 

of 10 and the minimum score of 0 for each component were set at the levels given by AHEI-

2010 (319). Scores for the amounts between 0 and 10 were prorated linearly according to the 

intakes of the individual components of AHEI-2010. 
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Physical activity  

Physical activity at follow-up was evaluated using the Community Health Activities Model 

Program for Seniors (CHAMPS) questionnaire for older adults (379). The CHAMPS physical 

activity questionnaire is a 41-item self-administered questionnaire that captures usual weekly 

“amounts” and “intensities” of different types of activity engaged during the past four weeks 

in older adults. According to the assigned metabolic values for each specified activity, energy 

expenditure per week from physical activity was calculated and participants were divided into 

four groups by quartiles of increasing energy expenditure. Sedentary time in a typical week 

for each participant was also calculated based on seven day 24 hours physical activity 

records. 

 

Alcohol intake 

At follow-up, quantity and frequency were assessed separately for each beverage type 

including beer, wine and spirits during the last 12 months. To assess quantity, beer 

consumption in a single day was reported as number of ponies (150 ml), glasses (200 ml), pot 

or middy (285 ml), stubby or can (375 ml), schooner (475 ml), pint (560 ml), or bottles (750 

ml). Wine consumption in a single day was reported as number of glasses (150 ml), bottles 

(750 ml), or litre. Spirits consumption in a single day was reported as number of glasses (200 

ml), nips or shots (30 ml), premix bottles (300 ml), premix cans (375 ml), or bottles (750 ml). 

Frequency was measured as the number of times a beverage was consumed in a day, week, or 

month. Alcohol intake in grams per day was calculated using AUSNUT 2007 according to 

the quantity and frequency of beverages consumed (375). 

 

Smoking status 

At follow-up, current smoker was defined as smoking at least seven cigarettes a week. The 

information on age of first starting smoking, average numbers of cigarettes per day or per 

week, the number of years in which they quit smoking, smoking at least seven cigars or pipes 

of tobacco for at least a year was collected. Smoking status was classified as current, former 

or never smoking.  

 

Past medical history 
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At follow-up, information on self-reported chronic diseases including heart attack, angina, 

stroke, and diabetes was collected. The year and month of the chronic disease being 

diagnosed was also documented. 

Anthropometric measurement  

At follow-up, height, weight, waist circumference, hip circumference and blood pressure 

were measured as per standard protocols (368). Weight was measured in light clothing 

without shoes using an electronic digital scale to the nearest 50 grams. Standing height was 

measured using a stadiometer to the nearest 0.1 cm. Participants were asked to stand in an 

upright position, with their feet together and with their head, upper back, buttocks, and heels 

touching the wall. They were then asked to look straight ahead while the head piece of the 

stadiometer was moved down so that the hair was pressed flat. Waist circumference was 

measured to the nearest 0.1 cm using an inelastic plastic fibre measuring tape. Participants 

were asked to loosen any tight clothing, including the belt and empty their pockets. They 

were then asked to stand in an upright position with their feet fairly close together with their 

body weight equally distributed on each leg and then the measurement was taken at the end 

of gentle exhaling. The measuring tape was placed at the mid-point between the lowest 

floating rib and the top of the iliac crest and placed around the abdomen at the level of the 

umbilicus. Hip circumference was measured in the same standing position with the 

measuring tape around the maximum circumference of the buttocks. Resting BP and heart 

rate were measured for each participant in a seated position with the level of the cuff at the 

level of the heart using an automatic blood pressure monitor. Two readings of BP were 

measured separated by a five minutes interval and the average was used in analysis. 

DXA was used to measure the body composition for each participant. Participants were asked 

to lie straight in a supine position on the scanner table with their feet slightly internally 

rotated and held fixed in that position using a tape throughout the duration of the scan. Before 

commencing the scanning procedure it was ensured that no part of the body was outside the 

boundary lines marked on the table top and the hands were not beneath the body. Scans thus 

obtained were analysed to calculate body composition including fat mass and lean mass at 

arms, legs, trunk, and the whole body. Visceral fat mass and lean mass was also analysed 

using a newly developed software Hologic QDR 4500A bone densitometer (version 13.1). 

Plasma lipid test 
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At follow-up, a total of five ml of blood sample from each participant was collected by 

trained phlebotomists and stored in five vials of one ml each. TC, HDL-C, and LDL-C were 

measured using an automatic biochemistry analyzer (Roche Cobas 8000 modular analyzer 

Series C701). 

Assessment of abdominal aortic calcification 

AAC deposits were assessed at follow-up using lateral thoraco-lumbar radiograph and lateral 

vertebral DXA scans using a Hologic machine (QDR 4500 W, Hologic Inc., Bedford, 

Massachusetts) which uses a fan-beam. AAC score was obtained from both the digitized 

lateral radiographs and DXA of lumbar spine using a semi-quantitative visually based 

technique (4). The score was assessed by Dr. Belal Khan and confirmed by another trained 

radiologist Nayab Khan. The severity score was used to estimate both the extent and the 

severity of calcific deposits anterior to the first four lumbar vertebrae (L1 to L4). The scores 

for anterior and posterior walls of the abdominal aorta in each vertebral segment were then 

summed as a composite AAC score in all the thoraco-lumbar radiographs or DXA images. 

AAC was scored as follows: no calcification-0, one-third or less of the aortic wall in that 

vertebral segment was calcified-1, between one-third and two-thirds of the aortic wall was 

calcified-2, or more than two-thirds of the aortic wall was calcified-3. The final composite 

score after combining the scores of four vertebral segments ranged from a minimum of “0” to 

maximum of “24”, with each vertebral segment contributing a maximum of 6 points to the 

final. According to AAC score, participants were categorized into “no calcification” (AAC 

Score=0), “moderate calcification” (AAC Score between 1 and 5) and “higher calcification” 

(AAC Score ≥6) (46). 

 

Statistical analysis 

To evaluate if the baseline intake of ALA, EPA plus DHA, and omega-3 fatty acids were 

associated with AAC severity after 18 years, ordinal logistic regression was performed. 

Univariate logistic regression models were performed and variables including country of 

birth, SES, and alcohol intake were not included in the multivariate models due to the non-

significance of their associations with AAC severity. Different models were adjusted for 

different confounders, as detailed in chapter 4. The change in tertile of omega-3 fatty acid 

intakes was calculated as the tertile of energy-adjusted omega-3 fatty acids intake at follow-

up minus the tertile of energy-adjusted omega-3 fatty acids intake at baseline. Participants 
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were then divided into three groups: decrease in tertile, no change in tertile, and increase in 

tertile. Ordinal logistic regression models were used to examine the association between 

changes in tertiles of omega-3 fatty acids intake and AAC severity.  

Likely, the change in tertile of AHEI-2010 was calculated as the tertile of AHEI-2010 at 

follow-up minus the tertile of AHEI-2010 at baseline. Participants were then divided into 

three groups: decrease in tertile, no change in tertile, and increase in tertile. Ordinal logistic 

regression models were used to evaluate the associations of baseline and change in AHEI-

2010 score with AAC severity.  

Data analyses were carried out with the use of SAS 9.3 for Windows (SAS Institute Inc.). 

Associations were considered statistically significant if P value was less than 0.05 by a two-

tailed test.  
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Chapter 4: Omega-3 fatty acid intake and abdominal aortic calcification 

4.1 Introduction 

Observational studies have shown that higher intakes of omega-3 fatty acids are beneficial for 

the prevention of CVD. The association between omega-3 fatty acid intakes and AAC has 

been investigated in few studies with conflicting findings. We hypothesised that higher 

consumption of omega-3 fatty acids including EPA, DHA and ALA may have potential roles 

in the prevention of aortic calcification in older adults. This study aimed to examine the 

associations of baseline and changes in omega-3 fatty acid intakes with aortic calcification 

over 18 years in community-dwelling Australian older adults. To demonstrate the beneficial 

effects of omega-3 fatty acids intake on AAC severity would translate to strategies aimed at 

preventing AAC and ultimately cardiovascular disease. 

This chapter has been published as X Shang, KM Sanders, D Scott, et al., Dietary α-Linolenic 

Acid and Total ω-3 Fatty Acids Are Inversely Associated with Abdominal Aortic 

Calcification in Older Women, but Not in Older Men. Journal of Nutrition. 2015 Aug; 

145(8):1778-86 (380). 
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4.2 Paper (PDF) 
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4.3 Method-not included in paper 

Men had significantly higher intake of ALA and total omega-3 fatty acids and more severe 

AAC than women (P-interaction between total omega-3 fatty acids intake and sex for AAC 

severity=0.04), therefore the analyses of the association of omega-3 fatty acids intake and 

AAC severity were performed separately for men and women. 

Kruskal-Wallis test was used to evaluate the differences of intakes of cereals, eggs, dairy, 

sugar and macronutrients among tertiles of energy-adjusted total omega-3 fatty acid intake. 
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4.4 Results-not included in paper 

As shown in Table 4.1, both men and women in Tertile 2 had much lower intakes of cereals, 

dairy, sugar, protein and carbohydrate compared with those in Tertiles 1 and 3. 

Table 4.1 Specific dietary intakes at baseline by gender-specific energy-adjusted total 

omega-3 fatty acid intake in older men and women 

  Tertile 1 Tertile 2 Tertile 3 P value 

Men     

     Number 41 41 42  

     Cereals (times/wk) 26.0 (15.0-40.0)* 19.5 (14.0-34.0) 48.0 (33.0-60.5) 0.0002 

     Dairy (times/wk) 33.5 (11.0-59.0) 17.5 (5.5-43.0) 49.8 (28.5-66.0) 0.0017 

     Eggs (times/wk) 1.0 (0.5-2.0) 1.5 (1.0-2.5) 1.5 (1.0-3.0) 0.20 

     Sugar (g/d) 183.5 (67.8-288.1) 73.7 (58.9-170.6) 172.4 (109.3-237.4) 0.0019 

     Protein (g/d) 104.8 (57.9-145.0) 80.7 (70.6-117.0) 149.2 (119.6-183.2) <.0001 

     Fat (g/d) 84.7 (46.9-122.6) 76.5 (56.0-96.1) 131.1 (86.2-162.2) <.0001 

     Carbohydrate (g/d) 337.8 (143.8-457.6) 169.8 (149.7-345.8) 404.0 (254.5-444.1) 0.0033 

Women     

     Number 62 63 63  

     Cereals (times/wk) 25.3 (16.0-36.5) 20.0 (11.5-31.0) 37.5 (21.0-51.5) 0.0006 

     Dairy (times/wk) 44.3 (20.0-56.5) 24.0 (10.5-40.0) 39.0 (21.5-59.5) 0.0041 

     Eggs (times/wk) 1.0 (0.0-1.5) 1.0 (0.5-2.0) 3.0 (1.0-4.0) <.0001 

     Sugar (g/d) 192.5 (73.2-301.7) 70.8 (47.8-180.9) 158.3 (67.4-199.7) 0.0006 

     Protein (g/d) 109.6 (56.4-127.8) 68.6 (57.3-119.4) 129.5 (81.4-154.4) <.0001 

     Fat (g/d) 75.6 (42.1-114.5) 59.4 (50.3-86.7) 94.5 (61.6-124.7) 0.0005 

     Carbohydrate (g/d) 304.0 (144.3-448.9) 143.1 (117.4-346.4) 302.7 (159.8-397.3) 0.0013 

*Values are medians (IQRs).  

Kruskal-Wallis test was used to evaluate the differences of dietary intakes among tertiles of 
energy-adjusted total omega-3 fatty acid intake. 
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4.5 Discussion–expansion of paper discussion  

The primary aim of the analysis was to evaluate the impact of low and high dietary calcium 

on bone density, fractures, vascular events and aortic calcification but not omega-3 fatty acid 

intakes. It might have reduced statistical power to detect the association between omega-3 

fatty acid intakes and AAC if the analysis was conducted for men and women separately. A 

sample size calculation for the ordinal logistic regression model revealed that 42 subjects in 

each group would achieve 80% power to detect the difference in the log OR of 1.2 at 

significance level 0.05 using a two-sided test (381). The sample size for men in the present 

study appears large enough to detect the difference in AAC severity between groups if 

adjusted covariates were not taken into consideration. No significant difference was found 

between omega-3 fatty acid groups and AAC in the unadjusted model indicating that there 

might not be a true association between omega-3 fatty acid intake and AAC severity in men. 

Compared with participants in tertiles 1 and 3, those in tertile 2 had lower calcium and energy 

intakes for both men and women. The low median calcium intake in tertile 2 occurred 

because there was that a higher proportion of participants with calcium intake<500 g/d in this 

tertile in both men (68%) and women (73%). Although participants in tertile 2 consumed 

more vegetables, fish, nuts and meat, they had much lower energy intakes compared with 

those in other tertiles. This might be attributed to the fact that participants in tertile 2 had 

much lower intakes of cereals, dairy and sugar than those in other tertiles and these food 

groups contributed the majority of total energy intake. 

The data from another subset of the MCCS revealed weak to strong correlations (correlation 

coefficient for ALA, EPA, DHA, and total omega-3 fatty acids was 0.24, 0.40, 0.78 and 0.57 

respectively) between plasma fatty acids composition and dietary fatty acids intake derived 

from the baseline FFQ (382). It is impossible to examine the association between plasma 

fatty acids and AAC given that the data for the plasma fatty acids composition in this subset 

is not available. Recall bias is inevitable in the assessments of dietary omega-3 fatty acids 

based on the FFQ in this study such that whether higher levels of plasma omega-3 fatty acids 

are associated with lower risk of AAC needs to be explore in future research.  
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Chapter 5: Dietary quality and abdominal aortic calcification 

5.1 Introduction 

Compared with single nutrient, food, or food group-based research in nutritional 

epidemiology, dietary pattern analysis may parallel more closely the real world, in which 

foods and nutrients are consumed in combination (14, 22). High dietary quality or dietary 

patterns characterised by high consumption of vegetables, fruit, whole grains, legumes and 

nuts and low consumption of red meat, refined grains and sugar-sweetened beverages are 

inversely associated with CVD risk (3). It is unclear whether the benefit of high dietary 

quality for cardiovascular health is related to mitigating or delaying the development of AAC. 

This chapter aimed to examine the associations of baseline and changes in dietary quality 

(assessed using AHEI-2010) as well as individual components (i.e. vegetables, fruit, whole 

grains, sugar-sweetened beverages and fruit juice, nuts and legumes, red/processed meat, 

trans fat, long-chain n-3 fats, polyunsaturated fats, sodium and alcohol) with AAC severity in 

community-dwelling Australian older adults. Given that intakes of plant- and animal-based 

foods had different associations with chronic disease (3), protein intakes from different 

sources might be differently associated with AAC severity. This chapter also examined the 

association between protein intakes and AAC severity. The findings may provide more 

evidence regarding the benefits of adherence to dietary guidelines in the prevention of AAC 

and ultimately CVD. The main findings of this chapter have been published as X Shang, D 

Scott, A Hodge et al., Dietary quality is associated with abdominal aortic calcification: a 

mean of 18-year longitudinal study in community-dwelling older adults. J Nutr Health Aging 

2016. 1-5. 10.1007/s12603-016-0738-6 (383). 
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5.2 Paper (PDF) 
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5.3 Methods-not included in the paper 

Population selection and data collection were the same as that described in the following 

publication. In addition to the findings in the publication, I also examined the sex difference 

in scores of AHEI-2010 and its individual components and the association of baseline and 

changes in individual component score with AAC severity. 

Wilcoxon’s rank-sum test was used to examine the difference in total AHEI-2010 score and 

components between men and women. Ordinal logistic regression models were used to 

evaluate the associations of baseline and change in AHEI-2010 components with AAC 

severity. Since the interaction between AHEI-2010 score and sex for AAC severity was not 

significant, the data analysis was performed in the whole population. Age, gender, physical 

activity, smoking, BMI, hypertension, calcium and energy intake and total AHEI-2010 score 

minus that component score were adjusted for in the multivariate model. The change in 

AHEI-2010 components was calculated by subtracting the score at baseline from that at 

follow-up for each individual AHEI-2010 component. 

Ordinal logistic regression models were also used to examine the association of protein 

intakes from different sources with AAC severity. A sensitivity analysis was conducted to 

confirm whether the results of the participants with radiographic (n=312) or DXA (n=304) 

scans only were consistent with those with complete both scans.  
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5.4 Results-not included in paper 

Table 5.1 presents total AHEI-2010 and individual component score by gender. Wilcoxon’s 

rank-sum test was used to test the difference of total AHEI-2010 and component score 

between men and women. Women had higher scores for total AHEI-2010, vegetables, fruit, 

whole grains and red/processed meat (higher intakes of vegetables, fruit, and whole grains 

and lower intakes of red/processed meat) than men. The score for trans fat was not presented 

in the table, since Australian adults had relatively low trans fat intakes and all participants 

scored 10 for this component.  

Table 5.1 Total AHEI-2010 and component score by gender 

  Men (n=105) Women (n=157) P value 

Total AHEI-2010, median (IQR) 59.0 (52.4-67.6) 63.3 (57.5-71.4) 0.001 

Vegetables, median (IQR) 8.0 (4.8-10.0) 10.0 (7.3-10.0) <0.001 

Fruit, median (IQR) 6.4 (3.2-10.0) 9.1 (4.7-10.0) 0.001 

Whole grains, median (IQR) 5.4 (0.4-10.0) 5.4 (0.8-10.0) 0.021 

Sugar-sweetened beverages and fruit juice, 

median (IQR) 

2.5 (0.0-8.3) 4.7 (0.0-8.9) 0.16 

Nuts and legumes, median (IQR) 3.1 (1.3-6.7) 2.6 (1.3-7.1) 0.75 

Red/processed meat, median (IQR) 2.4 (0.0-4.8) 3.8 (1.4-5.7) 0.002 

Long-chain omega-3 fatty acids, median 

(IQR) 

8.6 (5.1-10.0) 8.2 (5.2-10.0) 0.88 

PUFA, median (IQR) 3.6 (2.3-4.5) 3.5 (2.2-5.2) 0.64 

Sodium, median (IQR) 5.8 (1.8-8.7) 6.5 (2.9-9.1) 0.36 

Alcohol, median (IQR) 2.5 (1.2-10.0) 2.5 (1.7-2.5) 0.63 

Trans fat (IQR) 10 (10-10) 10 (10-10) 1.00 

Wilcoxon’s rank-sum test was used to examine the difference of total AHEI-2010 score and 

components between men and women. 

