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global VO2, physical activity levels, and local muscle tissue hemodynamics in 

individuals 60 years of age or older.  

4.3 Methods 

4.3.1 Participants 

Retrospective analyses were based on participants enrolled in the double-

blinded randomized, placebo-controlled trial. Both females and males, 60 years 

of age or older, were recruited through word of mouth and local advertisements. 

Exclusion criteria included history of myopathy and rhabdomyolysis, uncontrolled 

hypertension, positive smoking status, inflammatory bowel disease, diabetes, 

primary hyperparathyroidism, renal disease, or a measured BMI of <18.5 or 

>34kg/m2. In addition, individuals with lower extremity injury or surgery 3 months 

prior to study enrollment were excluded. Participants with a vitamin D (25(OH)D) 

status of ≤32ng/mL and asymptomatic findings from the GXT were enrolled and 

randomized to one of four study arms. The institutional review board approved 

the study and written consent was obtained prior to study measures. 

4.3.2 Study Design 

Participants 60 years or older with vitamin D insufficiency (25(OH)D 

<32ng/mL) were randomized to a 13 week double-blinded, four group design 

intervention. Vitamin D3 (10,000IU x 5d/wk) or placebo was provided for 12 

consecutive weeks. After the initial 12wk period, one additional week (7 

consecutive days) with or without aerobic training was completed by both the 

placebo and vitamin D supplementation groups (Figure 4.1). Screening visits 

consisted of a blood draw to assess vitamin D status and a GXT to assess for 
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any contraindication to study enrollment. Baseline measures (week 0) consisted 

of anthropometry (height, weight, waist circumference) and PASE questionnaire. 

At baseline and endpoint (week 13) participants completed MRI to assess 

muscle lipid depots and NIRS/DCS measures during a foot plantar flexion 

exercise to assess gastrocnemius’ hemodynamics. Accelerometry wear and 

dietary recalls were completed at baseline, midpoint (week 7) and endpoint.  

4.3.3 Statistical Analysis 

Data were analyzed using IBM’s Statistical Package for the Social 

Sciences (SPSS, version 22.0) and included descriptive statistics, independent t-

test, analysis of variance (ANOVA), repeated measures analysis of variance 

(RMANOVA), Person correlations, and linear regression. Independent t-test was 

used to compare differences between participant characteristics. A RMANOVA 

was employed to examine differences in dietary intake, physical activity levels, 

and muscle lipid depots over time. Pearson correlation was used to assess the 

relationship between 2 continuous variables. Stepwise linear regression was 

employed to investigate the predictors of IMCL. Mean and SD were reported as 

mean±SD and statistical significance was defined as p≤0.05.   

4.4 Results 

4.4.1 Participant Characteristics  

This retrospective study included a total of 24 adults between the ages of 

60 and 79. Baseline subject characteristics, age, BMI, and waist circumference 

are described in Table 4.1. Participants’ educational attainment ranged from a 

General Education Development (GED) to a doctoral degree and income range 



128 

was between $11,500 and $210,000. BMI, weight, and waist circumference did 

not significantly differ from baseline to endpoint in the total sample or among sex 

groups.   

4.4.2 Muscle Lipid Depots Characteristics 

IMCL and EMCL measures over time (baseline to endpoint) were not 

statistically different (Table 4.2). IMCL was positively correlated with age 

(p=0.009) (Figure 4.2). IMCL did not differ between normal weight individuals and 

those with a BMI>25kg/m2 at baseline. When compared with normal weight 

individuals, EMCL was greater in individuals with a BMI≥25kg/m2 at baseline 

(p=0.006) (Figure 4.3 (A)). At baseline, EMCL was positively correlated with BMI 

(p=0.001) (Figure 4.3 (B)) and waist circumference (p<0.035) (Figure 4.3 (C)). 

Baseline BMI was the best predictor of EMCL (p=0.002) independent of age or 

time spent in moderate physical activity (Table 4.3). IMCL and EMCL were not 

different between the 4 study groups at baseline.   

4.4.3 Dietary Intake and Muscle Lipid Depots 

Dietary intake including total energy (kcal), fat (g), carbohydrate (g), 

protein (g) were not different between the 3 study time points (baseline, midpoint, 

and endpoint) or by study groups. Total and percent energy, fat, and 

carbohydrate intake are described in Table 4.4. Total and percent dietary fat 

intake is described in Table 4.5. Males had a greater intake of total SFA 

(p=0.008), PUFA (p=0.009), and MUFA (p=0.02) compared with females (Table 

4.5). However, there were no differences in percent intake of dietary fats 

between sexes. EMCL at baseline was positively correlated with percent calories 



129 

from fat, which can be primarily attributed to SFA, as SFA was the only dietary 

variable positively associated with EMCL (Figure 4.5). Although SFA was 

positively correlated with EMCL, BMI remained the best predictor of EMCL 

(Table 4.6). 

