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ABSTRACT 

Cardiovascular disease (CVD) remains the leading cause of death in the modern world, markedly 

in postmenopausal women. Increased arterial stiffness, measured as increased pulse wave 

velocity (PWV), and endothelial dysfunction are large contributors to the development of CVD 

during aging. Skeletal muscle mass has an inverse association with arterial stiffness and 

endothelial dysfunction which may illustrate increased risk for CVD in sedentary normal-weight 

women. However, age-related loss of strength (dynapenia) greatly exceeds loss of mass 

(sarcopenia) and while not related to increased PWV, it is associated with increased risk for 

CVD, disability, and all-cause mortality. High intensity resistance exercise training (RET) is the 

most effective exercise modality for prevention and treatment of sarcopenia and dynapenia. 

However, previous research has shown detrimental effects to the vascular system. Low-intensity 

RET (LIRET) is an effective form of exercise to increase muscle mass and strength, however 

with no effect in vascular or endothelial function in sedentary populations. Whole-body vibration 

training (WBVT) uses a vibrating platform to increase muscle activity during exercise and has a 

proposed thixotropic effect to increase blood flow to the working muscle. Additionally, WBVT 

reduces blood pressure and arterial stiffness with concurrent increases in muscle mass and 

strength similar to traditional moderate- and high-intensity RET. However, conventional WBVT 

uses the body weight as the only workload. Thus, to perform an exercise at a similar intensity as 

LIRET, an additional external weight may be needed during WBVT.  

PURPOSE: The aim of this study were; 1) to evaluate the effects of 12 weeks of WBVT and 

LIRET on hemodynamics and arterial stiffness; 2) to evaluate the effects of WBVT and LIRET 

on muscle strength as well as physical performance (6-minute walk test); and 3) to evaluate the 
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effect of 12 weeks of WBVT and LIRET on endothelial function and vasodilatory response to 

exercise. 

METHODS:  Thirty-one postmenopausal women were stratified by age, body mass index 

(BMI), and maximal voluntary contraction (MVC) (age, 65 ± 4 years; BMI, 23.2 ± 2.6 kg/m2; 

MVC, 17.3 ± 2.7 kg) and randomized into 2 experimental intervention groups, WBVT and 

LIRET, or a control group for 12 weeks. WBVT and LIRET consisted of 3 supervised exercise 

sessions per week (4 leg exercises). The following parameters were measured before and after 12 

weeks of the assigned intervention: brachial and aortic systolic blood pressure (SBP), diastolic 

BP (DBP), mean arterial pressure (MAP), pulse pressure (PP), heart rate, augmented pressure 

(AP), augmentation index (AIx), AIx adjusted to 75 beats per minute (AIx@75), carotid-femoral 

PWV (cfPWV), brachial-ankle PWV (baPWV), femoral-ankle PWV (faPWV), fat mass (FM), 

fat-free mass (FFM), brachial and popliteal diameter, mean blood velocity (MBV), blood flow, 

vascular conductance, active and reactive hyperemia, 6-minute walk test time (6MWT), and leg 

strength including leg press (LP), flexion (LFlex), and extension (LExt). 

RESULTS: There were no significant differences between groups for any variables except for 

HR and 6MWT distance, which were lower and higher, respectively, in the WBVT compared to 

the other two groups at baseline. There were no significant changes in peripheral or central 

pressures over the 12-week intervention period. The WBVT group had significant reductions in 

AIx (-4.2 ± 1.5%, P = 0.016), AIx@75 (-4.2 ± 1.7 %, P = 0.033), and cfPWV (-.42 ± .18 m/s, P 

= 0.041) over the 12-week training protocol. There were significant group-by-time interactions 

for reductions in AP and AIx (with AIx@75 trending P = 0.051) in the WBVT, but not in LIRET 

or control groups (P < 0.05). Although resting brachial and popliteal characteristics (i.e. diameter 

and flow) were similar at rest between groups, WBVT and LIRET induced greater vasodilatory 
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responses to flow-mediated dilation compared to control (P < 0.01), illustrating increased 

endothelial function. Additionally, WBVT elicited a greater vasodilatory response immediately 

post-exercise in the popliteal artery (4.9 ± 1.4 %, P = 0.007) compared to no change in control. 

Both, WBVT and LIRET elicited significant increases in LP, LFlex, and LExt over time (P < 

0.01). These increases were significantly greater than no change in the control group. 

Additionally, WBVT induced a greater increase (19.2 ± 3.7%) in LExt strength compared to the 

increase (8.4 ± 2.6%) observed in the LIRET group (P = 0.007). The increase in LExt strength in 

the WBVT group was strongly associated with decreased AP (r= -.586, P = 0.045) and AIx (r=-

.713, P = 0.009).  