AHEI-2010, alternate healthy eating index; IQR, interquartile; PUFA, polyunsaturated fatty 

acid. 
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Of the 10 AHEI-2010 components of interest, only baseline PUFA (OR (95% CI) for Tertile 

3 vs Tertile 1: 0.41 (0.21, 0.77)), legumes and nuts (OR (95% CI) for Tertile 3 vs Tertile 1: 

0.47 (0.26, 0.86)) were predictive of AAC severity independent of age, gender, physical 

activity, smoking, BMI, hypertension, calcium and energy intake. The results were also 

adjusted for total AHEI-2010 score minus that component score (Figure 5.1). Changes in 

individual components were not associated with AAC severity (Figure 5.2).  
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 Figure 5.1 The association between baseline individual AHEI-2010 component score 
and abdominal aortic calcification in older adults. 

Ordinal logistic regression models were used to evaluate the associations of individual AHEI-

2010 component score at baseline with AAC severity. Results were adjusted for age, gender, 

physical activity, smoking, BMI, hypertension, calcium and energy intake and adjusted for 

total AHEI-2010 score minus that component score.  
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Figure 5.2 The association between changes in individual AHEI-2010 component score 
and abdominal aortic calcification in older adults. 

Ordinal logistic regression models were used to evaluate the associations of changes in 

individual AHEI-2010 component score with AAC severity. Age, gender, physical activity, 

smoking, BMI, hypertension, calcium and energy intake were adjusted for in the data analysis. 
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Table 5.2 presents the association between baseline protein intakes from different sources and 

AAC severity. Total protein intake was marginally positively associated with AAC severity 

assessed by radiography after adjustment for age and gender (P-trend=0.065), however, this 

association was not significant when other confounders were further adjusted for (P-

trend=0.76). A positive association between animal protein intake and AAC severity assessed 

by radiography was observed (P-trend=0.037) and this association was attenuated to be 

marginally significant when lifestyle, BMI, blood pressure, and plasma cholesterol were 

additionally adjusted for (P-trend=0.065).  

No association between protein intakes from different sources and AAC severity assessed by 
DXA was observed. 

As shown in Table 5.3, participants in Tertile 3 of AHEI-2010 had marginally lower AAC 

severity assessed by radiography (n=312, OR (95% CI): 0.60 (0.35, 1.04), P-tend=0.066). An 

inverse association between AHEI-2010 and AAC severity assessed by DXA was found 

(n=304, OR (95% CI): 0.37 (0.21, 0.66), P-tend<0.0001).  
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Table 5.2. The association between baseline protein intakes from different sources and 
AAC severity 

  Tertile 1 Tertile 2 Tertile 3 P value 
  Ref. OR (95% CI) OR (95% CI) for trend 
Radiography (n) 103 104 105  
   Total protein     
      Model 1 1.00 1.39 (0.83, 2.33) 1.63 (0.97, 2.74) 0.065 
      Model 2 1.00 1.34 (0.78, 2.31) 1.35 (0.78, 2.33) 0.28 
      Model 3 1.00 1.21 (0.68, 2.15) 1.10 (0.61, 2.01) 0.76 
   Animal protein     
      Model 1 1.00 1.11 (0.66, 1.85) 1.73 (1.03, 2.92) 0.037 
      Model 2 1.00 1.36 (0.79, 2.34) 1.49 (0.87, 2.57) 0.149 
      Model 3 1.00 1.60 (0.90, 2.86) 1.72 (0.96, 3.08) 0.069 
   Plant protein     
      Model 1 1.00 1.58 (0.94, 2.65) 1.24 (0.74, 2.07) 0.41 
      Model 2 1.00 1.58 (0.92, 2.71) 1.15 (0.67, 1.96) 0.63 
      Model 3 1.00 1.11 (0.62, 2.00) 0.57 (0.26, 1.22) 0.19 
DXA (n) 89 90 93  
   Total protein     
      Model 1 1.00 1.09 (0.63, 1.88) 1.02 (0.59, 1.76) 0.95 
      Model 2 1.00 0.96 (0.54, 1.72) 0.81 (0.46, 1.45) 0.48 
      Model 3 1.00 0.97 (0.53, 1.80) 0.72 (0.38, 1.37) 0.31 
   Animal protein     
      Model 1 1.00 0.75 (0.43, 1.31) 1.24 (0.72, 2.13) 0.42 
      Model 2 1.00 0.89 (0.50, 1.60) 1.11 (0.63, 1.95) 0.73 
      Model 3 1.00 1.02 (0.55, 1.90) 1.19 (0.65, 2.18) 0.58 
   Plant protein     
      Model 1 1.00 1.06 (0.61, 1.82) 1.13 (0.66, 1.96) 0.66 
      Model 2 1.00 0.97 (0.55, 1.71) 0.96 (0.54, 1.71) 0.89 
      Model 3 1.00 0.76 (0.41, 1.41) 0.63 (0.28, 1.39) 0.24 

ORs (95 % CIs) and P values for trend were derived from ordinal logistic regression models. 

AAC, abdominal aortic calcification; BMI, body mass index; DXA, Dual-energy X-ray 

Absorptiometry. Model 1 adjusted for age and gender; Model 2 adjusted for model 1 plus 

physical activity, smoking, BMI, systolic blood pressure, and plasma cholesterol; Model 3 

adjusted for model 2 plus AHEI-2010 and intakes of energy, calcium, and fibre.  

 

  



93 
 

Table 5.3 The association between baseline AHEI-2010 score and AAC severity 

  Total AHEI 

 Tertile 1 Tertile 2 Tertile 3 P value 

 Ref. OR (95% CI) OR (95% CI) for trend 

Radiography          

   Participants 106 99 107  

   Model 1 1.00 0.68 (0.40, 1.14) 0.56 (0.34, 0.94) 0.027 

   Model 2 1.00 0.68 (0.40, 1.15) 0.59 (0.35, 1.00) 0.050 

   Model 3 1.00 0.65 (0.38, 1.11) 0.58 (0.34, 1.00) 0.046 

   Model 4 1.00 0.66 (0.39, 1.13) 0.60 (0.35, 1.04) 0.066 

DXA     

   Participants 99 103 102  

   Model 1 1.00 0.60 (0.36, 1.01) 0.36 (0.21, 0.61) <0.0001 

   Model 2 1.00 0.59 (0.35, 1.00) 0.36 (0.21, 0.62) <0.0001 

   Model 3 1.00 0.61 (0.36, 1.04) 0.38 (0.22, 0.66) <0.0001 

   Model 4 1.00 0.60 (0.35, 1.03) 0.37 (0.21, 0.66) <0.0001 

ORs (95 % CIs) and P values for trend were derived from ordinal logistic regression models. 

AAC, abdominal aortic calcification; AHEI-2010, Alternate Healthy Eating Index-2010; 

BMI, body mass index; DXA, Dual-energy X-ray Absorptiometry. Model 1 adjusted for age 

and gender; Model 2 adjusted for model 1 plus physical activity and smoking; Model 3 

adjusted for model 2 plus BMI; Model 4 adjusted for model 3 plus calcium and energy 

intake.  
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5.5 Discussion–expansion of paper discussion, further method development 

In addition to the findings in the publication, I found higher scores for PUFA, legumes and 

nuts were independently associated with lower likelihood of AAC. The associations between 

some components and AAC were attenuated after adjustment for the score of other 

components and energy intake. 

Strong evidence from observational studies has shown the benefits of higher intakes of PUFA, 

legumes and nuts for the reduction of CVD risk (246, 336, 341). Data from the NIH-AARP 

Diet and Health Study of 492,823 participants and 86,419 total deaths including 23,502 CVD 

deaths demonstrated that higher total AHEI-2010 score was associated with lower risk of 

CVD and total mortality during 15 years of follow-up (361). Secondary analysis suggested 

that none of the 11 components individually drove the association of total AHEI-2010 score 

with CVD or total mortality, underscoring the role of overall diet in health. In a multicentre 

trial, 7,447 participants with high CVD risk but without CVD at baseline were assigned to 

one of three diets including a Mediterranean diet with extra-virgin olive oil (n=2543), a 

Mediterranean diet supplemented with nuts (n=2454), or a control diet (advice to reduce fat 

consumption) (n=2450). The Mediterranean diet with extra-virgin olive oil and 

Mediterranean diet supplemented with nuts reduced the risk of major cardiovascular events 

(myocardial infarction, stroke, or death from CVD) by 30% and 28% respectively, compared 

with the control diet over 4.8 years of follow-up (384). Participants randomised to 

Mediterranean diet groups had higher olive oil, nuts, legumes and fish intakes compared with 

those in the control group such that higher intakes of these foods were considered to be 

responsible for the favourable effects of the Mediterranean diets. These findings regarding 

benefits of high dietary quality or Mediterranean diet on the prevention of CVD risk are 

consistent with our results that high dietary quality may have a potential role in the 

prevention of AAC. 

In agreement with our findings, a cross-sectional study of 1374 participants in Northern 

Manhattan found that moderate or strict adherence to a Mediterranean diet was associated 

with lower burden of carotid atherosclerotic plaque (385). Total protein intake was not 

significantly associated with AAC severity in the present study. Likewise, a recent study of 

2175 participants from South Korea investigated the association between total protein intake 

and the progression of coronary artery calcium and no significant association was observed 

(386). Data from the present study also demonstrated that participants in tertile 3 of animal 
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protein intake had marginally higher AAC severity assessed by radiography compared with 

those in tertile 1 (OR (95% CI): (1.72 (0.96-3.08), P=0.069) after adjustment for age, gender, 

smoking, physical activity, BMI, plasma cholesterol, AHEI-2010, and intakes of fibre, energy, 

and calcium. This indicates that protein intakes from different sources might have different 

associations with cardiometabolic disorders. The association between protein intakes from 

different food sources and AAC needs to be warranted in more studies especially longitudinal 

studies. It is unknown why the results for radiography and DXA are inconsistent. One reason 

may be that the radiography is more sensitive to measure AAC than DXA.  

Data from the NHS I, NHS II, and HPFS observed a lower risk of CHD (HR (95% CI): 0.80 

(0.73, 0.88), P-trend <0.0001) and mortality (HR (95% CI): 0.81 (0.78-0.84), P-trend 

<0.0001) in participants in the highest quintile of PUFAs compared with those in the lowest 

quintile (286, 291). A recent meta-analysis of 20 prospective studies has reported that the 

pooled RR per 28 grams/day increase in nut intake was 0.79 (95% CI: 0.70, 0.88) for CVD, 

and 0.78 (95% CI: 0.72, 0.84) for all-cause mortality (387). Another meta-analysis of five 

perspective studies demonsrated that four weekly 100-g servings increase in legume 

consumption was associated with a 14% (95% CI: 6%, 22%) lower risk of IHD (388). 

Although limited evidence regarding the association of intakes of PUFAs, nuts and legumes 

with AAC is available, the beneficial effects of higher intakes of these food items on CVD 

risks support the findings of the present study about the inverse association between scores 

for PUFAs, nuts and legumes and AAC severity.    

The sensitivity analysis showed that the results for the participants with data from 

radiography or DXA only were consistent with those with complete data for both radiography 

and DXA. This indicates that the association between AHEI-2010 and AAC severity is not 

biased by population selection.   

Data from the MCCS demonstrated that a dietary pattern with lower consumption of meats 

and fatty foods and higher consumption of salad and cooked vegetables was associated with 

lower risk of diabetes (369). No significant association between omega-3 fatty acid intake 

and incident diabetes was observed in the MCCS cohort (389). Since the association of 

omega-3 fatty acid intake and dietary quality with diabetes in the MCCS has been reported 

previously (369, 389), this work was not repeated in the present thesis. The association 

between protein intakes from different sources and incidence of MetS and diabetes was 

examined in the following study chapters based on the whole MCCS cohort.  



96 
 

Different FFQs were used to assess dietary intake at baseline and follow-up, which might 

reduce the reliability of the change in omega-3 fatty acid or AHEI-2010 score if they are in 

absolute values. However, the changes in intake tertiles relative to other study participants 

were used in the data analysis such that it might have resulted in less bias. 

In conclusion, only a few individual dietary components are independently predictive of 

AAC severity but the overall healthy dietary pattern may has potential benefit for the 

prevention of AAC, which highlights the importance of overall diet in the development of 

AAC. 
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Chapter 6: Dietary protein from different sources and metabolic syndrome 

6.1 Introduction 

Different food groups have divergent associations with chronic disease (3), which raises the 

possibility that protein intakes from different sources are differently related to chronic disease. 

Data on the associations between protein intakes from different sources and incident MetS 

are limited. This chapter examines the associations of protein intakes from animal sources, 

plant sources, and specific food groups with the incidence of MetS and changes in MetS 

components. I also explored whether substitution of fat of different types, carbohydrate, and 

animal protein with plant protein as well as substitution of protein from red meat, chicken, 

dairy, eggs and fish with protein from whole grains or legumes and nuts was beneficial for 

the prevention of MetS. The findings in a cohort of middle-aged and older Australian adults 

may provide additional evidence to improve dietary guidelines by considering considering 

the potential benefits of increasing the ratio of plant to animal-based foods in the overall diet 

for prevention of cardiometabolic risks. The main findings in this chapter have been 

published as Shang X, Scott D, Hodge A, English DR, Giles GG, Ebeling PR, Sanders KM. 

Dietary protein from different food sources, incident metabolic syndrome and changes in its 

components: An 11-year longitudinal study in healthy community-dwelling adults. Clin Nutr 

2016. doi: 10.1016/j.clnu.2016.09.024.  
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6.2 Paper (PDF) 
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6.3 Methods–(including validation, preliminary) not included in the paper 

In addition to the analyses in the publication, I examined the association of the ratio of animal 

to plant protein intake, substitution of protein from animal foods, fat of different types, and 

carbohydrate with protein from plant foods with incident MetS. Changes in risk of MetS 

associated with substitution of protein from red meat, chicken, fish, dairy and eggs with 

protein from plant foods, whole grains, legumes and nuts were also evaluated. 

To estimate the effect of substituting 5% energy from animal protein for equivalent energy 

from other macronutrients, I simultaneously included total energy intake, percentages of 

energy from animal protein and other specific macronutrients (continuous) as well as other 

potential confounders in the logistic regression model. The difference in coefficients and 

covariance for the two macronutrients of interest was used to compute odds ratio and 95% 

confidence intervals (372, 373). I also evaluated the effect of substituting equivalent 

percentage of energy from carbohydrate, total fat, saturated fat, monounsaturated fat and 

polyunsaturated fat for plant protein using the same method.  

Cox proportional-hazard analysis was not used because date of onset of MetS was unknown. 

Since log-binomial regression models failed to converge in the analyses of the dose-response 

relationship in our study, I conducted Poisson regression analyses with the robust variance 

(PROC GENMOD) to calculate RR and 95% CI of incident MetS associated with 

substitution of 2% of energy from red meat, chicken, fish, dairy and eggs with equivalent 

energy from plant protein, whole grain protein, legume and nut protein.    

6.4 Results-not included in paper 

As shown in Figure 6.1, participants in fourth quartile of the ratio of animal to plant protein 

intake had higher risk of MetS (OR (95% CI): 1.50 (1.07, 2.10)) compared with those in the 

quartile when total protein intake was kept constant and age, gender, follow-up period, 

ethnicity, SES, physical activity, smoking, alcohol intake, BMI, waist circumference, blood 

pressure, plasma total cholesterol and glucose at baseline, glycemic index and consumption 

of energy, fibre, sodium, potassium, magnesium, vitamin C, vitamin E, and trans fat were 

controlled (P-trend=0.0142).  



108 
 

 

Figure 6.1 Odds ratios for metabolic syndrome associated the ratio of animal to plant 
protein intake. 

Odds ratios and 95% CIs were calculated using logistic regression. Multivariate model 

adjusted for total protein intake, age, gender, follow-up period, ethnicity, SES, physical 

activity, smoking, alcohol intake, BMI, waist circumference, blood pressure, plasma total 

cholesterol and glucose at baseline, glycemic index and consumption of energy, fibre, 

sodium, potassium, magnesium, vitamin C, vitamin E, and trans fat.  
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In the multivariate-adjusted model, substitution of 5% energy from total fat with equivalent 

energy from total protein or substitution of 5% energy from carbohydrate or MUFA intakes 

with equivalent energy from animal protein was associated with increased likelihood of 

incident MetS. Isoenergetic substitution of animal protein, carbohydrate, or PUFA intakes 

with plant protein was associated with lower likelihood of incident MetS independent of 

confounders (Figure 6.2).     
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Figure 6.2 Odds ratios for metabolic syndrome associated with substitution of 5% 

energy from protein intakes with equivalent energy from other macronutrients. 

Odds ratios and 95% CIs were calculated using logistic regression adjusted for age, gender, 

follow-up period, ethnicity, SES, physical activity, smoking, alcohol intake, BMI, waist 

circumference, blood pressure, plasma total cholesterol and glucose at baseline, glycemic 

index and consumption of energy, fibre, sodium, potassium, magnesium, vitamin C, vitamin 

E, and trans fat.  
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Figure 6.3 shows the risk changes of MetS associated with isoenergetic substitution of protein 

intakes from animal foods with protein intakes from plant foods. Replacement of 2% energy 

from chicken and red meat with equivalent energy from plant protein was associated with 

33.5% (95% CI: 16.3%, 47.2%) and 17.7% (95% CI: -0.9%, 32.9%) lower risk of MetS, 

respectively. Substitution of 2% energy from chicken with equivalent energy from whole 

grain protein was associated with 29.3% (95% CI: 8.4%, 45.4%) lower risk of MetS. Inverse 

associations with incident MetS were seen for substitution of 2% energy from red meat (risk 

reduction: 45.5% (95% CI: 9.5%, 67.2%)), chicken (54.7% (95% CI: 24.0%, 73.0%)), fish 

(45.9% (95% CI: 8.9%, 67.9%)) and dairy (44.8% (95% CI: 7.9%, 66.9%)) with equivalent 

energy from legume and nut protein.  
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Figure 6.3 Estimated percent changes in the risk of metabolic syndrome associated with 

substitution of 2% energy from protein intakes from animal foods with equivalent 

energy from protein intakes from plant foods (A), whole grains (B), and legumes and 

nuts (C). 