PUFA to SFA ratio negatively correlated with endpoint IMCL (p=0.029). 

IMCL content decreased in individuals that consumed a higher PUFA relative to 

SFA diet (Figure 4.6). Endpoint 25(OH)D concentrations were not associated 

with endpoint IMCL measures. A stepwise linear regression was employed 

indicating that aerobic training and PUFA:SFA ratio were the only significant 

predictors of IMCL (Table 4.6).  

4.4.4 Physical Activity and Local Muscle Tissue Hemodynamics 

During NIRS/DCS measures one participant was not compliant with 

procedures because the participants continuously moved their leg throughout 

testing and completed less than 30 seconds of the 3 minute arterial occlusion 

protocol. Due to lack of compliance, the participant’s data was 1.5 times greater 

than the interquartile range, and thus the participant was removed from 

NIRS/DCS analysis. We observed no correlation between hemodynamic 

measures and subject characteristics, age and BMI. There were no NIRS/DCS 

measurement differences between males and females. Neither time spent in 

moderate activity nor total activity were related with local tissue hemodynamics. 

Further global of aerobic capacity, as measured during GXT, did not correlate 

with local muscle tissue hemodynamics. PASE questionnaire scores were 

negatively correlated with rVO2 during plantar flexion (p=0.048), 1 minute after 
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(p=0.05), and at full recovery (p=0.05) (Figure 4.7 A-C). A lower rBF was also 

observed with greater PASE scores 1 minute after plantar flexion exercise 

(p=0.059) and at full recovery (p=0.083).  

4.5 Discussion 

The aim of the study was to examine the relationship between dietary fat 

intake and muscle lipid depots (IMCL and EMCL). In addition, we examined the 

relationship between aerobic capacity, physical activity levels, and local muscle 

tissue hemodynamics in healthy older adults enrolled in a randomized controlled 

trial. Our primary finding was that a greater dietary SFA intake was positively 

correlated with EMCL and a healthier dietary fat intake ratio (PUFA:SFA) was 

negatively correlated with IMCL. Past studies examined the effects of short- and 

long-term dietary interventions on muscle lipid depots. The novelty of this study 

was that we examined the relationship between muscle lipid depots and daily 

eating habits in a generally healthy older cohort. Further, in individuals that 

reported higher activity levels, we observed lower gastrocnemius rBF and rVO2 

during and after a plantar flexion exercise. These data suggest that a higher 

PUFA:SFA diet is related with lower IMCL and potentially greater physical activity 

levels may relate with local tissue hemodynamics.  

 We provide further evidence for age-associated increases in IMCL 

content. Crane et al. [149] observed that older adults had higher IMCL content 

and greater lipid droplet size along with a reduced number of muscle 

mitochondria. Haus et al. [74] observed that older insulin resistant obese men 

that engaged in a short exercise intervention (7 consecutive day of aerobic 
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training) had increased IMCL and improved insulin sensitivity; however, 

mitochondrial changes were not investigated. In addition to increased IMCL 

content, improved mitochondrial oxidative capacity was seen in older adults 

engaged in a longer (16wk) exercise regimen [77]. As a result of exercise 

training, higher IMCL content was associated with insulin sensitivity [77]. 

Therefore, the importance of IMCL content is closely linked to the mitochondria’s 

ability to metabolize lipid when needed, such as in time of exercise.  

 Both physical activity and dietary intake are modifiable lifestyle factors that 

play a vital role in muscle health. Our participants’ dietary habits met the 

Recommended Dietary Allowance (RDA) for percent caloric intake of 

carbohydrate (45-65%), fat (20-35%), and protein (10-35%) [150]. On average, 

females met the recommendations for SFA intake (≤10% from total calories), 

while males consumed slightly more than the recommended amount (12%). 

There are no current recommendations for unsaturated fatty acid intake, but it is 

widely accepted that to reduce the risk of diseases, such as cardiovascular 

disease or diabetes, reducing SFA to <10% of calories per day and replacing 

SFA with unsaturated fatty acids is necessary [151]. 

 Adipose tissue is the primary site of storage for excess caloric intake [30, 

88]. During aging, a redistribution of fat depots occurs even if total body fat is 

maintained [90]. Characteristically with aging, fat infiltrates various tissues such 

skeletal muscle as fat storage sites change from the less deleterious 

subcutaneous fat to visceral fat [30]. We observed a positive correlation between 

increased SFA intake and EMCL. Although we observed that a higher dietary fat 
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intake was related with increased EMCL, BMI remained the best predictor of 

EMCL. In combination with previous data, our findings further support that 

greater BMI is the major contributor to increased EMCL and that an overall 

healthy lifestyle is necessary to maintain muscle health. Future studies should 

focus to examine if weight loss can reduce EMCL. 

We also observed that PUFA:SFA ratio intake was negatively correlated 

with IMCL content. Since our findings were observed at endpoint we further 

examine if the diet fat ratio or the study intervention was the best predictor of this 

relationship. We observed that the best predictors of IMCL were both PUFA:SFA 

ratio and aerobic training. Although our retrospective analysis was not able to 

assess lipid turnover or mitochondrial oxidation, previous studies have shown 

that a higher unsaturated fatty acid diet and exercise led to lower dietary fat 

uptake by the muscle [84, 88, 89]. Jans et al. [89] suggested that these 

observations may be due to the chylomicrons rich in PUFA and MUFA that were 

more readily removed from the circulation by hepatic lipase instead of lipoprotein 

lipase. The authors suggest that post-PUFA meal an improvement in 

postprandial insulin sensitivity occurs compared with SFA, which would 

decreases fatty acid uptake by the muscle. Lower muscle lipid uptake 

accompanied by greater removal of the chylomicrons from the circulation would 

potentially lead to a reduction in muscle fat accumulation and an increase in 

muscle lipid turnover. Further, animal studies suggest that the type of fatty acids 

consumed exert influence on the processing of the lipids during beta-oxidation. 

Due to their chemical structure, unsaturated fatty acids seem to be preferentially 
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oxidized over SFA [88]. Unsaturated fatty acids contain one or more double 

bonds, whereas SFA do not contain double bonds. Double bonds are more 

reactive and easily susceptible to modifications. These chemical structural 

differences lead to unsaturated fatty acids’ preferential oxidation, which in turn 

may lead to greater muscle lipid turnover and overall improved muscle health. 

This was further seen in normal weight individuals who had a greater degree of 

unsaturation compared with those in a higher BMI category [84]. Synthesis of 

unsaturated fatty acids through desaturation of SFA was decreased in 

overweight and obese individuals. The reduced degree of unsaturation in 

overweight and obese individuals may be involved in increased lipid peroxidation 

and damage to the myocytes. Combining our retrospective findings with previous 

studies, these data suggest that maintaining a healthy diet, in particular partially 

replacing SFA with healthier fats (PUFAs and MUFAs), may play a beneficial role 

in muscle health.  

Higher levels of physical activity are important to preserve muscle health 

and function. We examined the relationship between gastrocnemius 

hemodynamics during a foot plantar flexion exercise with physical activity levels 

measured by accelerometry and PASE questionnaire and global oxygen 

consumption measured during a GXT. Although participants moderate physical 

activity levels, measured by accelerometry wear, ranged from 20min/d to 

108min/d, the majority (82%) of the participants met the CDC’s guideline for 

moderate physical activity [125]. Further, accelerometry vector magnitude 

counts, a continues variable was examined, but was not related with local muscle 
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tissue metabolism. The lack of variance in physical activity could have precluded 

our ability to detect a relationship between low and high moderate physical 

activity levels and local muscle tissue hemodynamics.  

In addition, we examined the relationship between peak VO2, measured 

by GXT, and local tissue hemodynamics. Peak VO2 measures provide 

information about cardiovascular health and in our sample we had a large 

distribution (15-50mL/kg/min), of which 45.8% of participants had poor to fair 

cardiovascular fitness. Global oxygen consumption impairments are not always 

apparent and the need to examine microvascular changes is necessary because 

it can provide more nuanced assessment of physiological changes associated 

with aging [152]. Marengi et al. [153] observed that younger adults a tight 

correlation between global and local VO2 exists. The authors simultaneously 

measured local VO2 of the vastus lateralis and global VO2 during a graded cycle 

ergometry test performed until volitional fatigue. The discrepancy between our 

findings may be attributed to multiple factors. We did not complete global and 

local VO2 measures simultaneously. Our global VO2 measures taken during a 

graded treadmill exercise test and local gastrocnemius VO2 measures were 

completed during a plantar flexion exercise. Participants were also instructed to 

continue the GXT until volitional fatigue, but the foot plantar flexion protocol was 

set to 75 repetitions, in which participants may not have reached exhaustion. 