The bars denote 95% CIs.  Percent changes in risk and 95% CI were calculated from relative 

risks for metabolic syndrome using Poisson regression models with robust variance. Results 

were adjusted for age, gender, follow-up period, ethnicity, SES, physical activity, smoking, 

alcohol intake, BMI, blood pressure, plasma total cholesterol and glucose at baseline, 

glycemic index and consumption of energy, carbohydrate and fat with mutual adjustment for 

protein from other sources. 
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6.5 Discussion–expansion of paper discussion, further method development 

I found that substitution of animal protein, carbohydrate, or PUFA with plant protein was 

associated with lower risk of MetS. Inverse associations with incident MetS were observed 

for replacement of protein intake from animal foods, in particular red meat and chicken with 

protein from plant foods especially whole grains, legumes and nuts.   

The findings regarding substitution of animal protein, carbohydrate and PUFA with plant 

protein are in agreement with previous studies. A pooled analysis of three US cohorts found 

that replacement of animal protein or carbohydrate with plant protein was associated with 

lower risk of type 2 diabetes (217). Although limited data on the association of protein 

intakes from specific foods with chronic disease are available, major protein sources 

including grains, vegetables, legumes, and nuts are inversely associated with chronic disease 

and red meat, chicken, dairy and fish show positive associations (390-392). The 

Atherosclerosis Risk in Communities (ARIC) study of 9,514 participants with nine years of 

follow-up reported that higher intakes of meat and fried foods were associated with higher 

risk of MetS (390). Data from the NHS and HPFS have shown that substitution of red meat 

with legumes and nuts was associated with lower risk of CHD and stroke (391, 392). These 

previous studies are consistent with the findings in the present study that replacement of 

protein intakes from animal sources with protein intakes from plant sources is beneficial for 

the prevention of MetS.  

One recent systematic review reported that higher intakes of soy protein associated with 

isoflavones might have a potential favourable effect on the prevention of hypertension and 

low HDL-cholesterolemia but have no positive effect on glucose homeostasis and body 

composition (393). Likewise, plant protein intake was inversely associated with the change in 

systolic blood pressure in the MCCS. An inverse association between plant protein intakes 

and change in BMI or waist circumference was observed in the MCCS, which is inconsistent 

with the systematic review (440). However, this review revealed that high plant protein 

intakes might have potential beneficial effect on the prevention of obesity in high-quality 

studies. Results for plasma glucose were not analysed in the present study since the 

measurement of glucose was in a non-fasting state for a high proportion of participants at 

follow-up. 

A recent clinical trial demonstrated that protein intake from animal and plant foods resulted 

in similar improvements in metabolism and cardiovascular risk factors (394, 395). The data 
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from the MCCS demonstrated that higher intakes of plant protein and lower intakes of animal 

protein were associated with lower risk of incident MetS. The findings of the present study 

are consistent with those of the clinical trial for the plant protein intakes; however, the results 

are inconsistent for animal protein intake. One explanation for the inconsistency is that the 

major source for the animal protein diet in the clinical trial was dairy, and dairy protein intake 

was marginally inversely associated with incident MetS in the age- and gender-adjusted 

model in the present study. Furthermore, the previous clinical trial was conducted in patients 

with type 2 diabetes whereas the participants included in the final data analysis in the present 

study were relatively healthy. Thirdly, the small sample size (37 participants included in the 

final analysis) and short period of intervention (six weeks), and old age of the participants 

(>65 years) might limit the generalisation of the findings.  

High protein intake may be beneficial for bone and muscle health (396), however, high 

consumption of protein may impose a metabolic burden on the kidneys and liver (397), which 

is especially risky for patients with diabetes. Because of the potential effect of dietary protein 

on enhancing energy expenditure, substrate oxidation and satiety (171), high protein diets 

have been considered to be beneficial for the prevention of obesity and metabolic risks. Data 

from our study showed that plant rather than animal protein intake was inversely associated 

with total energy intake. Data from the NHS I, NHS II, and HPFS have shown that higher 

intakes of total protein tended to be associated with lower energy intake, however, the 

association between plant protein intake and total energy intake was not reported (217). 

Further analysis in the present study showed that ratio of animal to plant protein intake was 

not associated with incident MetS until the ratio was up to 1.93 (shown in Appendix B1). 

Therefore, intakes of animal protein should possibly be controlled at a moderate level (less 

than one third of the total protein intake) for the prevention of MetS in the general 

population.    

Data from the NHANES 2007-2010 demonstrated that animal protein intake (including dairy) 

contributed to 62% of total absolute protein intake among US adults (398). Consistently, 63% 

of total protein intake was from animal sources among participants of the MCCS. The major 

sources of animal protein intakes were dairy (16% of total protein intake), chicken and beef 

(13% of total protein intake) in participants of the NHANES. The major animal sources were 

red meat (25% of total protein intake), dairy (18% of total protein intake), and chicken (8% of 

total protein intake) in participants of the MCCS. The primary plant sources of protein 

intakes were yeast breads, rolls/buns, and nuts/seeds for the NHANES and grains and 
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vegetables for the MCCS (398). In summary, high intake of plant protein may help reduce 

total energy intake so as to lower the risk of MetS. Protein intakes from different foods have 

different associations with incident MetS and isoenergetic substitution of protein from animal 

foods especially red meat and chicken with protein from plant foods particularly whole grains, 

legumes and nuts is likely to be beneficial for the prevention of MetS.   
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Chapter 7: Dietary protein from different sources and diabetes 

7.1 Introduction 

Associations between protein intake and incident diabetes are inconsistent between studies. 

Some studies found a positive association between protein intake and diabetes but others 

reported that this association was not significant (165, 216, 217, 399). It is unclear whether 

protein intakes from specific foods are associated with incident diabetes and whether 

associations are modified by specific factors. This section prospectively examined the 

association of protein intakes from different sources with incident diabetes and whether this 

association is modified by baseline characteristics including age, sex, country of birth, SES, 

smoking, physical activity, plasma glucose, blood pressure, and BMI. A meta-analysis was 

also conducted to test the magnitude and direction of the association between protein intake 

and incident diabetes based on the new results from the MCCS and previously published 

studies (400). The main findings in this chapter have been published as Shang X, Scott D, 

Hodge AM, English DR, Giles GG, Ebeling PR, Sanders KM. Dietary protein intake and risk 

of type 2 diabetes: results from the Melbourne Collaborative Cohort Study and a meta-

analysis of prospective studies. Am J Clin Nutr 2016. Doi: 10.3945/ajcn.116.140954. 
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7.3 Methods–results (including validation, preliminary) not included in the paper 

7.3.1 Data analysis for the MCCS 

In addition to the analyses shown in the publication, I examined the association of the ratio of 

animal to plant protein intake and protein intakes from major food groups with incident 

diabetes in the MCCS. Changes in risk of diabetes associated with substitution of protein 

from animal foods, fat of different types, and carbohydrate with protein from plant foods as 

well as replacement of protein from red meat, chicken, fish, dairy and eggs with protein from 

plant foods, whole grains, legumes and nuts were also analysed. 

To estimate the effect of substituting 5% energy from animal protein for equivalent energy 

from other macronutrients, I simultaneously included total energy intake, percentages of 

energy from animal protein and other specific macronutrient (continuous) as well as other 

potential confounders in the logistic regression model. The difference in coefficients and 

covariance for the two macronutrients of interest was used to compute ORs and 95% CIs 

(372, 373). I also evaluated the effect of substituting equivalent percentage of energy from 

carbohydrate, total fat, saturated fat, monounsaturated fat and polyunsaturated fat for plant 

protein using the same method.  

Poisson regression analyses with the robust variance were used to calculate relative risk and 

95% confidence interval of incident diabetes associated with substitution of 2% of energy 

from red meat, chicken, fish, dairy or eggs with equivalent energy from plant protein, whole 

grain protein, legume or nut protein.    

7.3.2 Meta-analysis 

Search Strategy 

A literature search was conducted using PubMed and Embase on 27 April 2016 with the use 

of the keywords search strategy “protein intake” combined with “diabetes”. The search was 

restricted to human studies and only articles published in English were included in the 

analysis. The detailed search strategy is shown in Supplemental Tables 1 and 2 (Appendix C). 

References cited by the included publications and relevant reviews and citations of the 

included publications (using Google scholar) were also reviewed to retrieve other potentially 

relevant studies.  

Study Selection and Data Extraction 
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The study selection has been shown in details in the Publication. The following 

characteristics of the identified studies were recorded: lead author, publication year, country 

of origin, baseline study dates, sample size, sex, age, duration of follow-up, dietary 

assessment, methods of expressing protein intake, and full adjustment. 

7.4 Results-not included in paper 

Protein intakes from plant foods including whole grains and vegetables were inversely 

associated with incident diabetes but these associations were not independent of confounders. 

Positive associations with incident diabetes were observed for protein intakes from eggs, total 

red meat, unprocessed red meat, processed red meat, total chicken, fried chicken, and fish in 

the age- and sex-adjusted model. In the multivariate-adjusted analysis, individuals in the 

highest quintile of protein intakes from total red meat, unprocessed red meat, total chicken 

and fried chicken had higher risk of diabetes compared with those in the lowest quintile 

(Table 7.1).  
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Table 7.1 The association between protein intakes from specific food groups and incident diabetes in the MCCS. 

  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend 
  Ref OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)   
Whole grain protein             
     Intake, men/women, % energy 0.03/0.04 0.18/0.50 0.76/1.04 1.37/1.77 2.65/2.94  
     No., participant/case 4302/281 4302/197 4307/155 4306/140 4306/156  
     Model 1 1.00 0.72 (0.60, 0.87) 0.55 (0.45, 0.68) 0.51 (0.41, 0.63) 0.60 (0.49, 0.74) <0.001 
     Model 2 1.00 0.87 (0.72, 1.05) 0.73 (0.59, 0.90) 0.68 (0.55, 0.84) 0.79 (0.63, 0.98) 0.020 
     Model 3 1.00 0.90 (0.74, 1.09) 0.79 (0.64, 0.99) 0.74 (0.58, 0.93) 0.91 (0.70, 1.17) 0.45 
     Model 4 1.00 0.92 (0.76, 1.13) 0.83 (0.66, 1.03) 0.80 (0.63, 1.02) 0.97 (0.74, 1.26) 0.94 
Refined grain protein       
     Intake, men/women, % energy 1.39/1.14 2.06/1.77 2.59/2.25 3.23/2.85 4.28/3.96  
     No., participant/case 4307/157 4303/182 4305/159 4310/183 4298/248  
     Model 1 1.00 1.27 (1.02, 1.58) 1.16 (0.92, 1.46) 1.42 (1.13, 1.78) 2.01 (1.61, 2.52) <0.001 
     Model 2 1.00 1.27 (1.02, 1.58) 1.11 (0.88, 1.39) 1.22 (0.97, 1.54) 1.46 (1.15, 1.84) 0.004 
     Model 3 1.00 1.29 (1.03, 1.61) 1.10 (0.86, 1.40) 1.17 (0.91, 1.50) 1.26 (0.95, 1.65) 0.25 
     Model 4 1.00 1.28 (1.02, 1.62) 1.07 (0.84, 1.38) 1.11 (0.85, 1.43) 1.12 (0.85, 1.49) 0.69 
Vegetable protein       
     Intake, men/women, % energy 0.58/0.80 0.88/1.15 1.12/1.45 1.42/1.81 1.98/2.52  
     No., participant/case 4301/244 4303/177 4306/177 4306/166 4307/165  
     Model 1 1.00 0.70 (0.58, 0.86) 0.68 (0.55, 0.83) 0.62 (0.51, 0.76) 0.60 (0.49, 0.73) <0.001 
     Model 2 1.00 0.82 (0.67, 1.00) 0.83 (0.68, 1.02) 0.82 (0.66, 1.01) 0.79 (0.64, 0.97) 0.079 
     Model 3 1.00 0.86 (0.70, 1.05) 0.90 (0.73, 1.12) 0.92 (0.74, 1.16) 0.92 (0.72, 1.18) 0.93 
     Model 4 1.00 0.89 (0.72, 1.10) 0.91 (0.73, 1.14) 0.91 (0.72, 1.15) 0.88 (0.68, 1.14) 0.51 
Legume and nut protein       
     Intake, men/women, % energy 0.07/0.06 0.17/0.16 0.28/0.28 0.49/0.47 0.97/0.92  
     No., participant/case 4305/163 4301/176 4304/186 4305/219 4308/185  
     Model 1 1.00 1.12 (0.90, 1.39) 1.17 (0.95, 1.46) 1.40 (1.13, 1.72) 1.18 (0.95, 1.46) 0.16 
     Model 2 1.00 1.04 (0.84, 1.30) 0.95 (0.76, 1.19) 1.07 (0.86, 1.33) 0.93 (0.74, 1.16) 0.36 
     Model 3 1.00 1.07 (0.86, 1.33) 0.99 (0.79, 1.24) 1.13 (0.91, 1.42) 1.02 (0.80, 1.30) 0.91 
     Model 4 1.00 1.02 (0.81, 1.28) 0.96 (0.76, 1.22) 1.17 (0.92, 1.47) 1.14 (0.89, 1.46) 0.25 
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  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend 
  Ref OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)   
Dairy protein       
     Intake, men/women, % energy 0.92/1.32 1.63/2.24 2.21/3.01 2.97/3.97 4.53/5.85  
     No., participant/case 4297/255 4307/194 4306/172 4303/153 4310/155  
     Model 1 1.00 0.79 (0.65, 0.96) 0.72 (0.59, 0.88) 0.67 (0.54, 0.83) 0.74 (0.59, 0.93) 0.012 
     Model 2 1.00 0.91 (0.74, 1.10) 0.88 (0.72, 1.09) 0.82 (0.66, 1.02) 0.88 (0.69, 1.12) 0.32 
     Model 3 1.00 0.93 (0.77, 1.14) 0.95 (0.77, 1.17) 0.90 (0.71, 1.13) 0.96 (0.73, 1.27) 0.70 
     Model 4 1.00 0.94 (0.76, 1.15) 0.99 (0.79, 1.24) 0.91 (0.70, 1.18) 1.03 (0.74, 1.43) 0.86 
Egg protein       
     Intake, men/women, % energy 0.07/0.08 0.20/0.23 0.32/0.37 0.48/0.56 0.86/0.99  
     No., participant/case 4299/177 4307/174 4305/174 4310/184 4302/220  
     Model 1 1.00 1.02 (0.82, 1.26) 1.01 (0.81, 1.25) 1.08 (0.87, 1.33) 1.28 (1.04, 1.57) 0.009 
     Model 2 1.00 1.06 (0.85, 1.31) 1.03 (0.83, 1.28) 1.09 (0.88, 1.35) 1.30 (1.06, 1.60) 0.009 
     Model 3 1.00 1.06 (0.85, 1.31) 1.02 (0.82, 1.27) 1.08 (0.86, 1.34) 1.29 (1.04, 1.59) 0.017 
     Model 4 1.00 1.03 (0.82, 1.30) 1.02 (0.82, 1.28) 1.02 (0.81, 1.27) 1.21 (0.97, 1.51) 0.12 
Total red meat protein       
     Intake, men/women, % energy 2.67/2.10 4.02/3.40 5.06/4.39 6.31/5.50 8.42/7.41  
     No., participant/case 4304/124 4304/163 4305/204 4304/188 4306/250  
     Model 1 1.00 1.37 (1.08, 1.74) 1.76 (1.40, 2.22) 1.63 (1.29, 2.06) 2.19 (1.74, 2.76) 0.000 
     Model 2 1.00 1.30 (1.02, 1.65) 1.62 (1.28, 2.04) 1.40 (1.10, 1.77) 1.64 (1.30, 2.07) 0.000 
     Model 3 1.00 1.29 (1.01, 1.65) 1.63 (1.28, 2.08) 1.43 (1.11, 1.85) 1.73 (1.33, 2.24) 0.000 
     Model 4 1.00 1.15 (0.89, 1.48) 1.47 (1.14, 1.89) 1.23 (0.95, 1.61) 1.35 (1.03, 1.77) 0.16 
Unprocessed red meat protein       
     Intake, men/women, % energy 2.07/1.65 3.24/2.77 4.15/3.64 5.23/4.64 7.30/6.47  
     No., participant/case 4306/122 4311/175 4305/181 4299/201 4302/250  
     Model 1 1.00 1.50 (1.18, 1.90) 1.53 (1.21, 1.94) 1.74 (1.38, 2.19) 2.15 (1.72, 2.70) <0.001 
     Model 2 1.00 1.46 (1.15, 1.85) 1.42 (1.12, 1.80) 1.51 (1.19, 1.90) 1.62 (1.29, 2.04) 0.001 
     Model 3 1.00 1.45 (1.14, 1.85) 1.42 (1.11, 1.81) 1.53 (1.19, 1.96) 1.68 (1.31, 2.17) 0.001 
     Model 4 1.00 1.34 (1.04, 1.72) 1.28 (1.00, 1.66) 1.35 (1.05, 1.75) 1.36 (1.04, 1.77) 0.17 
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  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend 
  Ref OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)   
Processed red meat protein       
     Intake, men/women, % energy 0.22/0.17 0.49/0.39 0.73/0.59 1.03/0.84 1.71/1.38  
     No., participant/case 4306/190 4304/157 4307/192 4306/192 4300/198  
     Model 1 1.00 0.87 (0.70, 1.08) 1.07 (0.87, 1.32) 1.10 (0.89, 1.35) 1.18 (0.96, 1.45) 0.026 
     Model 2 1.00 0.94 (0.76, 1.18) 1.22 (0.99, 1.51) 1.26 (1.02, 1.56) 1.24 (1.00, 1.54) 0.012 
     Model 3 1.00 0.93 (0.74, 1.17) 1.19 (0.95, 1.48) 1.22 (0.97, 1.53) 1.21 (0.96, 1.53) 0.052 
     Model 4 1.00 0.92 (0.73, 1.16) 1.05 (0.83, 1.32) 1.07 (0.85, 1.36) 1.02 (0.80, 1.31) 0.87 
Chicken protein       
     Intake, men/women, % energy 0.49/0.48 0.91/0.88 1.27/1.25 1.83/1.80 3.11/3.10  
     No., participant/case 4304/169 4304/166 4305/165 4304/195 4306/234  
     Model 1 1.00 1.00 (0.80, 1.25) 1.00 (0.80, 1.24) 1.18 (0.95, 1.46) 1.42 (1.15, 1.74) <0.001 
     Model 2 1.00 1.01 (0.81, 1.26) 0.99 (0.79, 1.23) 1.11 (0.90, 1.38) 1.33 (1.08, 1.64) 0.001 
     Model 3 1.00 1.02 (0.81, 1.27) 0.99 (0.79, 1.25) 1.11 (0.89, 1.38) 1.37 (1.10, 1.71) 0.001 
     Model 4 1.00 0.97 (0.77, 1.23) 0.94 (0.74, 1.19) 1.06 (0.84, 1.33) 1.22 (0.97, 1.54) 0.021 
Boiled chicken protein       
     Intake, men/women, % energy 0.11/0.1 0.38/0.37 0.57/0.57 0.87/0.85 1.7/1.79  
     No., participant/case 4302/192 4310/179 4309/164 4301/187 4301/207  
     Model 1 1.00 0.98 (0.79, 1.21) 0.88 (0.71, 1.09) 0.99 (0.80, 1.22) 1.06 (0.87, 1.30) 0.32 
     Model 2 1.00 1.06 (0.86, 1.31) 0.91 (0.74, 1.13) 1.01 (0.82, 1.24) 1.08 (0.87, 1.32) 0.43 
     Model 3 1.00 1.08 (0.87, 1.34) 0.92 (0.74, 1.14) 1.03 (0.83, 1.28) 1.11 (0.90, 1.38) 0.27 
     Model 4 1.00 1.11 (0.88, 1.39) 0.91 (0.73, 1.14) 1.04 (0.83, 1.29) 1.07 (0.85, 1.33) 0.44 
Fried chicken protein       
     Intake, men/women, % energy 0.07/0.06 0.40/0.36 0.59/0.56 0.82/0.81 1.87/1.88  
     No., participant/case 4309/147 4309/177 4303/160 4299/211 4303/234  
     Model 1 1.00 1.27 (1.01, 1.58) 1.12 (0.89, 1.41) 1.48 (1.19, 1.84) 1.65 (1.33, 2.04) <0.001 
     Model 2 1.00 1.19 (0.95, 1.49) 1.03 (0.81, 1.29) 1.27 (1.02, 1.59) 1.44 (1.16, 1.78) <0.001 
     Model 3 1.00 1.21 (0.96, 1.52) 0.97 (0.76, 1.23) 1.30 (1.03, 1.65) 1.40 (1.12, 1.74) 0.002 
     Model 4 1.00 1.19 (0.94, 1.51) 0.92 (0.72, 1.17) 1.25 (0.98, 1.60) 1.27 (1.01, 1.60) 0.049 
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  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend 
  Ref OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)   
Fish protein       
     Intake, men/women, % energy 0.38/0.40 0.7/0.78 0.97/1.09 1.31/1.53 2.2/2.69  
     No., participant/case 4304/170 4308/161 4305/167 4302/197 4304/234  
     Model 1 1.00 0.93 (0.74, 1.16) 0.97 (0.78, 1.21) 1.12 (0.91, 1.39) 1.31 (1.07, 1.61) 0.001 
     Model 2 1.00 0.91 (0.73, 1.14) 0.93 (0.75, 1.16) 1.04 (0.84, 1.29) 1.13 (0.92, 1.40) 0.068 
     Model 3 1.00 0.90 (0.72, 1.13) 0.93 (0.74, 1.17) 1.06 (0.84, 1.33) 1.17 (0.93, 1.47) 0.036 
     Model 4 1.00 0.89 (0.71, 1.13) 0.87 (0.69, 1.10) 1.02 (0.81, 1.30) 1.09 (0.86, 1.37) 0.096 