Therefore, it was not surprising that we did not observe a relationship between 

peak VO2 and local VO2 as measured by NIRS/DCS.   
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Based on PASE questionnaire findings, we observed that individuals that 

reported engaging in more physical activity had lower rVO2 during, immediately 

after, and at full recovery of the foot plantar flexion exercise. In individuals that 

were more active, muscles may be more adapt to increases in demand; 

therefore, during periods of stress the relative increase in BF and VO2 was lower 

during and after exercise compared with less active individuals. We observed 

that physical activity was the best predictor of rVO2 independent of BMI and age. 

Although the significance of our findings was that greater physical activity levels 

in older adults may be helpful in preventing microvascular dysfunction that occurs 

with aging, these results should be interpreted conservatively.  

There are multiple limitations to our findings. First, only PASE 

questionnaire was correlated with local muscle tissue oxygen consumption and 

blood flow. The PASE questionnaire is a reliable and valid assessment of 

physical activity in older adults; however accelerometry is a better measure. As 

accelerometry data did not correlate with local muscle tissue metabolism the 

relationship between physical activity and local muscle tissue still remains 

unclear. Future studies should aim to further the understand of how physical 

activity, not exercise, may contribute to local muscle oxygen use and impact 

overall heath. Our findings show a relationship between aerobic training, 

favorable dietary fat intake and lower IMCL. However, the impact of these 

relationships on overall health warrants further investigations.   
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Figure 4.1 Study Design 

 The randomized double-blinded placebo-controlled trial consisted of 4 

arms. Vitamin D insufficient (25(OH)D≤32ng/mL) 60 years of age or older 

individuals were recruited to participant in the 13 week trial. Participants were 

randomized to one of four groups 1) vitamin D supplementation + aerobic 

training, 2) vitamin D supplementation + no aerobic training, 3) placebo + aerobic 

training, 4) placebo + no aerobic training. 
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Table 4.1 Subject Characteristics, Mean±SD   

 
Female 
(n= 12) 

Male 
(n= 12) 

Total 
(n=24) 

Age (years) 68.8±6 65.6±4 67.2±5 
Height (cm) 164.6±5* 177.8±6* 171.2±9 
Weight (kg) 66.4±12* 83.4±14* 74.9±15 
BMI (kg/m2) 24.5±4 26.2±3 25.3±4 
Waist Circumference (cm) 82.9±14* 96.4±11* 89.6±14 
Ethnicity    
White 12 11 23 
African American 0 1 1 
SES (n=24)    
High School Graduate or GED 2 2 4 
Some College, No Degree 0 1 1 
Associates Degree 1 0 1 
Bachelor's Degree 4 2 6 
Master's Degree 2 4 6 
Doctoral Degree 3 3 6 
Income ($; n=21)    
<35,000 2 1 3 
35,000 ≤ 50,000 2 0 2 
50,000 ≤ 100,000 5 4 9 
100,000 ≤ 150,000 1 4 5 
>150000 1 1 2 
*Significant differences between females and males (p<0.05) 
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Table 4.2 EMCL and IMCL Characteristics  

Muscle Lipid Depots Females 
(n=12) 

Males 
(n=12) 

Total 
(n=24) 

IMCL Baseline (au) 0.44±0.28 0.38±0.2 0.41±0.24 

IMCL Endpoint (au) 0.37±0.24 0.34±0.22 0.35±0.22 

EMCL Baseline (%) 26.2±6 26±4 26.1±5 

EMCL Endpoint (%) 25.9±5 25±5 25.4±5 
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Figure 4.3 The relationship between EMCL, BMI, and waist circumference  

EMCL content was statistically lower in normal weight vs. 

overweight+obese individuals at baseline and at end study (A). EMCL was 

positively correlated with BMI (B) and waist circumference (C).   
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Table 4.3 Variables that predict EMCL 

Predictor Variable  Estimate (Standardized 
Coefficients (Beta)) p-value 

Moderate Physical Activity 0.055 0.774 
Age -0.048 0.962 
BMI 0.652 0.002 
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Table 4.3 Variables that predict EMCL 

 Age and time spend in moderate activity were not significant predictors of 

EMCL content. Higher BMI levels were a significant predictor of greater EMCL 

content. 
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Table 4.4 Dietary intake between sexes, mean±SD 

 

 Female (n=12) Male (n=12) Total (n=24) 

Energy (kcal) 1510±353* 2055±736* 1782.7±630 

Fat (g) 56.7±19* 82.6±31* 69.7±28 

% Calories from Fat 32±4 34.9±5 33.5±5 

Carbohydrate (g) 185.7±42 245.2±94 215.5±78 

% Calories from 
Carbohydrate  

48.2±6 46.9±7 47.6±7 

Protein (g) 65.1±16 77.3±27 71.2±23 

% Calories from 
Protein 

17.7±4 15.3±3 16.5±4 

*Significant differences between females and males (p<0.05) 
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Table 4.5 Dietary fat intake between sexes, mean±SD 

 Female (n=12) Male (n=12) Total (n=24) 

SFA (g) 18.4±7* 27.7±11* 23±10 

% Calories from SFA 10.3±2 11.8±2 11.1±2 

PUFA (g) 12.9±4* 19.6±9* 16.3  8 

% Calories PUFA  7.3±1 8±2 7.7±2 

MUFA (g) 20.6±7* 28.5±10* 24.6±9 

% Calories MUFA 11.6±2 12.2±2 11.9±2 

PUFA to SFA ratio 0.84±0.3 0.78±0.2 0.81±0.2 

* Significant differences between females and males (p<0.05) 
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Figure 4.4 Relationship between percent calories from fat and EMCL 

 A positive linear relationship was observed between intake of percent 

calories from total fat (A) and saturated fat (B) and EMCL. Individuals with a 

higher consumption saturated and total fat had greater EMCL content.  
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Table 4.6 Variables that predictors of EMCL when adjusting for SFA intake 

Predictor Variable  Estimate (Standardized 
Coefficients (Beta)) p-value 

Moderate Physical Activity 0.033 0.863 
Age -0.043 0.820 
BMI 0.562 0.009 
% calories from SFA 0.234 0.235 
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Table 4.6 Variables that predictors of EMCL when adjusting for SFA intake 

Age, SFA, and time spend in moderate physical activity were not 

significant predictors of EMCL content. Higher BMI levels were a significant 

predictor of greater EMCL content. 
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Figure 4.5 Relationship between PUFA to SFA Ratio and IMCL  

 A negative linear relationship was observed between an average intake of 

PUFA to SFA and endpoint IMCL measures. Individuals with a higher 

consumption of PUFA relative to SFA intake had lower IMCL content.  
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Table 4.7 Variables that predict IMCL 

Predictor Variable  Estimate (Standardized 
Coefficients (Beta)) p-value 

Aerobic Training -0.383 0.046 
PUFA:SFA ratio  -0.484 0.014 
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Table 4.7 Variables that predict IMCL 

The stepwise linear regression indicated that aerobic training and greater 

intake of PUFA:SFA significantly predict IMCL content.  
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Figure 4.6 Relationship between PASE questionnaire and local muscle 

hemodynamics 

 A significant negative linear relationship was observed between PASE 

questionnaire scores and rVO2 during (A), 1 minute after (B), and at full recovery 

(C) of the plantar flexion exercise.   
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Chapter 5: General Discussion 

5.1 Discussion 

During the aging process muscle strength and function decline, but 

modifiable lifestyle factors can play a key role in alleviating muscle dysfunction. 

Additionally, age-associated muscle lipid depot changes can negatively affect 

muscle health and function. Higher EMCL content has been associated with 

reduced muscle strength and function in older adults [30, 55]. Likewise, higher 

IMCL content in combination with low IMCL turnover has been linked to greater 

insulin resistance [141]. Dietary intake, vitamin D status, and exercise have been 

associated with muscle lipid depots. Previous work has observed an inverse 

relationship between 25(OH)D concentrations and EMCL [55, 86] and our lab 

has observed a positive linear relationship between 25(OH)D concentrations and 

IMCL in healthy older adults [59]. For our first objective, we examined the 

relationship between muscle lipid depots, vitamin D status, and physical function. 

No significant relationship between 25(OH)D concentrations and IMCL content 

was observed; however, in accordance with previous studies [55, 86] a 

significant negative relationship between EMCL content and 25(OH)D 

concentrations was noted. Further in females, lower EMCL content and higher 

25(OH)D concentrations were significant predictors of faster FSST times 

independent of age and BMI. These observational data suggest that maintaining 

higher vitamin D status may play a role in lowering EMCL and positively 

impacting physical function.  
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Exercise can positively influence overall muscle health by lowering EMCL 

content and increasing IMCL turnover [30, 141]. Previous studies have observed 

muscle lipid depots changes in younger and older adults enrolled in an exercise 

intervention [44, 74, 77, 95]. However, we aimed to examine the relationship 

between daily physical activity levels and muscle lipid depots. We used multiple 

methods to measure physical activity levels and no relationship was observed 

between physical activity and muscle lipid depots. These results may suggest 

that increased daily physical activity alone may not be enough to contribute to 

healthful alteration in muscle lipid depots. Higher-intensity, structured exercise 

regimens may be necessary to alter muscle lipid depots. However, the 

relationship between physical activity and muscle lipid depots warrants further 

investigation, as our sample was relatively small and lacked variance in physical 

activity levels.   