Model 1 adjusted for age (y) and sex. Model 2 adjusted for model 1 plus ethnicity (Australia or New Zealand, Greece, Italy, or United Kingdom 

or Malta), socioeconomic status (quintiles), physical activity (scores: 0, 1–3, 4 or 5, and ≥6), smoking (never, former, or current), and alcohol 

intake (0, 1–39, 40–59, and 60 g/d for men; 0, 1–19, 20–39, and ≥40 g/d for women). Model 3 adjusted for model 2 plus glycaemic index 

(quintiles) and consumption of energy (quintiles), fibre (quintiles), and trans fat (quintiles) with mutual adjustment for protein from other sources 

(quintiles). Model 4 adjusted for model 3 plus plasma glucose (quintiles), blood pressure (quintiles), and BMI (quintiles) at baseline. All 

statistical analyses were conducted with the use of logistic regression models. 
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Figure 7.1 presents the association between the ratio of animal to plant protein intake and 

incident diabetes. Higher ratio of animal to plant protein intake was associated with higher 

risk of diabetes after adjustment for age, gender and total protein intake (P-trend=0.0012), 

however, this association was attenuated to be non-significant when other confounders were 

controlled (P-trend=0.12). Substitution of animal protein, carbohydrate, total fat, or PUFA 

with plant protein was associated with lower risk of diabetes; however, these associations 

were attenuated to be non-significant after adjustment for confounders (Figure 7.2). 

Similarly, replacement of protein from red meat, chicken, fish or eggs with protein from plant 

foods, whole grains or vegetables was inversely associated with incident diabetes in the age- 

and sex-adjusted models but not in the multivariate-adjusted models (Figure 7.3, Figure 7.4, 

and Figure 7.5). 
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Figure 7.1 Odds ratios for diabetes associated with the ratio of animal to plant protein 
intake in quintiles. 

Odds ratios and 95% CIs were calculated using logistic regression. Multivariate model 

adjusted for total protein intake, age, gender, follow-up period, ethnicity, SES, physical 

activity, smoking, alcohol intake, BMI, waist circumference, blood pressure, plasma total 

cholesterol and glucose at baseline, glycemic index and consumption of energy, fibre, 

sodium, potassium, magnesium, vitamin C, vitamin E, and trans fat.  
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Figure 7.2 Odds ratios for diabetes associated with substitution of 5% energy from 

protein intakes with equivalent energy from other macronutrients. 

Odds ratios and 95% CIs were calculated using logistic regression models and multivariate 

models adjusted for age, gender, follow-up period, ethnicity, SES, physical activity, smoking, 

alcohol intake, BMI, blood pressure, cholesterol, and glucose at baseline, glycemic index and 

consumption of energy, fibre, and trans fat.  
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Figure 7.3 Estimated percent changes in the risk of diabetes associated with substitution 

of 2% energy from protein intakes from animal foods with equivalent energy from 

plant protein intake. 

The bars denote 95% CIs.  Percent changes in risk and 95% CIs were calculated from relative 

risks for diabetes using Poisson regression models with robust variance. Multivariate model 

adjusted for age, sex. ethnicity, SES, physical activity, smoking, and alcohol intake, plasma 

glucose, cholesterol, blood pressure, BMI, intakes of energy, carbohydrate and fat with 

mutual adjustment for protein from other sources. 
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Figure 7.4 Estimated percent changes in the risk of diabetes associated with substitution 

of 2% energy from protein intakes from animal foods with equivalent energy from 

whole grain protein intake. 

The bars denote 95% CIs.  Percent changes in risk and 95% CIs were calculated from relative 

risks for diabetes using Poisson regression models with robust variance. Multivariate model 

adjusted for age, sex. ethnicity, SES, physical activity, smoking, and alcohol intake, plasma 

glucose, cholesterol, blood pressure, BMI, intakes of energy, carbohydrate and fat with 

mutual adjustment for protein from other sources. 
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Figure 7.5 Estimated percent changes in the risk of diabetes associated with substitution 

of 2% energy from protein intakes from animal foods with equivalent energy from 

vegetable protein intake. 

The bars denote 95% CIs.  Percent changes in risk and 95% CIs were calculated from relative 

risks for diabetes using Poisson regression models with robust variance. Multivariate model 

adjusted for age, sex. ethnicity, SES, physical activity, smoking, and alcohol intake, plasma 

glucose, cholesterol, blood pressure, BMI, intakes of energy, carbohydrate and fat with 

mutual adjustment for protein from other sources. 
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7.5 Discussion–expansion of paper discussion, further method development 

As reported in the published article, animal protein intake was positively associated with SFA 

intake and inversely associated with fibre and plant protein intakes. This might partly have 

contributed to the positive association between animal protein intake and incident T2D. 

However, the OR (95% CI) for incident T2D in the highest compared with lowest quintile of 

animal protein intake changed minimally from 1.58 (1.29, 1.93) to 1.48 (1.15, 1.90) after 

adjustment for age, sex, ethnicity, SES, physical activity, smoking, alcohol intake, glycemic 

index and consumption of energy, fibre, SFA, MUFA, PUFA, trans fat, and plant protein. 

This indicates that this association was independent of intakes of nutrients such as fat and 

fibre. Further analysis showed that the ratio of animal to plant protein intake was positively 

associated with incident T2D before but not after adjustment for potential confounders. 

However, Chen and colleagues found a nonlinear relationship between animal protein intake 

and incident T2D based on the data used in the meta-analysis of this thesis (401). A positive 

association between animal protein intake and incident T2D was observed when the 

percentage of energy from animal protein intake was above 12% (401). Given that the total 

protein intake contributed to 18% of total energy intake in the MCCS, animal protein intake 

might need be limited to less than two third of the total protein intake so as to reduce the risk 

of development of T2D. 

I found higher protein intakes from red meat or chicken were independently associated with 

higher risk of diabetes in Australian adults. Substitution of protein from red meat or chicken 

with protein from plant foods, whole grains or vegetables was inversely associated with 

incident diabetes before but not after adjustment for all of confounders. 

Our findings are consistent with previous studies reporting that higher intakes of red meat or 

fried chicken were associated with higher risk of diabetes (3, 347, 402). In the pooled 

analysis of data from the NHS, NHS II and HPFS, substitution of dairy, refined grains, 

poultry, eggs, red meat, fish, potatoes, and processed meat with whole grains, legumes and 

nuts was associated with lower risk of diabetes (217). One explanation for why no significant 

association of substitution of protein from animal foods with protein from plant foods in 

relation to incident diabetes was observed in our study could be the different confounders 

adjusted for in the data analysis. Additional adjustment for baseline plasma glucose, 

cholesterol, and blood pressure attenuated this association in the MCCS, whereas these 

confounders were not controlled for in Malik et al.’s study (217). In addition, I did the 
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analysis with protein intakes from different sources as percentage of energy whereas Malik et 

al. used servings of food sources in their data analysis. 

In brief, there was a positive association between protein intake from red meat or chicken and 

risk of diabetes. The present study in conjunction with previous publications suggests that 

low or moderate animal protein intake (<2/3 of total protein) might help prevent the 

development of T2D. 
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Chapter 8: Summary, implications and future directions 

8.1 Summary 

Around one third of total mortality is attributable to CVD in Australia and most CVD 

mortality is caused by atherosclerosis (31, 35). With population ageing in Australia, the 

health care and economic burden associated with atherosclerosis will increase (36). 

Identifying effective ways in which diet modification may delay or prevent the development 

of atherosclerosis in older adults is imperative. However, limited data on whether healthy 

diets prevent AAC, an important marker of atherosclerosis, are available. 

Cardiometabolic disorders including diabetes and MetS are also major causes of mortality 

and their pandemic is a public health challenge in Australia and worldwide (30). Diabetes and 

MetS share many common risk factors with CVD (28, 29). Diet also plays an important role 

in the development of diabetes and MetS (30). Many previous clinical trials have indicated 

that diets high in protein are beneficial for reducing risk of metabolic disorders (170). 

Evidence from recent studies has shown that protein intakes from animal and plant foods may 

have different associations with chronic disease; however, results from prospective cohort 

studies are inconsistent. It is unknown whether protein intakes from specific foods including 

grains, vegetables, legumes, nuts, red meat, children, fish, dairy and fish have different 

associations with incident MetS or diabetes.  

The thesis tested the hypotheses using a subset and the whole cohort of the MCCS. The 

substudy of AAC data provided an opportunity to examine the association of baseline and 

change in omega-3 fatty acid intake and high dietary quality with AAC severity over 18 years 

in older adults, as well as to examine the association between protein intake from different 

sources and AAC severity. This analysis supported exploring whether protein intakes from 

different sources were predictive of cardiometabolic disorders in the whole MCCS cohort. A 

meta-analysis was also conducted to evaluate the magnitude and direction of the association 

between protein intakes from different sources and diabetes based on the new results from the 

MCCS and previously published studies.  

In chapter 4, I found baseline intakes of ALA and total omega-3 fatty acid were inversely 

associated with AAC severity after 18 years in older women but not in older men. Baseline 

EPA plus DHA intake was not associated with AAC severity in either women or men. 

Further analysis showed that changes in ALA, EPA plus DHA, and total omega-3 fatty acids 

intakes were not associated with AAC severity in either women or men. Results suggest the 

benefits of omega-3 fatty acid may be manifested over the long term since higher baseline 
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intake but not change in total omega-3 fatty acids was associated with lower AAC in older 

women. Baseline and changes in omega-3 fatty acid intake were assessed in the present study, 

however, high frequencies of consumption of EPA, DHA and other nutrient supplements 

were reported at follow-up and this might have biased the associations between omega-3 fatty 

acid intakes and AAC. Since frequency but not dose of nutrient supplements was reported in 

our study, the total omega-3 fatty acid intake could not be evaluated. The relatively small 

sample size of the subset with AAC assessment limited the ability to explore the association 

between omega-3 fatty acid intake and AAC in individuals not using omega-3 fatty acid 

supplementation at follow-up or whether this association was modified by fish intake since a 

major proportion of EPA plus DHA is consumed from meat in Australian adults (403). 

Another limitation of the sub-study was that AAC was assessed only at follow-up, which 

made it uncertain whether AAC developed during follow-up or before baseline. 

In chapter 5, the analysis indicated an inverse association between dietary quality at baseline 

and AAC severity 18 years later in older adults and the results were consistent whether the 

outcome was assessed by radiography or DXA. Of the eleven components of AHEI-2010, 

scores for PUFA, legumes and nuts, red meat and processed meat were individually inversely 

associated with AAC severity. Omega-3 fatty acid intake from EPA and DHA rather than 

ALA was a component of AHEI-2010 and the score for EPA plus DHA was not significantly 

associated with AAC severity, which was consistent with the findings in Chapter 4. Although 

only three AHEI-2010 components were associated with AAC severity, higher total AHEI-

2010 score was predictive of lower likelihood of AAC indicating the importance of overall 

diet on the prevention of AAC.  

Chapter 6 presents the first analysis of a large scale prospective study with long term follow-

up to examine the associations of protein intakes from different sources with incident MetS 

and changes in its components. Our analyses suggested that protein intakes from plant foods 

overall and especially whole grains, legumes and nuts were inversely, and protein intakes 

from animal foods overall, red meat, and chicken were positively, associated with incident 

MetS. Higher intakes of total protein and animal protein were associated with increases in 

waist circumference, systolic blood pressure, and weight and higher intakes of plant protein 

was associated with decreases in waist circumference and weight. I also analysed risk 

changes associated with substitution of protein from animal foods with protein from plant 

foods. Substitution of animal overall, red meat, or chicken protein with plant overall, whole 

grain, or legume and nut protein was associated with reduced risk of MetS. These 
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associations were independent of known confounders such as age, sex, SES, lifestyle factors, 

other related nutrients, and MetS components at baseline. 

In chapter 7, an analysis of data from the MCCS demonstrated that total and animal protein 

intakes were positively associated with incident diabetes. Plant protein intakes were not 

independently associated with incident diabetes but secondary analyses showed an inverse 

association between plant protein intake and incident diabetes when the analysis was limited 

to women. Stratified analyses indicated that positive associations between animal protein 

intake and incident diabetes were limited to individuals with normal levels of plasma glucose, 

BMI or blood pressure. I also found positive associations of protein intakes from unprocessed 

red meat, total red meat, fried chicken, and total chicken with incident diabetes but 

substitution of protein from these animal foods with protein from whole grains, vegetables, or 

plant foods overall was not independently associated with incident diabetes.  

The meta-analysis was the first to comprehensively examine the association of dietary protein 

from different sources with incident T2D based on data from the results of the MCCS and 

other prospective studies. The meta-analysis suggested that a higher intake of animal protein 

was associated with higher risk of diabetes and a higher intake of plant protein was 

marginally associated with lower risk of diabetes. Stratified analysis indicated that positive 

associations between animal protein intake and incident diabetes were similar across sex, 

geographic region, length of follow-up, study quality, and methods of expressing protein 

intake.             

Overall the findings from this thesis indicated that higher intakes of omega-3 fatty acid 

especially ALA were beneficial for the prevention of AAC in older women but not older men. 

A relatively higher intake of omega-3 fatty acid in women than men compared with 

recommended amount for Australians might partly explain this association, but the exact 

mechanisms need to be explored in future research. A high quality diet characterised by high 

intakes of fruit, vegetable, whole grain, legumes and nuts and lower intakes of red meat, SSB, 

and sodium was associated with a reduced risk of AAC. Consistently, higher intakes of 

protein from plant foods overall, grains, legumes and nuts and lower intakes of protein from 

animal foods overall, red meat and chicken were associated with lower risk of MetS and 

diabetes. Since animal sources contribute to a predominate proportion of total protein intake, 

a lower total protein intake was beneficial for the prevention of MetS and diabetes. Plant 

protein intakes rather than animal protein intakes were associated with lower total energy 

intakes in this study, suggesting that increasing intakes of plant sources of protein such as 
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whole grains, vegetables, legumes and nuts may help curb excessive energy intakes 

contributing to obesity and cardiometabolic risk. Red meat and poultry were the major 

sources of protein intake in Australian adults in the 1995 National Nutrition Survey (404) but 

people may be better off meeting more of their protein requirements by consuming the plant 

based protein rich items included in the Dietary Guidelines such as nuts, seeds, tofu and 

legumes. A low or moderate level of animal protein intake (<two third of the total protein 

intake or <12% of total energy) and high plant protein intake (>one third of the total protein 

intake or >6% of total energy) might be beneficial for the prevention of MetS and diabetes in 

adults. However, older adults need more protein than younger individuals to maintain muscle 

mass (405), and more research is needed to identify an ideal amount of protein and an 

optimal composition of animal and plant protein intakes to reduce the risk of both sarcopenia 

and cardiometabolic disorders in Australian adults, especially in older individuals. These 

insights have the potential to contribute to policies and nutritional guidelines aimed at 

curbing the increasing economic burden of cardiometabolic disorders and disabilities related 

to sarcopenia. 