Similar to vitamin D and physical activity, BMI is another modifiable 

lifestyle factor that can influence muscle lipid depots. Previous studies observed 

a relationship between higher BMI categories and greater IMCL and EMCL 

content [79, 84]. Also, greater BMI has been associated with lower vitamin D 

status [39, 43]. We further assessed these relationships in a cohort of adults 60 

years of age or older. Although our findings were not significant, we observed 

increases in muscle lipid depots with increases in BMI category. We observed 

lower vitamin D status in higher BMI categories and a significant negative 

correlation between 25(OH)D concentrations and central adiposity measured by 

waist circumference. We observed a positive relationship between EMCL and 
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BMI in the cohort enrolled in the randomized double-blinded placebo-controlled 

trial. BMI was also a significant predictor of EMCL when adjusting for physical 

activity levels and age. Together these data suggest that without exercise, higher 

BMI and central adiposity, relate to muscle lipid depots accumulation and may 

potentially leave higher BMI individuals more susceptible to lower vitamin D 

status.  

In addition to the aforementioned modifiable lifestyle factors, dietary intake 

can influence muscle lipid depots. We retrospectively analyzed the relationship 

between dietary intake and muscle lipid depots in participants enrolled in a 

double-blinded randomized controlled-trial. Ectopic fat accumulation was 

observed in skeletal muscle of individuals with an overweight or obese BMI 

classification [30]. In addition, changes in fat distribution, independent of body 

weight and waist circumference, occur with aging with increased fat deposition 

seen in the skeletal muscle [154]. Increases in fat storage, decline in 

mitochondria content and function, and poor capacity for oxidative metabolism 

leaves older adults susceptible to increased EMCL content and stagnant IMCL 

content [72, 74, 77].  

Adding to previous findings [30], we observed a positive relationship 

between increased EMCL and dietary fat intake. Also for the first time to our 

knowledge, a relationship between increased PUFA:SFA dietary intake and 

decreased IMCL was observed. Further, the aerobic training program and 

increased dietary intake of PUFA:SFA were the best predictors of IMCL. Both 

human and animal dietary intervention trials have observed a relationship 
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between greater unsaturated fatty acids and higher IMCL turnover [84, 88, 89]. 

Combining our data with previous findings, these results may suggest that 

individuals that consume a higher unsaturated fatty acid diet in combination with 

aerobic exercise, may have lower lipid accumulation potentially due to greater 

lipid turnover.  

We did not assess lipid turnover, but we used NIRS/DCS measures to 

monitor microvascular hemodynamic changes during a foot plantar flexion 

exercise this provided us with an index to monitor local muscle tissue 

hemodynamics. Individuals that reported engaging in more physical activity had 

lower rBF and rVO2 during and after the foot plantar flexion exercise. These 

findings may due to active individuals being more acclimated to increases in 

muscle demand and therefore having a relatively lower hemodynamic response 

compared with less active individuals. This would suggest that greater physical 

activity levels and not necessarily exercise may help to prevent microvascular 

dysfunction that occurs naturally with aging. 

5.2 Limitations 

A major limitation of this dissertation was the nature of a retrospective 

study analysis. A retrospective study uses data that has previously been 

documented and may not be related to the research aims [155]. The first specific 

aim, used combined datasets from 3 different trials. Participants were recruited 

over a 4 year period and completed varied study measures. Incomplete data was 

inevitable, as waist circumference, DXA, CT, and FSST measures were not 

completed for each individual trial. Also, physical activity levels were difficult to 
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compare across the total sample as diverse assessment methods were 

implemented to measure physical activity levels. Physical activity levels were 

measured either by using a physical activity questionnaire, accelerometry wear, 

or PASE questionnaire. Although the physical activity questionnaire inquired 

about frequency, duration, and intensity of exercise the nature of an open-ended 

question may have led to varied subjective responses. For example, one 

question inquired if participants exercised and if so to provide additional detail. 

This type of open-ended question allowed for individuals’ to subjectively 

determine whether their activities constituted as exercise or physical activities of 

daily living.  

A major limitation in both aims was that the data was underpowered for 

some variables due to the small sample size. Between both aims and generally 

among the literature racial diversity is lacking. Our study participants were 

primarily White and since genetic factors may play a role in the interpretation of 

vitamin D status there is a need to investigate these relationships in all races. 

Further, currently no gold standard exists for the analysis and reporting of IMCL 

and EMCL, therefore muscle lipid depots can be difficult to review across studies. 