8.2 Implications 

The findings of this thesis suggests that a high quality diet characterised by higher intakes of 

vegetable, fruit, whole grains, legumes and nuts and lower intakes of red meat, sodium and 

SSB would help delay or prevent the development of AAC in Australian adults. A higher 

intake of plant sourced omega-3 fatty acid ALA but not animal sourced EPA or DHA may be 

beneficial for the risk reduction of AAC. Whether higher fish or EPA and DHA intake can 

reduce risk of AAC needs to be investigated in future studies. There was an increase in 

omega-3 fatty acid intake between 1990 and 2010 in Australian adults, and women, but not 

men, consumed more ALA on average than recommended in dietary guidelines (245). 

However, mean intakes of vegetable, fruit, whole grain, and EPA plus DHA were still lower 

than the recommended amounts in both women and men (34, 245). More work is required to 

get Australian adults consuming diets consistent with the current guidelines. Although 

nutrition education alone has not been found to change eating habits much, multipronged 

approaches involving researchers, community, and government may help people make 

healthy food choices and form healthy diet habits (406, 407). Moving population intakes 

closer to recommended intakes could result in risk reduction of AAC and subsequent CVD 

events and mortality (4, 7). 
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Dietary protein intake has increased substantially during recent decades and is estimated to 

exceed by approximately 50% the recommended dietary intake in Western countries (408). 

On average, Australian men and women consumed 107 g and 81 g of protein, respectively in 

2011-2012 (33), which were much higher (1.24 g/kg for men and 1.14 g/kg for women) than 

recommended intakes (0.80 g/kg for both men and women) (409), assuming an average 

weight 86 kg for men and 71 kg for women in 2011-2012. Consistent with this, the protein 

intake was 106 g for men and 93 g for women at baseline in the MCCS. Such high dietary 

protein consumption might be associated with reduced intake of other nutrients such as 

vitamin C, vitamin E, potassium, magnesium, and fibre and increased intakes of saturated and 

trans fat, in Westerners especially in Australian, European and US populations, where the 

majority of dietary protein consumed is from animal sources (397, 410). Increasing intakes of 

protein from plant foods could improve intakes of vitamins, minerals and fibre (410).  

Of 11 prospective studies included in the meta-analysis, animal sources accounted for slightly 

more than half of total protein intake (54%) in the Japanese population (165), whereas this 

value ranged from 64% to 75% in Australian, European and US populations (215-217). 

Whether protein intakes from different sources have divergent associations with the risk of 

type 2 diabetes has been of more interest in recent years with 10 of 11 included studies 

published between 2010 and 2016. Data from the MCCS and the meta-analysis of more than 

half a million participants demonstrated that consumption of animal protein was positively 

and of plant protein marginally inversely associated with the risk of type 2 diabetes. This 

suggests that high intakes of predominantly animal based protein in Western countries might 

be a problem. However, in Australia, the recommended protein intake for adults aged 70 

years or older is 25% above that of younger adults to assist with maintenance of muscle mass 

and bone health (168). Although a lower skeletal muscle anabolic response was induced by 

intakes of plant-based protein sources compared with animal-based protein sources, a 

balanced amino acid composition can be achieved by consuming plant-based protein from 

various sources which may optimise the anabolic properties of plant-based proteins (411).  A 

high ratio of plant to animal protein intake may help achieve the target of recommended total 

protein intake for older adults simultaneously reducing muscle loss and risk of 

cardiometabolic disorders. The findings of this thesis are also consistent with current 

environmental policies advocating higher intake of plant foods and lower intake of animal 

foods in order to reduce greenhouse gas emission as well as feed the growing global 

population (412).    
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8.3 Future directions 

In order to understand more about differences between men and women, between omega-3 

fatty acids ALA and EPA plus DHA and between omega-3 fatty acids from foods and 

supplements (Chapter 4), a prospective cohort study with a large sample size would be 

helpful. An observational study would be more applicable than a randomised controlled trial 

given that it would be impossible to prevent older participants in the control group from 

taking omega-3 fatty acid supplements. Since people aged between 50 and 69 years are at 

high risk of vascular calcification (48), the proposed observational study would investigate 

the development and progression of aortic calcification over 20 years in Australian adults 

within this age range. A large sample size would be required considering a high rate of 

dropouts and deaths after 20 years is expected. Men and women aged between 50 and 69 

years who were free of CVD, diabetes, and cancer, would be approached using electoral 

registers and advertisements. Mixture models would be used to identify subgroups within 

each cohort that shared a similar developmental trajectory of dietary or plasma omega-3 fatty 

acid, requiring omega-3 fatty acid intake to be measured on at least three occasions (413). 

Dietary intake, dose and frequency of omega-3 fatty acid from supplementation, AAC, 

anthropometry, and plasma omega-3 fatty acid would be assessed every four years during 20 

years’ follow-up. Such a study could help to determine whether long-term trajectories of 

omega-3 fatty acid intakes from foods and/or supplements are predictive of AAC progression 

and whether factors such as gender and fish intake are modifiers of this association. Whether 

developmental trajectories of AAC are predictive of mortality independent of traditional 

CVD risk factors could also be examined in this study. 

My analysis showed an inverse association between dietary quality and AAC severity in 

older adults (Chapter 5). AAC increases with age and diets high in antioxidants and with anti-

inflammatory properties may help delay or prevent AAC. Whether high dietary quality can 

reduce the risk of AAC could be explored in the same longitudinal study as abovementioned 

for the omega-3 fatty acid, which assesses whether developmental trajectories of AHEI-2010 

score are predictive of AAC progression.  

Analysis of data from the MCCS demonstrated that higher intakes of protein from plant foods, 

whole grains, legumes and nuts and lower intakes of protein from animal foods overall, red 

meat and chicken were associated with lower risk of diabetes and MetS (Chapter 6-7). 

However, the mechanisms for why protein intakes from different sources have different 

associations with cardiometabolic disorders are unclear. Since different sources of protein are 
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associated with a range of nutrients that may also modify associations between protein intake 

and cardiometabolic disorders, it is difficult to isolate associations related to amino acid 

composition. I adjusted for other nutrients and found higher animal and lower plant protein 

intakes were independently associated with higher risk of cardiometabolic disorders 

suggesting that the association between protein intake and cardiometabolic disorders may be 

largely attributable to the amino acid composition of dietary protein. Metabolite profiling 

studies are costly but may help in identifying which circulating amino acids are associated 

with the development of chronic disease (196, 197, 414). Although dietary and plasma amino 

acids may not be directly correlated (197, 199), metabolite profiling studies may provide 

clues to the optimal dietary amino acid mix. Another way of exploring mechanisms relating 

protein intake and chronic disease is to examine associations between dietary amino acid 

intake and chronic disease. However, the findings regarding the associations between dietary 

amino acid intake and chronic disease have been inconsistent for previous studies. It is 

unlikely that the beneficial effect is attributable to a single amino acid but rather the benefit is 

conferred through the balance of a range of amino acids. It is possible that diets with 

balanced protein from animal and plant foods help reduce total energy intake, possibly via the 

protein leverage hypothesis, and achieve an optimal composition of amino acids (410, 415), 

which will optimize metabolism, improve health and lower risk of cardiometabolic disorders. 

A cluster analysis could be conducted to identify patterns of dietary amino acids intakes that 

may be predictive of cardiometabolic disorders. However, the mechanism for why protein 

intakes from different sources have divergent associations with risk of cardiometabolic 

disorders remains to be explored.  

Macronutrients provide energy and dietary macronutrient composition has been considered to 

play an important role in the development of chronic disease (166, 169). Our data and 

findings from previous studies have shown that not only protein but also fat and carbohydrate 

intakes from different food sources have different associations with chronic disease. The 

“low carbohydrate diet score” was developed to assess adherence to a low carbohydrate diet 

according to minimum percentage of energy from carbohydrate, and maximum percentage of 

energy from fat, and protein to predict chronic disease risk (166). This score failed to be 

predictive of chronic disease if different sources of carbohydrate, protein or fat were not 

taken into consideration (166, 203, 416) indicating the importance of macronutrient source.  

Development of a macronutrient score that discriminates between different food sources 
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without emphasis on low carbohydrate may be a useful way of assessing overall diet in 

relation to health. 

In summary, my research provides more evidence regarding the benefits of adherence to 

dietary guidelines in the prevention of cardiometabolic disorders, and demonstrates these 

effects are extended to AAC, an important, non-traditional marker of cardiometabolic health. 

The optimal amount and composition of animal and plant foods for the prevention of 

cardiometabolic disorders in community-dwelling populations needs to be further explored in 

future research.   
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Appendix A2: Calculation of protein intakes from different food sources from MCCS 
baseline FFQ 

Xianwen Shang 

30 October 2015 

Datasets used 

Baseline FFQ data 

Food Composition Table: 

C:\Users\xshang\Desktop\Protein and metabolic syndrome\Data analysis\Protein contents for 
121 food items\Protein_source.xls 

The above protein source was based on NUTTAB95. This dataset includes portion size of 
each food items for male and female and as well as season for each food items. 
 
Do files 

C:\Users\xshang\Desktop\Protein and metabolic syndrome\Data analysis\Programmes 
\Programme for Protein sources 
 

Dataset created 

1. Methods 

1.1 Protein intakes from 121 food items 

1.1.1 Transposition of FFQ dataset and conversion to daily equivalent frequencies  

The food frequency variables for 121 food items are presented in horizontal way in the 
original dataset (Table 1). It means that each participant has only one record.  

Table 1. The original dataset. 

Id Sex  Grains Rice Sweets Cheese Cream Yoghurt Other dairy Milk Eggs … 
1 . . . . . . . . . .   
2 . . . . . . . . . .   
3 . . . . . . . . . .   
4 . . . . . . . . . .   
 . . . . . . . . . . .   
354 . . . . . . . . . .   

After transposition, each participant has 121 records according to 121 foods as shown in 
Table 2. 121 FFQ items were then converted to daily equivalent frequencies.  

Table 2. Dataset after transposition. 
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ID Sex Food items Times of consumption (original) Times of consumption per day 
1 . Grains . . 
1 . Rice . . 
1 . Sweets . . 
1 . Cheese . . 
1 . Cream . . 
1 . Yoghurt . . 
1 . Other dairy . . 
1 . Milk . . 
1 . Eggs . . 
. . . . . 
2 .  Grains . . 
2 . Rice . . 
2 . Sweets . . 
2 . Cheese . . 
2 . Cream . . 
2 . Yoghurt . . 
2 . Other dairy . . 
2 . Milk . . 
2 . Eggs . . 
. . . . . 

 
 
121 FFQ items were converted to daily equivalent frequencies according to Table 3. 

Table 3. Conversion of 121 FFQ responses to daily equivalent frequencies 
How often do you eat the following foods? Value label Daily equivalent frequency 

Never or  <1 per month 1 0.01 

1-3 per month          2 0.07 

1 per week             3 0.14 

2-4 per week             4 0.43 

5-6 per week           5 0.78 

1 per day              6 1 

2-3 per day              7 2.5 

4-5 per day 8 4.5 

≥6 per day            9 6 

 

1.1.2. Calculation of protein in grams per day from each food item. 
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Because the portion size for some food items is different between sexes, the datasets of FFQ 
and portion size are merged by sex-specific. A season variable that indicates the availability 
of foods (mainly fruits and vegetables) over the year and the amount of protein in grams per 
100 grams of each food item were also merged with the FFQ dataset (Table 4). Protein 
consumption in grams per day from each food item was calculated by multiplying times of 
consumption per day, portion size, season and protein (g/100 g of food) and then being 
divided by 100 and 12 (Times of consumption per day*portion size*season*Protein (g/100 g 
of each food)/(100*12)]. 

Table 4. Dataset of food consumption in grams per day. 

ID Food items Times of consumption 
per day 

Portion size Season Protein (g/100 g of food) 

1 Grains . . .  
1 Rice . . .  
1 Sweets . . .  
1 Cheese . . .  
1 Cream . . .  
1 Yoghurt . . .  
1 Other dairy . . .  
1 Milk . . .  
1 Eggs . . .  
. . . . .  
2 Grains . . .  
2 Rice . . .  
2 Sweets . . .  
2 Cheese . . .  
2 Cream . . .  
2 Yoghurt . . .  
2 Other dairy . . .  
2 Milk . . .  
2 Eggs . . .  
. . . . .  

 

1.1.3 Calculation of protein intake per day from 22 food groups 

All MCCS baseline FFQ foods were classified into 22 food groups, based on similar nutrient 
composition, protein type or source (Table 5). Besides 121 food frequency questionnaire 
items, 8 items regarding milk from beverages and cereal were also included in the analysis. 
Pizza was included in the animal category because its major protein source came from meat. 
For other foods including cakes or sweet pastries, puddings, and dim sims or spring rolls that 
might contain both animal and plant protein, half of the protein was calculated as animal 
protein and the other half as plant protein. Other food sources such as juices, vegemite and 
butter contributed very small amount of protein, so that they were not analysed as a group but 
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did contribute to the total plant or animal comparison. Table 6. Food groups according to 
protein composition and food nutrition 

Foodcode Variable FFQ items Food group Plant/animal 

1 crlwgerm_cde Wheatgerm Whole grains Plant 

2 crlmusli_cde Muesli Whole grains Plant 

3 brdwmeal_cde Wholewheat or rye bread Whole grains Plant 

4 crloth_cde Other breakfast cereals White grains Plant 

5 pstamix_cde Pasta or noodles White grains Plant 

6 brdfrt_cde Fruit bread White grains Plant 

7 brdwht_cde White bread White grains Plant 

8 riceboil_cde Rice boiled White grains Plant 

9 ricefry_cde Fried rice White grains Plant 

10 ricemix_cde Mixed dishes with rice White grains Plant 

11 bsctdry_cde Dry biscuits Sweet baked products Plant 

12 bsctswt_cde Sweet biscuits Sweet baked products Plant 

13 ptrysvry_cde Pies or savoury pastries Savoury cereal products Plant 

14 soupcrm_cde Creamed soup Vegetables Plant 

15 soupoth_cde Other soup or broth Vegetables Plant 

16 vegpckl_cde Pickled vegetables Vegetables Plant 

17 tom_cde Tomato Vegetables Plant 

18 cpsm_cde Capscium Vegetables Plant 

19 

slgrn_cde Lettuce, endive or other salad 
greens 

Vegetables Plant 

20 cmbr_cde Cucumber Vegetables Plant 

21 clryfnl_cde Celery or fennel Vegetables Plant 

22 btroot_cde Beetroot Vegetables Plant 

23 clsw_cde Coleslaw Vegetables Plant 

24 crrt_cde Carrot Vegetables Plant 

25 cbgbrsl_cde Cabbage or brussels sprouts Vegetables Plant 

26 clfwr_cde Cauliflower Vegetables Plant 

27 brcl_cde Broccoli Vegetables Plant 

28 

lfgrn_cde Silverbeet, spinach or other leafy 
greens 

Vegetables Plant 

29 pmkn_cde Pumpkin Vegetables Plant 

30 onioleek_cde Onion or leeks Vegetables Plant 

31 mshrm_cde Mushrooms Vegetables Plant 

32 cornswt_cde Sweet corn Vegetables Plant 

33 zchsqegp_cde Zucchini, squash or eggplant Vegetables Plant 

34 vegckmix_cde Cooked mixed vegetable dish Vegetables Plant 

35 potfat_cde Potato fried or roasted Vegetables Plant 

36 potnfat_cde Potato cooked without fat Vegetables Plant 

37 beanpea_cde Green beans or peas Vegetables Plant 

38 souplgm_cde Beans, pea or lentil soup Legumes Plant 

39 lgmdry_cde Cooked dried bean, chick pea dish Legumes Plant 
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40 appcdry_cde Dried apricots or peaches Fruits Plant 

41 othdry_cde Other dried fruits Fruits Plant 

42 frtsl_cde Fruit salad Fruits Plant 

43 orgmdrn_cde Oranges or mandarins Fruits Plant 

44 appl_cde Apples Fruits Plant 

45 bana_cde Bananas Fruits Plant 

46 pchnctrn_cde Peaches or nectarines Fruits Plant 

47 pear_cde Pears Fruits Plant 

48 cntlphdw_cde Cantaloupe or honeydew melon Fruits Plant 

49 wtrmln_cde Watermelon Fruits Plant 

50 strwbry_cde Strawberries Fruits Plant 

51 plum_cde Plums Fruits Plant 

52 aprct_cde Apricots Fruits Plant 

53 grapfrt_cde Grapefruit Fruits Plant 

54 pnpl_cde Pineapple Fruits Plant 

55 avcd_cde Avocado Fruits Plant 

56 olv_cde Olives Fruits Plant 

57 fig_cde Fig Fruits Plant 

58 grap_cde Grapes Fruits Plant 

59 cnftchoc_cde Chocolate confectionery Snacks Plant 

60 cnftoth_cde Other confectionery Snacks Plant 

61 dip_cde Dip Snacks Plant 

62 snkchpty_cde Corn chips, potato chips Snacks Plant 

63 peanutpr_cde Peanuts or peanut butter nuts Plant 

64 othnut_cde Other nuts nuts Plant 

65 spdvegty_cde Vegemite Other protein sources Plant 

66 mrgn_cde Margarine Other protein sources Plant 

67 jcorglmn_cde Orange or lemon juice Other protein sources Plant 

68 jcothfrt_cde Other fruit juice Other protein sources Plant 

69 drkdtsft_cde Diet (low-cal) soft drink Other protein sources Plant 

70 drksft_cde Soft drink Other protein sources Plant 

71 tea_cde Tea Other protein sources Plant 

72 teahrb_cde Herbal tea Other protein sources Plant 

73 coff_cde Coffee Other protein sources Plant 

74 caro_cde Coffee substitute Other protein sources Plant 

75 wtrty_cde Water Other protein sources Plant 

76 spdjamty_cde Jam, honey or syrups Other protein sources Plant 

77 milksoycer_cde Soya milk from cereal Soya milk plant 

78 milksoybev_cde Soya milk from beverage Soya milk plant 

79 milkfullcer_cde Full milk from cereal Full milk Animal 

80 milkrfcer_cde Fat reduced milk from cereal Fat reduced milk Animal 

81 milkskimcer_cde Fat skim milk from cereal Fat skim milk Animal 

82 milkfullbev_cde Full milk from beverage Full milk Animal 

83 milkrfbev_cde Fat reduced milk from beverage Fat reduced milk Animal 
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84 milkskbev_cde Fat skim milk from beverage Fat skim milk Animal 

85 butr_cde Butter Other protein sources Animal 

86 chscotg_cde Cottage cheese Cheese Animal 

87 chsrict_cde Ricotta cheese Cheese Animal 

88 chsfeta_cde Fetta cheese Cheese Animal 

89 chslfat_cde Low fat, low cholesterol cheese Cheese Animal 

90 chshard_cde Hard grating cheeses Cheese Animal 

91 chscrm_cde Cream cheese Cheese Animal 

92 chschdr_cde Cheddar or similar cheeses Cheese Animal 

93 icecrm_cde Icecream Cream Animal 

94 cstrd_cde Custard Cream Animal 

95 crmty_cde Cream or sour cream Cream Animal 

96 yghrt_cde Yoghurt Yoghurt Animal 

97 milkdrk_cde A milk drink Milk Animal 

98 eggboil_cde Eggs, boiled or poached Eggs Animal 

99 eggfry_cde Eggs, fried or scrambled Eggs Animal 

100 eggmix_cde Mixed dishes with egg Eggs Animal 

101 bfvlsnzl_cde Veal or beef schnitzel Beef Animal 

102 bfvlrst_cde Beef or veal roast Beef Animal 

103 bfstk_cde Beef steak Beef Animal 

104 bfrisol_cde Rissoles or meatloaf Beef Animal 

105 bfmix_cde Mixed dishes with beef Beef Animal 

106 cknrst_cde Chicken, roast or fried Chicken Animal 

107 cknboil_cde Chicken, boiled or steamed Chicken Animal 

108 cknmix_cde Mixed dishes with chicken Chicken Animal 

109 lmbrst_cde Lamb, chops or roast Lamb Animal 

110 lmbmix_cde Mixed dishes with lamb Lamb Animal 

111 prkrst_cde Pork, chops or roast Pork Animal 

112 game_cde Rabbit or other game Other meat Animal 

113 lvrlvrpt_cde Liver Other meat Animal 

114 othofl_cde Other offal meats Other meat Animal 

115 salmi_cde Salami or continental sausages Processed meat Animal 

116 sausfrnk_cde Sausages or frankfurters Processed meat Animal 

117 bacn_cde Bacon Processed meat Animal 

118 ham_cde Ham Processed meat Animal 

119 bfcorn_cde Corned beef (silverside) Processed meat Animal 

120 othlnch_cde Manufactured luncheon meats Processed meat Animal 

121 fshstm_cde Fish, steamed, grilled or baked Seafood Animal 

122 fshfry_cde Fish, fried Seafood Animal 

123 fshsmk_cde Fish, smoked Seafood Animal 

124 fshtin_cde Canned fish Seafood Animal 

125 seafd_cde Seafood Seafood Animal 

126 
cake_cde Cakes or sweet pastries Sweet baked products Plant/animal (with 

cream/butter) 
127 pdng_cde Puddings Sweet baked products Plant/animal (with 
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cream/butter) 

128 
pzza_cde Pizza Savoury cereal products Plant/animal (with 

cheese/meat) 
129 dimsim_cde Dim sims or spring rolls Savoury cereal products Plant/animal (with meat) 

 

Protein intake per day from 22 food groups is calculated separately using SAS Macro 
programmes. One dataset with ID is generated for each food group and one whole dataset is 
created by merging these 22 datasets. 

 

1.2 Calculation of milk contribution from breakfast cereals and beverages 

Q8. When you add milk to cereal to tea/coffee etc. which do you most often use? 
[milkty_cde] 
1=full cream milk 
2=reduced fat milk 
3=skim milk 
4=soya milk 
5= I don’t use milk 
 
Q9. Do you usually take milk in tea/coffee/coffee substitute? [milktea_cde, milkcoff_cde, 
milkcaro_cde] 
1=Yes 
2=No 
3=Don’t drink tea/coffee/coffee substitute 
 
Main FFQ questions for breakfast cereals: 
How often do you eat muesli? [crlmusli_cde] 
How often do you eat other breakfast cereals? [crloth_cde] 
 
Main FFQ questions for tea/coffee/coffee substitute: 
How often do you drink tea? [tea_cde] 
How often do you drink coffee? [coff_cde] 
How often do you drink coffee substitute? [caro_cde] 
 
1.2.1 Calculation of daily equivalent frequency (DEF) from full fat milk 
 
Calculate the DEF for breakfast cereals (cereal and muesli) if full fat milk is consumed 
Calculate the DEF for all beverages (tea, coffee and caro) if milk is consumed in these 
beverages & full fat milk is consumed. 
  
IF milkty_cde=1 THEN milkfcer_cde=Crlmusli_cde_D+crloth_cde_D; 
IF milkfcer_cde=. THEN milkfcer_cde=0; 
 
*% FULL MILK FROM BEVERAGES; 
IF milkty_cde=1 AND milktea_cde=1 THEN BEVERAGE_TEA1=tea_cde_D; 
IF BEVERAGE_TEA1=. THEN BEVERAGE_TEA1=0; 
 
IF milkty_cde=1 AND milkcoff_cde=1 THEN BEVERAGE_COF1=coff_cde_D; 
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IF BEVERAGE_COF1=. THEN BEVERAGE_COF1=0; 
 
IF milkty_cde=1 AND  milkcaro_cde=1 THEN BEVERAGE_CARO1=caro_cde_D; 
IF BEVERAGE_CARO1=. THEN BEVERAGE_CARO1=0; 
milkfbev_cde=BEVERAGE_TEA1+BEVERAGE_COF1+BEVERAGE_CARO1; 
 
1.2.2 DEF Calculation from reduced fat milk 
 
Calculate the DEF for breakfast cereals (cereal and muesli) if reduced fat milk is consumed 
Calculate the DEF for all beverages (tea, coffee and caro) if milk is consumed in these 
beverages & reduced fat milk is consumed. 
  
IF milkty_cde=2 THEN milkrfcer_cde=Crlmusli_cde_D+crloth_cde_D; 
IF milkrfcer_cde=. THEN milkrfcer_cde=0; 
 
  *% REDUCED FAT MILK FROM BEVERAGES; 
IF milkty_cde=2 AND milktea_cde=1 THEN BEVERAGE_TEA2=tea_cde_D; 
IF BEVERAGE_TEA2=. THEN BEVERAGE_TEA2=0; 
 
IF milkty_cde=2 AND milkcoff_cde=1 THEN BEVERAGE_COF2=coff_cde_D; 
IF BEVERAGE_COF2=. THEN BEVERAGE_COF2=0; 
 
IF milkty_cde=2 AND  milkcaro_cde=1 THEN BEVERAGE_CARO2=caro_cde_D; 
IF BEVERAGE_CARO2=. THEN BEVERAGE_CARO2=0; 
milkrfbev_cde=BEVERAGE_TEA2+BEVERAGE_COF2+BEVERAGE_CARO2; 
 
1.2.3 DEF calculation from skimmed fat milk 
 
Calculate the DEF for breakfast cereals (cereal and muesli) if skimmed fat milk is consumed 
Calculate the DEF for all beverages (tea, coffee and caro) if milk is consumed in these 
beverages & skimmed fat milk is consumed. 
  
IF milkty_cde=3 THEN milkskcer_cde=Crlmusli_cde_D+crloth_cde_D; 
IF milkskcer_cde=. THEN milkskcer_cde=0; 
 
*% SKIM MILK FROM BEVERAGES; 
IF milkty_cde=3 AND milktea_cde=1 THEN BEVERAGE_TEA3=tea_cde_D; 
IF BEVERAGE_TEA3=. THEN BEVERAGE_TEA3=0; 
 
IF milkty_cde=3 AND milkcoff_cde=1 THEN BEVERAGE_COF3=coff_cde_D; 
IF BEVERAGE_COF3=. THEN BEVERAGE_COF3=0; 
 
IF milkty_cde=3 AND  milkcaro_cde=1 THEN BEVERAGE_CARO3=caro_cde_D; 
IF BEVERAGE_CARO3=. THEN BEVERAGE_CARO3=0; 
milkskbev_cde=BEVERAGE_TEA3+BEVERAGE_COF3+BEVERAGE_CARO3; 
 
1.2.4 DEF alculation from soya milk 
 
Calculate the DEF for breakfast cereals (cereal and muesli) if soya milk is consumed 
Calculate the DEF for all beverages (tea, coffee and caro) if milk is consumed in these 
beverages & soya milk is consumed. 
  
IF milkty_cde=4 THEN milksoycer_cde=Crlmusli_cde_D+crloth_cde_D; 
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IF milksoycer_cde=. THEN milksoycer_cde=0; 
 
*% SOYA MILK FROM BEVERAGES; 
IF milkty_cde=4 AND milktea_cde=1 THEN BEVERAGE_TEA4=tea_cde_D; 
IF BEVERAGE_TEA4=. THEN BEVERAGE_TEA4=0; 
 
IF milkty_cde=4 AND milkcoff_cde=1 THEN BEVERAGE_COF4=coff_cde_D; 
IF BEVERAGE_COF4=. THEN BEVERAGE_COF4=0; 
 
IF milkty_cde=4 AND  milkcaro_cde=1 THEN BEVERAGE_CARO4=caro_cde_D; 
IF BEVERAGE_CARO4=. THEN BEVERAGE_CARO4=0; 
milksoybev_cde=BEVERAGE_TEA4+BEVERAGE_COF4+BEVERAGE_CARO4; 
 
1.2.5 Calculating protein intake from each of the four types of milk 
 
Protein consumption in grams per day from each type of milk was calculated by multiplying 
times of DEF, portion size and protein (g/100 g of food) and then being divided by 100 
(DEF*portion size* Protein (g/100 g of each food)/100]. 

 
1.3 Contribution of butter from bread/toast and cooked vegetables 

Q3. Which of the following do you most often have on or with bread/toast? [spdbrd_cde] 
1=Butter 
2=Margarine 
3=Sometimes butter, sometimes margarine 
4=Olive oil 
5=I don’t use anything 
 
Q6. Which dressing do you usually add to cooked vegetables? [drsveg_cde] 
1=No dressing(or fat-free dressing) 
2=Butter 
3=Margarine 
4=Olive oil 
5=Vegetable oil 
 
Main FFQ question: 
How often do you eat butter? [butr_cde] 
 
Assumptions made 

We have assumed that the main FFQ questions relate to butter spread on bread (we do not 
know the number of slices of bread consumed per day). These will be allocated the standard 
portion size*DEQ of butter. 

We have assumed that butter is added to the vegetables from the FFQ questions listed in 
Table 7. 

Table 7. Cooked vegetable that we have assumed have butter added to them 

Potato cooked without fat potnfat_cde 
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Carrot crrt_cde 
Cabbage or brussels sprouts cbgbrsl_cde 
Cauliflower clfwr_cde 
Broccoli brcl_cde 
Silverbeet, spinach or other leafy greens lfgrn_cde 
Green beans or peas beanpea_cde 
Pumpkin pmkn_cde 
Sweetcorn cornswt_cde 
Zucchini, squash or eggplant zchsqegp_cde 
Cooked mixed vegetables vegckmix_cde 

 

1.3.1 Calculation of daily equivalent frequency (DEF) from butter/margarine 

Calculate the sum of the total daily equivalent frequencies (DEF) for all the vegetables above.  

If the DEQ>0 and drsveg_cde=2 => allocate a portion of butter relative to the DEQ  

Calculating butter contribution from adding to cooked vegetables 

1.3.2 Calculation of protein from butter 

Total DEQ for veg_fat we have allocated a butter portion size that would be added to cooked 
vegetables each day. The standard butter/margarine portion size=10g. Protein consumption in 
grams per day from butter was calculated by multiplying times of DEF of all the vegetables 
above, portion size and protein (g/100 g of food) and then being divided by 100 (DEF*10g*1 
g/100 g/100]. 

2.  Summary Statistics for new variables 

Animal protein 

Moments 

N 41514 Sum Weights 41514 

Mean 64.1728128 Sum Observations 2664070.15 

Std Deviation 34.8260897 Variance 1212.85653 

Skewness 7.14598573 Kurtosis 154.950294 

Uncorrected SS 221310188 Corrected SS 50349313 

Coeff Variation 54.2692275 Std Error Mean 0.17092572 
 

Basic Statistical Measures 

Location Variability 

Mean 64.17281 Std Deviation 34.82609 

Median 58.05178 Variance 1213 
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Basic Statistical Measures 

Location Variability 

Mode 0.00000 Range 1316 

    Interquartile Range 31.25429 
 
 

Quantiles (Definition 5) 

Level Quantile 

100% Max 1316.0629 

99% 178.5178 

95% 116.4123 

90% 98.0427 

75% Q3 75.7716 

50% Median 58.0518 

25% Q1 44.5173 

10% 34.4489 

5% 29.0640 

1% 19.7493 

0% Min 0.0000 
 
Plant protein 

Moments 

N 41514 Sum Weights 41514 

Mean 35.5251076 Sum Observations 1474789.32 

Std Deviation 14.9116727 Variance 222.357981 

Skewness 3.09965993 Kurtosis 46.2866133 

Uncorrected SS 61622796 Corrected SS 9230746.88 

Coeff Variation 41.9750246 Std Error Mean 0.07318618 
 

Basic Statistical Measures 

Location Variability 

Mean 35.52511 Std Deviation 14.91167 

Median 33.33998 Variance 222.35798 

Mode 0.00000 Range 453.14074 
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Basic Statistical Measures 

Location Variability 

    Interquartile Range 16.64227 
 
 

Quantiles (Definition 5) 

Level Quantile 

100% Max 453.1407 

99% 81.5686 

95% 60.8348 

90% 52.9197 

75% Q3 42.5317 

50% Median 33.3400 

25% Q1 25.8894 

10% 20.0526 

5% 16.8781 

1% 11.2255 

0% Min 0.0000 
 
 
3. Checks 

From these new calculations in this dataset: protein_total= protein_animal + protein_plant;  

In the MCCS baseline nutrient reference file: Diet_prtn_mrat is total protein.   

These two protein intake variables differ and if the animal and vegetable protein variables are 
being used for analyses then the corresponding ‘protein_total’ should be used if required 
(rather than Diet_prtn_mrat).   

These two protein variables have been compared: 

Diet_prtn_mrat 

Moments 

N 41468 Sum Weights 41468 

Mean 100.166235 Sum Observations 4153693.43 

Std Deviation 43.2126387 Variance 1867.33215 

Skewness 6.60881708 Kurtosis 149.202171 
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Moments 

Uncorrected SS 493492493 Corrected SS 77432662.1 

Coeff Variation 43.1409235 Std Error Mean 0.21220433 
 

Basic Statistical Measures 

Location Variability 

Mean 100.1662 Std Deviation 43.21264 

Median 93.4882 Variance 1867 

Mode 55.5505 Range 1762 

    Interquartile Range 41.43456 
 

Quantiles (Definition 5) 

Level Quantile 

100% Max 1770.26343 

99% 238.09564 

95% 165.60126 

90% 144.27945 

75% Q3 116.39824 

50% Median 93.48820 

25% Q1 74.96368 

10% 60.53849 

5% 52.82082 

1% 39.49793 

0% Min 8.16012 
 

protein_total 

Moments 

N 41468 Sum Weights 41468 

Mean 99.7086985 Sum Observations 4134720.31 

Std Deviation 43.1444707 Variance 1861.44535 

Skewness 6.63103164 Kurtosis 149.914909 

Uncorrected SS 489456135 Corrected SS 77188554.4 

Coeff Variation 43.2705184 Std Error Mean 0.21186958 
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Basic Statistical Measures 

Location Variability 

Mean 99.70870 Std Deviation 43.14447 

Median 92.98854 Variance 1861 

Mode 55.55047 Range 1761 

    Interquartile Range 41.22295 
 

Quantiles (Definition 5) 

Level Quantile 

100% Max 1769.20367 

99% 237.55141 

95% 164.81486 

90% 143.59207 

75% Q3 115.84220 

50% Median 92.98854 

25% Q1 74.61925 

10% 60.20123 

5% 52.51234 

1% 39.05698 

0% Min 8.16012 
 
 
Protein_diff=PROTEIN_TOTAL-Diet_prtn_mrat 

Moments 

N 41468 Sum Weights 41468 

Mean -0.4575364 Sum Observations -18973.118 

Std Deviation 1.08768366 Variance 1.18305574 

Skewness -5.666784 Kurtosis 55.5038673 

Uncorrected SS 57738.6642 Corrected SS 49057.7723 

Coeff Variation -237.72616 Std Error Mean 0.00534129 
 

Basic Statistical Measures 

Location Variability 
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Basic Statistical Measures 

Location Variability 

Mean -0.45754 Std Deviation 1.08768 

Median -0.08560 Variance 1.18306 

Mode -0.00000 Range 30.32932 

    Interquartile Range 0.47071 
 
 

Quantiles (Definition 5) 

Level Quantile 

100% Max 3.36659643 

99% 0.36799828 

95% 0.00131873 

90% 0.00000226 

75% Q3 -0.00000123 

50% Median -0.08559659 

25% Q1 -0.47071077 

10% -1.23058624 

5% -2.24689720 

1% -5.29286903 

0% Min -26.96272705 

  
 
pc_diff=Protein_diff*100/Diet_prtn_mrat; 

Moments 

N 41468 Sum Weights 41468 

Mean -0.4823905 Sum Observations -20003.769 

Std Deviation 1.16614612 Variance 1.35989678 

Skewness -5.965062 Kurtosis 58.8032257 

Uncorrected SS 66040.4682 Corrected SS 56390.8399 

Coeff Variation -241.74318 Std Error Mean 0.00572659 
 

Basic Statistical Measures 

Location Variability 
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Basic Statistical Measures 

Location Variability 

Mean -0.48239 Std Deviation 1.16615 

Median -0.08155 Variance 1.35990 

Mode -0.00000 Range 26.37829 

    Interquartile Range 0.49162 
 

Quantiles (Definition 5) 

Level Quantile 

100% Max 2.30194436 

99% 0.38922112 

95% 0.00140733 

90% 0.00000255 

75% Q3 -0.00000144 

50% Median -0.08155156 

25% Q1 -0.49161834 

10% -1.31548860 

5% -2.29302337 

1% -5.65769061 

0% Min -24.07634859 
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Appendix B1: The association between the ratio of animal to plant protein intake and 

incident MetS 

 

 

Generalizing estimating equation and restricted cubic splines were used to test whether there 
is a nonlinear relation between the ratio of animal to plant protein intake and incident MetS. 