5.3 Significance and Implications 

The findings from both aims support previous literature and provide new 

information about the relationship between modifiable lifestyle factors and muscle 

lipid depots in older adults. First, we were able to provide further evidence for the 

associations between 25(OH)D concentrations, EMCL, and physical function. 

Although not significant, similar to previous findings we observed a relationship 
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between increased muscle lipid depots and BMI categories. Decreased 25(OH)D 

concentrations in higher BMI categories provide further evidence to the 

established relationship. In both animal and human models, studies have 

focused on dietary fat interventions with varied fat composition and study 

duration. The novelty of our findings was that we examined the relationship 

between muscle lipid and daily dietary habits. Even without any supplemental 

dietary intervention, we observed that higher IMCL was related with increased 

daily intake of PUFA:SFA. In combination, a higher daily unsaturated fatty acid 

diet and exercise were significant predictors of IMCL content, which was 

consistent with previous work that examined dietary and exercise interventions 

on IMCL turnover.  

With observational retrospective data, we were able to provide information 

about the relationships between our variables. Future intervention trials are 

needed to examine the cause and effect between modifiable lifestyle factors and 

muscle lipid depots in older adults. Further, both animal and human studies need 

to focus on identifying mechanisms related to how modifiable lifestyles factors 

may cause favorable lipid changes (EMCL decreases and increased IMCL 

turnover). 

5.4 Future Directions 

The findings from our study demonstrate that modifiable lifestyles factors 

relate with age-associated alterations in muscle lipid depots. However, as our 

results were observational in nature, future studies should consider a more 

robust study design aimed to examine the effect of lifestyles factors on 
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deleterious muscle lipid accumulation. Further, studies should be appropriately 

powered and include both females and males of varied age and diverse races.   

The discrepancy between our previous work [59] and our current findings 

regarding IMCL and 25(OH)D concentrations warrant further investigation. Future 

studies should examine the effect of vitamin D supplementation in vitamin D 

deficient older adults on muscle lipid depots changes and physical function. Due 

to the dynamic nature of IMCL, it is important to measure muscle lipid turnover 

and mitochondrial function as well as IMCL quantity. Further, multiple physical 

function measures should be completed in order to provide a comprehensive 

approach to assess muscle strength and performance. It is also important to 

discern between daily physical activity and structured exercise and the role 

physical activity may play on age-associated muscle lipid depots. Less active 

older populations may be more receptive and compliant to meeting physical 

activity goals compared with initiating and maintaining a rigorous exercise 

regimen. Therefore, the effect of physical activity on muscle lipid depots needs to 

be further investigated. 

Dietary intake should also be considered when assessing muscle lipid 

depots. Unsaturated fatty acids seem to have a favorable effect on muscle lipid 

depots and turnover; however human dietary fat interventions are necessary to 

examine the effect of a high unsaturated fatty acid diet on muscle lipid depot 

changes and overall health. Finally, with aging microvascular changes were 

observed and future studies should incorporate novel techniques, such as 

NIRS/DCS, to assess the effect of modifiable lifestyle factors on local muscle 
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tissue changes. Taken together, our findings show that modifiable lifestyles 

factors (BMI, vitamin status, physical activity, and dietary fat intake) relate with 

muscle lipid metabolism and may contribute to overall health and quality of life in 

older adults. 
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Appendices 

A.1 MRI Screening Form for Participants 
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A.2 NIRS/DCS formulas 

NIRS for oxygenation measurement: 

Total hemoglobin concentrations [tHb]: [tHb] = [HbO2] + [Hb] 

Tissue blood oxygen saturation (StO2): StO2 = 100% x ([HbO2]/[tHb]) 

DCS for blood flow measurement: 

Relative blood flow (rBF): rBF = (BFI)/(BFIbaseline) 

Hybrid NIRS/DCS measurement: 

(1) VO2 = BF x ([O2]a – [O2]v) 

(2) OEF = ([O2]a – [O2]v)/[O2]a 

(3) combining equation (1) and (2): VO2 = OEF x BF x ([O2]a) 

(4) relative change (rVO2, rOEF, rBF, (r[O2]a)) can be determined by dividing the 
baseline value: rVO2 = rOEF x rBF x (r[O2]a) 

(5) assuming [O2]a is constant: rVO2 = rOEF x rBF  

(6) OEF = (SaO2 – StO2)/(γ x SaO2) 

(7) assuming γ is constant and SaO2 is constant at 100%: 

rOEF = (1 – StO2) / (1 – StO2 baseline) 

(8) rVO2 = rBF x (1 – StO2) / (1 – StO2 baseline) 

Abbreviation 

BFI Blood flow index 

[O2]a Arterial oxygen concentration  

[O2]v Venous oxygen concentration 

OEF Oxygen extraction fraction 

VO2 Oxygen consumption rate 

γ % of blood volume contained in the venous compartment of 
the vascular system 
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A.3 Medical History Questionnaire 
 
YES NO 1. Is your doctor currently prescribing drugs (for example, 

water pills) for your blood pressure, heart, or any other 
condition? 
 