P for nonlinear regression=0.27; P for nonlinear regression=0.0114   
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Appendix B2: Supplementary appendix tables and figures for publication in chapter 6 

Fig. S1. Protein intake from different food subgroups per 1% of energy and changes in waist 

circumference over 11 years (n=5,324). 

Fig. S2. Protein intake from different food subgroups per 1% of energy and changes in 

systolic blood pressure over 11 years (n=5,324). 

Fig. S3. Protein from different food subgroups per 1% energy and changes in diastolic blood 

pressure over 11 years (n=5,324). 

Fig. S4. Protein from different food subgroups per 1% energy and changes in plasma 

cholesterol over 11 years (n=5,324). 

Fig. S5. Protein from different food subgroups per 1% energy and changes in weight over 11 

years (n=5,322). 

Fig. S6. Each 5% energy increment from total, animal and plant protein intakes and changes 

in waist circumference (n=18,359), cholesterol (n=18,098), and systolic blood pressure 

(n=15,175) over 11 years.  

Table S1. List of food categories for the calculation of protein intake from different food 

sources. 

Table S2. Comparison of nutrients intakes, physical measures, and lifestyle at baseline 

between specific groups. 

Note: Since results for the association of protein intakes from different food subgroups per 

1% of energy with changes in MetSyn components and weight in the population with a large 

sample were similar as those in 5,324 participants included in the main analysis, we just 

reported the results of those in 5,324 participants (Fig. S1-S5).  
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Fig. S1. Protein from different food subgroups per 1% energy and changes in waist 

circumference over 11 years (n=5,324). 

Multivariate-model adjusted for age (in years), gender, waist circumference (continuous), 

body mass index (continuous), follow-up period (in years), ethnicity (Australia/New Zealand, 

Greece, Italy, or UK/Malta), socio-economic status (quintiles), physical activity (0, 1-3, 4 or 

5, and 6 or more), smoking (never, former, or current), alcohol intake (0 g/day, 1-39 g/day, 

40-59 g/day and 60 or more g/day for male and 0 g/day, 1-19 g/day, 20-39 g/day and 40 or 

more g/day for female), glycemic index (continuous) and consumption of energy 

(continuous), fibre (continuous), sodium (continuous), potassium (continuous), magnesium 

(continuous), vitamin C (continuous), vitamin E (continuous), saturated fat (continuous), 

monounsaturated fat (continuous), polyunsaturated fat (continuous), and trans fat 

(continuous).  



 
 

232 
 

  



 
 

233 
 

Fig. S2. Protein from different food subgroups per 1% energy and changes in systolic 

blood pressure over 11 years (n=5,324). 

Multivariate-model adjusted for age (in years), gender, systolic blood pressure (continuous), 

body mass index (continuous), follow-up period (in years), ethnicity (Australia/New Zealand, 

Greece, Italy, or UK/Malta), socio-economic status (quintiles), physical activity (0, 1-3, 4 or 

5, and 6 or more), smoking (never, former, or current), alcohol intake (0 g/day, 1-39 g/day, 

40-59 g/day and 60 or more g/day for male and 0 g/day, 1-19 g/day, 20-39 g/day and 40 or 

more g/day for female), glycemic index (continuous) and consumption of energy 

(continuous), fibre (continuous), sodium (continuous), potassium (continuous), magnesium 

(continuous), vitamin C (continuous), vitamin E (continuous), saturated fat (continuous), 

monounsaturated fat (continuous), polyunsaturated fat (continuous), and trans fat 

(continuous).  
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Fig. S3. Protein from different food subgroups per 1% energy and changes in diastolic 

blood pressure over 11 years (n=5,324). 

Multivariate-model adjusted for age (in years), gender, diastolic blood pressure (continuous), 

body mass index (continuous), follow-up period (in years), ethnicity (Australia/New Zealand, 

Greece, Italy, or UK/Malta), socio-economic status (quintiles), physical activity (0, 1-3, 4 or 

5, and 6 or more), smoking (never, former, or current), alcohol intake (0 g/day, 1-39 g/day, 

40-59 g/day and 60 or more g/day for male and 0 g/day, 1-19 g/day, 20-39 g/day and 40 or 

more g/day for female), glycemic index (continuous) and consumption of energy 

(continuous), fibre (continuous), sodium (continuous), potassium (continuous), magnesium 

(continuous), vitamin C (continuous), vitamin E (continuous), saturated fat (continuous), 

monounsaturated fat (continuous), polyunsaturated fat (continuous), and trans fat 

(continuous).  
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Fig. S4. Protein from different food subgroups per 1% energy and changes in plasma 

cholesterol over 11 years (n=5,324). 

Multivariate-model adjusted for age (in years), gender, plasma cholesterol (continuous), body 

mass index (continuous), follow-up period (in years), ethnicity (Australia/New Zealand, 

Greece, Italy, or UK/Malta), socio-economic status (quintiles), physical activity (0, 1-3, 4 or 

5, and 6 or more), smoking (never, former, or current), alcohol intake (0 g/day, 1-39 g/day, 

40-59 g/day and 60 or more g/day for male and 0 g/day, 1-19 g/day, 20-39 g/day and 40 or 

more g/day for female), glycemic index (continuous) and consumption of energy 

(continuous), fibre (continuous), sodium (continuous), potassium (continuous), magnesium 

(continuous), vitamin C (continuous), vitamin E (continuous), saturated fat (continuous), 

monounsaturated fat (continuous), polyunsaturated fat (continuous), and trans fat 

(continuous).  
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Fig. S5. Protein from different food subgroups per 1% energy and changes in weight 

over 11 years (n=5,322). 

Multivariate-model adjusted for age (in years), gender, body mass index (continuous), 

follow-up period (in years), ethnicity (Australia/New Zealand, Greece, Italy, or UK/Malta), 

socio-economic status (quintiles), physical activity (0, 1-3, 4 or 5, and 6 or more), smoking 

(never, former, or current), alcohol intake (0 g/day, 1-39 g/day, 40-59 g/day and 60 or more 

g/day for male and 0 g/day, 1-19 g/day, 20-39 g/day and 40 or more g/day for female), 

glycemic index (continuous) and consumption of energy (continuous), fibre (continuous), 

sodium (continuous), potassium (continuous), magnesium (continuous), vitamin C 

(continuous), vitamin E (continuous), saturated fat (continuous), monounsaturated fat 

(continuous), polyunsaturated fat (continuous), and trans fat (continuous). 
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Fig. S6. Each 5% energy increment from total, animal and plant protein intakes and 

changes in waist circumference (n=18,359), cholesterol (n=18,098), and systolic blood 

pressure (n=15,175) over 11 years. 

Panels A, B, C and D show protein intakes associated with cumulative changes in waist 

circumference, plasma cholesterol, systolic blood pressure and diastolic blood pressure, 

respectively. 

Multivariate-model adjusted for age (in years), gender, baseline component measurement 

(continuous), body mass index (continuous), follow-up period (in years), ethnicity 

(Australia/New Zealand, Greece, Italy, or UK/Malta), socio-economic status (quintiles), 

physical activity (0, 1-3, 4 or 5, and 6 or more), smoking (never, former, or current), alcohol 

intake (0 g/day, 1-39 g/day, 40-59 g/day and 60 or more g/day for male and 0 g/day, 1-19 

g/day, 20-39 g/day and 40 or more g/day for female), glycemic index (continuous) and 

consumption of energy (continuous), fibre (continuous), sodium (continuous), potassium 

(continuous), magnesium (continuous), vitamin C (continuous), vitamin E (continuous), 

saturated fat (continuous), monounsaturated fat (continuous), polyunsaturated fat 

(continuous), and trans fat (continuous). 

Table S1. List of food categories for the calculation of protein intake from different food 

sources. 

Food item Food group Animal/Plant 

Wheatgerm Grains Plant 

Muesli Grains Plant 

Whole wheat or rye bread Grains Plant 

Other breakfast cereals Grains Plant 

Pasta or noodles Grains Plant 

Fruit bread Grains Plant 
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White bread Grains Plant 

Rice boiled Grains Plant 

Fried rice Grains Plant 

Mixed dishes with rice Grains Plant 

Dry biscuits Grains Plant 

Sweet biscuits Grains Plant 

Pies or savoury pastries Grains Plant 

Creamed soup Vegetables Plant 

Other soup or broth Vegetables Plant 

Pickled vegetables Vegetables Plant 

Tomato Vegetables Plant 

Capscium Vegetables Plant 

Lettuce, endive or other salad greens Vegetables Plant 

Cucumber Vegetables Plant 

Celery or fennel Vegetables Plant 

Beetroot Vegetables Plant 

Coleslaw Vegetables Plant 

Carrot Vegetables Plant 

Cabbage or brussels sprouts Vegetables Plant 

Cauliflower Vegetables Plant 

Broccoli Vegetables Plant 

Silverbeet, spinach or other leafy 

greens 

Vegetables Plant 

Pumpkin Vegetables Plant 

Onion or leeks Vegetables Plant 
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Mushrooms Vegetables Plant 

Sweet corn Vegetables Plant 

Zucchini, squash or eggplant Vegetables Plant 

Cooked mixed vegetable dish Vegetables Plant 

Potato fried or roasted Vegetables Plant 

Potato cooked without fat Vegetables Plant 

Green beans or peas Vegetables Plant 

Beans, pea or lentil soup Legumes and nuts Plant 

Cooked dried bean, chick pea dish Legumes and nuts Plant 

Peanuts or peanut butter Legumes and nuts Plant 

Other nuts Legumes and nuts Plant 

Soya milk from cereal Legumes and nuts Plant 

Soya milk from beverage Legumes and nuts Plant 

Dried apricots or peaches Fruits Plant 

Other dried fruits Fruits Plant 

Fruit salad Fruits Plant 

Oranges or mandarins Fruits Plant 

Apples Fruits Plant 

Bananas Fruits Plant 

Peaches or nectarines Fruits Plant 

Pears Fruits Plant 

Cantaloupe or honeydew melon Fruits Plant 

Watermelon Fruits Plant 

Strawberries Fruits Plant 

Plums Fruits Plant 
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Apricots Fruits Plant 

Grapefruit Fruits Plant 

Pineapple Fruits Plant 

Avocado Fruits Plant 

Olives Fruits Plant 

Fig Fruits Plant 

Grapes Fruits Plant 

Chocolate confectionery Snacks Plant 

Other confectionery Snacks Plant 

Dip Snacks Plant 

Corn chips, potato chips Snacks Plant 

Vegemite Other protein sources Plant 

Margarine Other protein sources Plant 

Orange or lemon juice Other protein sources Plant 

Other fruit juice Other protein sources Plant 

Diet (low-calorie) soft drink Other protein sources Plant 

Soft drink Other protein sources Plant 

Tea Other protein sources Plant 

Herbal tea Other protein sources Plant 

Coffee Other protein sources Plant 

Coffee substitute Other protein sources Plant 

Water Other protein sources Plant 

Jam, honey or syrups Other protein sources Plant 

Butter Other protein sources Animal 

Cottage cheese Dairy Animal 
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Ricotta cheese Dairy Animal 

Fetta cheese Dairy Animal 

Low fat, low cholesterol cheese Dairy Animal 

Hard grating cheeses Dairy Animal 

Cream cheese Dairy Animal 

Cheddar or similar cheeses Dairy Animal 

Icecream Dairy Animal 

Custard Dairy Animal 

Cream or sour cream Dairy Animal 

Yoghurt Dairy Animal 

Milk drink Dairy Animal 

Eggs, boiled or poached Eggs Animal 

Eggs, fried or scrambled Eggs Animal 

Mixed dishes with egg Eggs Animal 

Veal or beef schnitzel Red meat Animal 

Beef or veal roast Red meat Animal 

Beef steak Red meat Animal 

Rissoles or meatloaf Red meat Animal 

Mixed dishes with beef Red meat Animal 

Lamb, chops or roast Red meat Animal 

Mixed dishes with lamb Red meat Animal 

Pork, chops or roast Red meat Animal 

Rabbit or other game Red meat Animal 

Liver Red meat Animal 

Other offal meats Red meat Animal 



 
 

246 
 

Salami or continental sausages Red meat Animal 

Sausages or frankfurters Red meat Animal 

Bacon Red meat Animal 

Ham Red meat Animal 

Corned beef (silverside) Red meat Animal 

Manufactured luncheon meats Red meat Animal 

Pizza Red meat Animal 

Chicken, roast or fried Chicken Animal 

Chicken, boiled or steamed Chicken Animal 

Mixed dishes with chicken Chicken Animal 

Fish, steamed, grilled or baked Fish Animal 

Fish, fried Fish Animal 

Fish, smoked Fish Animal 

Canned fish Fish Animal 

Seafood Fish Animal 

Full milk from cereal Dairy Animal 

Fat reduced milk from cereal Dairy Animal 

Fat skim milk from cereal Dairy Animal 

Full milk from beverage Dairy Animal 

Fat reduced milk from beverage Dairy Animal 

Fat skim milk from beverage Dairy Animal 

Cakes or sweet pastries Sweet baked products Plant/animal(with cream/butter) 

Puddings Sweet baked products Plant/animal(with cream/butter) 

Dim sims or spring rolls Savoury cereal products Plant/animal (with meat) 
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Besides 121 food frequency questionnaire items, 8 items regarding milk from beverages and 

cereal were also included in the analysis. Pizza was included in the animal category because 

its major protein source came from meat. For other foods including cakes or sweet pastries, 

puddings, and dim sims or spring rolls that might contain both animal and plant protein, half 

of the protein was calculated as animal protein and the other half as plant protein. Other food 

sources such as juices, vegemite and butter contributed very small amount of protein, so that 

they were not analysed as a group but did contribute to the total plant or animal comparison.  
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Table S2. Comparison of baseline characteristics between specific groups.* 

 With 

Chronic disease 

With any elevated metabolic 

syndrome components 

Any missing metabolic 

syndromecomponent 

Included in 

the final analysis 

No. of participants 13,956 18,471 2,889 5,324 

Female 8,211 (59)a 9,821 (53)b 2,084 (72)c 3,840 (72)d 

Country of birth     

     Australia/New Zealand 9,655 (69) a 12,094 (65) b 1,832 (63) c 4,445 (83) d 

     Greece 1,408 (10) 2,350 (13) 453 (16) 141 (2.6) 

     Italy 1,947 (14) 2,649 (14) 387 (13) 291 (5.5) 

    UK/Malta 936 (6.7) 1378 (7.5) 227 (7.8) 447 (8.4) 

Socio-ecnomic status†     

   Missing 38 (0.3) 63 (0.3) 10 (0.3) 19 (0.4) 

   1st Quintile 2,364 (17) a 2,676 (14) b 378 (13) c 484 (9.1) d 

   2nd Quintile 3,181 (23) 3,893 (21) 554 (19) 754 (14) 

   3rd Quintile 2,648 (19) 3,414 (18) 557 (19) 892 (17) 

   4th Quintile 2,655 (19) 3,785 (20) 641 (22) 1,218 (23) 
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   5th Quintile 3,060 (22) 4640 (25) 759 (26) 1,957 (37) 

Smoking     

    Current 1336 (9.6) a 2257 (12)b 472 (16)c 459 (8.6)d 

    Former 4750 (34) 5799 (31) 708 (24) 1522 (29) 

    Never 7860 (56) 10414 (56) 1719 (59) 3343 (63) 

Alcohol intake     

     0 g (male and female) 5321 (38)a 5554 (30)b 1035 (36)c 1227 (23)d 

     1-39 g (male), 1-19 g (female) 6851 (49) 10225 (55) 1597 (55) 3473 (65) 

     40-59 g (male), 20-39 g (female) 1116 (8.0) 1751 (9.5) 193 (6.7) 504 (9.5) 

     ≥60 g (male), ≥40 g (female) 658 (4.7) 941 (5.1) 74 (2.6) 120 (2.3) 

Physical activity score‡     

    0 3,060 (22)a 4,361 (24)b 674 (23)c 899 (17)d 

    1-3 2,814 (20) 3,743 (20) 570 (20) 1,021 (19) 

    4 or 5 5,463 (39) 6,349 (34) 970 (33) 1,689 (32) 

    ≥6 2,609 (19) 4,018 (22) 685 (24) 1,715 (32) 

Follow-up (years) 11.94 ± 0.02a 11.89 ± 0.01b 13.08 ± 0.05c 11.20 ± 0.02d 
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Body mass index (kg/m2) 28.04 ± 0.04a 27.22 ± 0.03b 24.76 ± 0.08c 24.09 ± 0.06d 

Waist circumference (cm) 89.5 ± 0.1a 87.3 ± 0.1b 80.8 ± 0.2c 79.8 ± 0.1d 

Diastolic blood pressure (mmHg) 80 ± 0.1a 78.1 ± 0.1b 69.2 ± 0.2c 69.1 ± 0.1c 

Systolic blood pressure (mmHg) 143.7 ± 0.1a 139.1 ± 0.1b 121.7 ± 0.3c 122.2 ± 0.2c 

Plasma total cholesterol (mmol/L) 5.55 ± 0.01a 5.61 ± 0.01b 5.33 ± 0.02c 5.23 ± 0.01d 

Dietary energy (kj/d) 9210 ± 26a 9366 ± 22b 9188 ± 57c 9541 ± 43d 

Fibre (g/d) 30.86 ± 0.11a 30.77 ± 0.09a 31.24 ± 0.23a 32.75 ± 0.17b 

Sodium (mg/d) 3173 ± 9a 3180 ± 8a 3095 ± 20b 3167 ± 15a 

Potassium (mg/d) 3858 ± 15a 3871 ± 13a 3902 ± 32a 4134 ± 24b 

Vitamin C (mg/d) 202.1 ± 1a 202.6 ± 0.8a 204.5 ± 2.2a 214.1 ± 1.6b 

Vitamin E (mg/d) 8.12 ± 0.03a 8.17 ± 0.03a 8.26 ± 0.07a 8.61 ± 0.05b 

Saturated fat (%energy) 13.13 ± 0.02a 13.42 ± 0.02b 13.29 ± 0.05ab 13.44 ± 0.04b 

Monounsaturated fat (%energy) 12.1 ± 0.02a 12.22 ± 0.02b 12.14 ± 0.05ab 11.63 ± 0.04c 

Polyunsaturated fat (%energy) 5.33 ± 0.01a 5.17 ± 0.01b 5.17 ± 0.03b 5.17 ± 0.02b 

Trans fat (%energy) 0.043 ± 0.00a 0.045 ± 0.000b 0.044 ± 0.001ab 0.037 ± 0.001c 

Dietary glycemic index§ 49.2 ± 0a 49.4 ± 0b 49.2 ± 0.1ab 48.8 ± 0.1c 
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Protein sources (% energy)     

   Total 18.39 ± 0.03a 18.02 ± 0.02b 18.09 ± 0.06b 17.72 ± 0.04c 

   Animal 11.81 ± 0.03a 11.59 ± 0.02b 11.52 ± 0.06b 11.04 ± 0.05c 

   Plant 6.58 ± 0.01a 6.44 ± 0.01b 6.57 ± 0.03a 6.68 ± 0.02c 

   Grains 3.82 ± 0.01a 3.73 ± 0.01b 3.74 ± 0.03c 3.83 ± 0.02a 

   Vegetables 1.44 ± 0.01a 1.39 ± 0.01b 1.42 ± 0.01abc 1.45 ± 0.01ac 

   Fruits 0.55 ± 0a 0.56 ± 0a 0.61 ± 0.01b 0.6 ± 0.01b 

   Legumes and nuts 0.43 ± 0a 0.43 ± 0a 0.48 ± 0.01b 0.46 ± 0.01b 

   Dairy 2.85 ± 0.02a 2.81 ± 0.01a 2.97 ± 0.03b 3.1 ± 0.02c 

   Eggs 0.45 ± 0a 0.47 ± 0b 0.45 ± 0.01a 0.44 ± 0.01a 

   Red meat 5.24 ± 0.02a 5.27 ± 0.02a 5.03 ± 0.05b 4.65 ± 0.03b 

   Chicken 1.74 ± 0.01a 1.61 ± 0.01b 1.61 ± 0.02b 1.52 ± 0.02c 

   Fish 1.46 ± 0.01a 1.34 ± 0.01b 1.38 ± 0.02b 1.23 ± 0.02c 
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*Plus-minus values are age- and gender-adjusted means ± SDs, which were calculated using 

generalised linear model. Tukey’s multiple comparisons tests were used to compare the 

differences between groups. Means in a row or one categorical variable with different 

superscripts differ, P<0.01.  

†Socio-economic status was attributed using the Index of Relative Socio-economic 

Disadvantage with the lowest quintile representing the greatest socio-economic disadvantage. 

‡Physical activity was assessed using questions based on those developed by the National 

Heart Foundation and Australian Institute of Health with higher score representing higher 

physical activity. 

§Glycemic index was calculated for all the participants using data from Foster-Powell et al. 
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Appendix C1: Online Supplemental Material for publication in chapter 7 

Supplemental Table 1: Literature search by Pubmed 

Ex
po

su
re

 

((protein consumption[MeSH Terms]) OR dietary protein*[MeSH Terms]) OR 

((((macronutrient*[Title/Abstract]) OR protein*[Title/Abstract])) AND 

(((((((((((diet*[Title/Abstract]) OR intake*[Title/Abstract]) OR consumption*[Title/Abstract]) 

OR consumed*[Title/Abstract]) OR feed*[Title/Abstract]) OR food*[Title/Abstract]) OR 

nutrition*[Title/Abstract]) OR energy percentage[Title/Abstract]) OR percentage of 

energy[Title/Abstract]) OR caloric percentage[Title/Abstract]) OR percentage of 

calories[Title/Abstract]))  

O
ut

co
m

es
 (((diabetes mellitus, type 2[MeSH Terms]) OR diabetes mellitus[MeSH Terms]) OR 

diabetic[Title/Abstract]) OR diabetes[Title/Abstract] 

Li
m

it 

(((((((((((((((Epidemiology[MeSH Terms]) OR Epidemiologic Studies[MeSH Terms]) OR 

clinical trial[MeSH Terms]) OR cohort*[Title/Abstract]) OR incident*[Title/Abstract]) OR 

incidence*[Title/Abstract]) OR prospective[Title/Abstract]) OR follow-up[Title/Abstract]) OR 

predict*[Title/Abstract]) OR prognos*[Title/Abstract]) OR case-control[Title/Abstract]) OR 

cross-sectional[Title/Abstract]) OR intervention*[Title/Abstract]) OR 

randomized*[Title/Abstract]) OR clinical trial*[Title/Abstract]) OR 

observational[Title/Abstract] 
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Supplemental Table 2: Literature search by Embase (Exclusive of Medline) 

Ex
po

su
re

 

((diet* OR intake* OR consumption* OR consumed* OR food* OR nutrition* OR 'energy 

percentage' OR 'percentage of energy' OR 'caloric percentage' OR 'percentage of calories') adj6 

(protein* OR macronutrient*)).ab,ti 

O
ut

co
m

es
 'non insulin dependent diabetes mellitus'.de. or diabetes.ab,ti. 

Li
m

it 

'Epidemiology'.de.  OR 'clinical trial'.de.  OR (cohort* or incident* or incidence* or prospective 

or follow-up or predict* or prognos* or case-control or cross-sectional or intervention* or 

randomized* or clinical trial* or observational).ab,ti. 
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Supplemental Table 3: Reason for exclusion of retrieved articles 

 References  Reason for exclusion 

Abidoye, R. O., Izunwa, R. D., Akinkuade, F. O., et al., 2002 Inter-relationships between lifestyle and 

diabetes mellitus, overweight/obesity and hypertension in Nigeria, Nutr Health,  16: 203-213.  

Cross-sectional study 

Wang, E. T., de Koning, L. and Kanaya, A. M., 2010 Higher protein intake is associated with diabetes risk in 

South Asian Indians: the Metabolic Syndrome and Atherosclerosis in South Asians Living in America 

(MASALA) study, J Am Coll Nutr,  29: 130-135.  

Cross-sectional study 

Bonsi, E. A. and Chibuzo, E. C., 2014 High protein intake and likely association with non-insulin dependent 

diabetes meliitus (NIDDM), Pakistan Journal of Nutrition,  13: 433-438.  

Cross-sectional study 

Wolever, T. M., Hamad, S., Gittelsohn, J., et al., 1997 Low dietary fiber and high protein intakes associated 

with newly diagnosed diabetes in a remote aboriginal community, Am J Clin Nutr,  66: 1470-1474.  

Cross-sectional study 

Pounis, G. D., Tyrovolas, S., Antonopoulou, M., et al., 2010 Long-term animal-protein consumption is 

associated with an increased prevalence of diabetes among the elderly: the Mediterranean Islands (MEDIS) 

Cross-sectional study 
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study, Diabetes Metab,  36: 484-490.  

Bao, W., Bowers, K., Tobias, D. K., et al., 2013 Prepregnancy dietary protein intake, major dietary protein 

sources, and the risk of gestational diabetes mellitus: a prospective cohort study, Diabetes Care,  36: 2001-

2008.  

Outcome is pregnancy diabetes 

Colditz, G. A., Manson, J. E., Stampfer, M. J., et al., 1992 Diet and risk of clinical diabetes in women, Am J 

Clin Nutr,  55: 1018-1023.  

Duplicate report 

Halton, T. L., Liu, S., Manson, J. E., et al., 2008 Low-carbohydrate-diet score and risk of type 2 diabetes in 

women, Am J Clin Nutr,  87: 339-346.  

Duplicate report 

de Koning, L., Fung, T. T., Liao, X., et al., 2011 Low-carbohydrate diet scores and risk of type 2 diabetes in 

men, Am J Clin Nutr,  93: 844-850.  

Duplicate report 

Bao, W., Li, S., Chavarro, J. E., et al., 2016 Low Carbohydrate-Diet Scores and Long-term Risk of 
Type 2 Diabetes Among Women With a History of Gestational Diabetes Mellitus: A Prospective 
Cohort Study, Diabetes Care,  39: 43-49.  

Duplicate report 

Alhazmi, A., Stojanovski, E., McEvoy, M., et al., 2012 Macronutrient intakes and development of 
type 2 diabetes: a systematic review and meta-analysis of cohort studies, J Am Coll Nutr,  31: 243-
258.  

Systematic review 
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No relevant outcome reported 
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Supplemental Table 4: The pooled relative risks of remaining studies by removing one study at a 
time1 

The removal study at each time Hazard Ratio or  

Odd Ratio 

Pooled Relative  

Risk of remaining studies 

I-squared for 

Heterogeneity 

test (%)2 

Total protein       

     Sluijs et al. 2010 (7) 1.18 (0.91, 1.53) 1.10 (1.05, 1.14) 12.8 

     Tinker et al. 2011 (9) 1.08 (1.05, 1.12) 1.12 (1.05, 1.18) 8.0 

     Alhazmi et al. 2013 (8) 0.88 (0.61, 1.27) 1.09 (1.06, 1.13) 4.5 

     Ericson et al. 2013 (6) 1.27 (1.08, 1.49) 1.21 (1.02, 1.43) 0.0 

     Nielen et al. 2014 (5) 1.17 (1.00, 1.38) 1.09 (1.05, 1.13) 8.6 

     Nanri et al. 2015, Men (11) 1.25 (0.80, 1.96) 1.10 (1.05, 1.14) 12.9 

     Nanri et al. 2015, Women (11) 0.98 (0.60, 1.63) 1.10 (1.06, 1.14) 14.6 

     Malik et al. 2016, NHS (12) 1.05 (0.95, 1.15) 1.11 (1.06, 1.15) 11.9 

     Malik et al. 2016, NHS II (12) 1.03 (0.92, 1.15) 1.10 (1.06, 1.14) 8.0 

     Malik et al. 2016, HPFS (12) 1.18 (1.04, 1.34) 1.08 (1.06, 1.11) 0.3 

     Shang et al. 2016 1.23 (0.96, 1.56) 1.09 (1.05, 1.13) 7.6 

Animal Protein    

     Song et al. 2004 (10) 1.44 (1.16, 1.78) 1.16 (1.09, 1.23) 4.9 

     Sluijs et al. 2010 (7) 1.14 (0.88, 1.47) 1.20 (1.11, 1.30) 36.9 

     Nielen et al. 2014 (5) 1.22 (1.06, 1.40) 1.19 (1.10, 1.30) 34.8 
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     Nanri et al. 2015, Men (11) 1.46 (0.94, 2.27) 1.19 (1.11, 1.27) 31.0 

     Nanri et al. 2015, Women (11) 1.37 (0.82, 2.28) 1.19 (1.11, 1.28) 35.0 

     Malik et al. 2016, NHS (12) 1.08 (0.99, 1.19) 1.22 (1.15, 1.29) 0.0 

     Malik et al. 2016, NHS II (12) 1.11 (0.98, 1.25) 1.22 (1.12, 1.32) 32.2 

     Malik et al. 2016, HPFS (12) 1.27 (1.11, 1.46) 1.18 (1.09, 1.27) 25.9 

     Shang et al. 2016 1.29 (0.99, 1.67) 1.19 (1.10, 1.28) 33.9 

Plant protein    

     Song et al. 2004 (10) 0.91 (0.73, 1.14) 0.96 (0.89, 1.04) 21.3 

     Sluijs et al. 2010 (7) 1.15 (0.88, 1.50) 0.93 (0.88, 0.99) 0.0 

     Nielen et al. 2014 (5) 1.22 (0.98, 1.52) 0.92 (0.87, 0.99) 0.0 

     Nanri et al. 2015, Men (11) 0.88 (0.60, 1.30) 0.96 (0.89, 1.03) 21.1 

     Nanri et al. 2015, Women (11) 0.91 (0.61, 1.35) 0.95 (0.88, 1.03) 22.0 

     Malik et al. 2016, NHS (12) 0.91 (0.82, 1.02) 0.97 (0.89, 1.06) 15.7 

     Malik et al. 2016, NHS II (12) 0.90 (0.79, 1.04) 0.97 (0.89, 1.05) 16.3 

     Malik et al. 2016, HPFS (12) 0.91 (0.77, 1.07) 0.96 (0.89, 1.04) 20.5 

     Shang et al. 2016 1.02 (0.73, 1.42) 0.95 (0.88, 1.02) 20.4 

1HPFS, the Health Professionals Follow-Up Study; NHS, the Nurses’ Health Study; NHS II, the 

Nurses’ Health Study II.  
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Supplemental Table 5: Comparison of baseline characteristics between participants 

who returned at follow-up and those who lost to follow-up.   

  Participants who 

returned at follow-up 

(n=28,240) 

  Participants who lost 

to follow-up 

(n=13,274) 

P 

value 

Age (years) 54.5 ± 0.11  57.2 ± 0.1 <0.001 

Gender, n (%)    <0.001 

     Female 17,138 (61)  7,331 (55)  

     Male 11,102 (39)  5,943 (45)  

Country of birth, n (%)    <0.001 

     Australia/New Zealand 20,788 (74)  7,731 (58)  

     Greece 2,142 (8)  2,384 (18)  

     Italy 3,162 (11)  2,268 (17)  

    UK/Malta 2,148 (8)  891 (7)  

Socio-economic status, n (%)    <0.001 

     Missing 84 (0.3)  53 (0.4)  

     1st Quintile 3,707 (13)  2,376 (18)  

     2nd Quintile 5,260 (19)  3,360 (25)  

     3rd Quintile 5,041 (18)  2,627 (20)  

     4th Quintile 6,085 (22)  2,362 (18)  
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     5th Quintile 8,063 (29)  2,496 (19)  

Smoking, n (%)    <0.001 

    Current 2,579 (9)  2,109 (16)  

    Former 8,748 (31)  4,249 (32)  

    Never 16,910 (60)  6,909 (52)  

Physical activity score, n (%)    <0.001 

     0 5,822 (21)  3,401 (26)  

    1-3 5,728 (20)  2,598 (20)  

    4 or 5 9,826 (35)  4,950 (37)  

    ≥6 6,862 (24)  2,318 (17)  

Alcohol intake, n (%)     <0.001 

     0 g (male and female) 8,404 (30)  5,130 (39)  

     1-39 g (male), 1-19 g (female) 16,046 (57)  6,469 (49)  

     40-59 g (male), 20-39 g (female) 2,614 (9.3)  985 (7.4)  

     ≥60 g (male), ≥40 g (female) 1,167 (4.1)  660 (5.0)  

Dietary energy (kj/day) 9359 ± 22  9154 ± 33 <0.001 

Fibre (g/day) 31.5 ± 0.1  30.4 ± 0.1 <0.001 

Protein sources (% energy)     

   Total 18.07 ± 0.02  18.52 ± 0.03 <0.001 
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   Animal 11.49 ± 0.02  12.02 ± 0.03 <0.001 

   Plant 6.58 ± 0.01  6.50 ± 0.01 <0.001 

Body mass index (kg/m2) 26.6 ± 0  27.6 ± 0 <0.001 

Waist circumference (cm) 84.4 ± 0.1  88.0 ± 0.1 <0.001 

Diastolic blood pressure (mmHg) 75.6 ± 0.1  77.7 ± 0.1 <0.001 

Systolic blood pressure (mmHg) 135.2 ± 0.1  140.8 ± 0.2 <0.001 

Plasma total cholesterol (mmol/L) 5.48 ± 0.01   5.64 ± 0.01 <0.001 

1Age and gender adjusted means ± standard errors (all such values). Chi-square test was used to test 

the differences of categorical variables between genders; multiple linear regression models were 

performed to test the differences of continuous variables between participants who returned at 

follow-up and those who were lost to follow-up. 
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Supplemental Figure 1: Flowchart of participant selection from the Melbourne Collaborative Cohort 

Study for the analysis in this study. 

 

CVD, cardiovascular disease; FFQ, Food Frequency Questionnarie. 

 

  

41,514 participants were enrolled 
from original cohort 

28,240 participants returned at 
follow-up 

13,274 participants did not 
return at follow-up 

27,777 participants had 
complete diet data 

22,825 participants did not report 
a diagnosis of CVD, cancer, or 

kidney stones 

21,523 participants were 
included in the main analysis 

463 participants did not have complete diet data at baseline 

     12 had one or more blanks on the FFQ 

                

4,952 participants reported a diagnosis of CVD, cancer, or kidney 
stones at baseline 

     808 were angina 

     281 were myocardial infraction 

     184 were stroke 

1,302 participants reported a diagnosis of diabetes or had high 
plasma glucose 

     1,055 reported a diagnosis of diabetes 
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Supplemental Figure 2: Funnel plot for the meta-analysis of the association between total protein 

intake and incidence of type 2 diabetes 

 

Tests for publication bias: Begg’s test, P=0.94; Egger’s test, P=0.32 
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Supplemental Figure 3: Funnel plot for the meta-analysis of the association between animal protein 

intake and incidence of type 2 diabetes 

 

Tests for publication bias: Begg’s test, P=0.35; Egger’s test, P=0.042 
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Supplemental Figure 4: Funnel plot for the meta-analysis of the association between plant protein 

intake and incidence of type 2 diabetes 

 

Tests for publication bias: Begg’s test, P=0.18; Egger’s test, P=0.28 
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Appendix C2: Letters to the Editor-Reply to G-C Chen et al. 

  



 
 

269 
 

Appendix D: Unrelated research published during PhD candidature (417) 

 

  



 
 

270 
 

 

  



 
 

271 
 

 

  



 
 

272 
 

 

  



 
 

273 
 

 

  



 
 

274 
 

 

  



 
 

275 
 

 

  



 
 

276 
 

 

  



 
 

277 
 

 

  



 
 

278 
 

 

 