  Medicines/dosage:                                                                    
Taken For: 

   

   

   

YES NO 2. Do you know of any other reason (such as any 
neuromuscular or metabolic disorders, eg diabetes, 
breathing issues, asthma or  emphysema) why you 
should not do physical activity? 

  List: 

   

   

   

   

YES NO 3. Are you currently seeing your doctor or health care 
provider for any reason? If yes, please explain any 
findings (heart murmur, abnormal pulmonary findings 
etc): 

  List: 

   

   

   

   

YES NO 4. Do you currently smoke (or have a history of smoking) or 
use tobacco products?  When did you last quit? 
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YES NO 5. Is there any family history of pulmonary, metabolic 
disease,   stroke, or sudden death?  

  If yes, please list: 

   

   

   

   

YES NO 6. Any other known allergies (medications, food, latex, etc) 

  If yes, please list: 

   

   

   

   

YES NO 7. Do you have any chronic illnesses or known viruses 
(hepatitis, HIV) etc? 

 

  If yes, please explain: 

   

   

   

   

YES NO 8. Have you had any surgeries of any kind? 
    

  If yes, please list type, reason and year: 

   



172 

   

   

   

YES NO 9. Are you taking any over the counter medications, dietary         
supplements (vitamins or minerals (multivitamins)? 

  Please list both type/dosage and reason for taking 
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A.4 Physical Activity Readiness questionnaire (PAR-Q) 
 

Common sense is your best guide when you answer these questions. Please 
read the questions carefully and answer each one honestly; circle YES or NO. 
 
YES NO 1. Has your doctor ever said that you have a heart 

condition/high blood pressure and that you should 
only do physical activity recommended by a doctor? 

YES NO 2. Do you feel pain (tingling, heaviness, burning, 
tightness, squeezing) in your chest when you do 
physical activity? 

  List any heart condition here: 
__________________________________________ 
 

YES NO 3. In the past month, have you had chest pain when 
you were not doing physical activity? 

YES NO 4. Do you lose your balance because of dizziness or 
do you ever lose consciousness? 

YES NO 5. Do you have an orthopedic (bone or joint) problems 
that could be made worse by a change in your 
physical activity? 
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A.5 AHA/ACSM Health/Fitness Screening Questionnaire 
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A.6 Physical Activity Questionnaire 

In terms of physical demands, 
how would you rate your 
lifestyle? 

 

� Sedentary 
� Slightly Active 
� Active 
� Very Active 

 
 

In terms of physical or muscular 
demands, how would you rate 
your workplace? 

 

� Sedentary 
� Slightly Active 
� Active 
� Very Active 
� Not Applicable 

 
 

Are you currently exercising? � YES 
� NO 

 
 

What type of exercise do you 
participate in regularly? 

� Resistance 
� Cardio 
� Resistance and Cardio 

 
 

How many times per week do 
you participate in these types of 
exercise? 

 

 

If resistance training, please 
briefly describe your typical 
workout (full body, one muscle 
group per day, intensity, 
duration etc): 

 

 

Please list any other activities 
below: 
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A.7 GXT Data Collection Form 

Subject id:    Date: 

Resting Data: 

HR BP Angina? 

   

Graded Exercise Testing 

Stage Workload 

Speed/Incline 

Min HR BP RPE 

Chest/Legs/Overall 

Angina? 

1 2.2 0% 0-2       

2 2.6 0% 2-4       

3 3.0 2 4-6       

4 3.4 4 6-8       

5 3.8 6 8-10       

6 4.2 8 10-12       

7 4.6 10 12-14       

8 5.0 12 14-16       

9 5.4 14 16-18       

10 5.8 16 18-20       
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Recovery 

Workload 

Speed/Incline 

Min HR BP Angina? 

0 0% 1    

0 0% 3    

0 0% 5    

 

Notes: 
Form completed by:____________________ 

Testing completed by:___________________ 

Notes:_________________________________________________________ 
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A.8 Aerobic Training Data Collection Form 

 

Subject Id:  Date/Time:   

Session:    

Weight:    

Target heart rate:    

Study personnel:    

 

BP before AT:  BP after AT:  

HR before AT:  HR after AT:  

 

Min Workload 

Speed/Incline 

Average 
HR 

Comments 
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