CONCLUSION: We show that WBVT significantly reduced AIx and increased leg extension 

strength following 12 weeks of training compared to LIRET and control. The present study 

demonstrates that WBVT decreases central pressure wave reflection, an effect that was not 

accomplished by LIRET, despite similar increases in LP and LFlex strength. Interestingly, both 

WBVT and LIRET increased endothelial function as measured by brachial artery flow-mediated 

dilation (systemic effect). WBVT increasing exercise-induced vasodilation in the popliteal artery 

(local effect) following a 6MWT with no changes in LIRET or control. While WBVT and 

LIRET induced similar changes in leg strength and systemic endothelial function, only WBVT 

reduced known indices of left ventricle afterload that are associated with cardiovascular 

morbidity and mortality. Therefore, while LIRET may be a feasible modality to attenuate 

dynapenia, it is not effective in addressing the cardiovascular risk associated with reduced 

muscle mass and strength in apparently healthy postmenopausal women. WBVT may be the 

most efficacious modality to address these concerns.  
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CHAPTER ONE 

INTRODUCTION 

Older adults (> 55 years of age) are currently the largest growing population in the United States. 

The trend of exponential growth of older adults will have a drastic impact on the US economy as 

cardiovascular disease (CVD), the current leading cause of death in the US, accounts for 

approximately $149 billion of the overall national health expenditures and primarily effects the 

growing elderly population [1,2]. Non-pharmacological strategies are imperative to reduce the 

economic burden of diseases related to aging and sedentary lifestyles.   

The physiological changes that occur with menopause have been accepted as important risk 

factors for the development of vascular dysfunction (e.g. atherosclerosis and arterial stiffness) 

[3,4]. Arteries exhibit an increase in reactive oxygen species and inflammation which contributes 

to reductions in endothelial nitric oxide (NO) bioavailability [5–7]. Age-related endothelial 

vasodilatory dysfunction is characterized by reduced NO and increased endothelin-1 production 

[8]. These detrimental functional changes, in addition to structural alterations in the arterial wall, 

increase systemic arterial stiffness. The most detrimental changes seem to occur in the aorta, 

which is assessed by pulse wave velocity (PWV). Elevated aortic PWV is an independent 

predictor of CVD [9,10] and is recognized as an important surrogate endpoint for the prevention 

of CVD [11,12]. Increased PWV and total peripheral resistance consequentially leads to an early 

return of the reflected pressure wave to the aorta during late systole instead of diastole [11]. 

These changes augment aortic systolic blood pressure (SBP) and pulse pressure (PP), which may 

reduce coronary artery perfusion. These detrimental changes may lead to increases in left 

ventricular afterload, negatively effecting the arterial wall and left ventricular function [13].  

Additionally, these negative changes in the vasculature reduce blood flow to the skeletal muscle 



2 

 

affecting anabolic processes necessary for the maintenance of muscle mass and function [14,15]. 

Thus, arterial stiffness may play important roles in the development of sarcopenia (age-related 

loss in muscle mass), as previous studies have reported a negative association between low leg 

muscle mass and aortic [16] or systemic PWV in older individuals [14,17]. The reduction in leg 

muscle mass and walking capacity explain the increased mortality risk in seemingly healthy lean 

(normal-weight) older adults [18]. The age-related losses in muscle mass and strength, as well as 

the reduction in walking ability, recently coined as sarcopenia by the European Working Group 

on Sarcopenia in Older People [19]. Currently, the criteria for the diagnosis of sarcopenia are 

low muscle mass, strength, and physical performance.  However, because losses in muscle 

strength occur at a significantly higher rate than losses in muscle mass [20], those without losses 

in muscle mass may not be identified as having an increased physical impairment and risk in 

cardiovascular mortality [21–24]. Therefore, it has been argued [25] that age-related losses in 

muscle strength (dynapenia) should be separated from the all-encompassing sarcopenia term. 

Nonetheless, these detrimental changes in skeletal muscle structure and function may have 

implications in the development of CVD as reduced muscle mass and strength have been 

associated with reduced insulin sensitivity and glucose tolerance, and increased arterial stiffness, 

blood pressure, and all-cause mortality [22,23,26].  

Strength training improves muscle mass and strength which are strongly associated with 

beneficial cardiovascular health outcomes in older adults [23]. However, it has been previously 

reported that whole-body high-intensity strength training may increase aortic and systemic 

arterial stiffness [27,28]. Additionally, these adverse effects appear to be produced by high-

intensity and upper-body but not lower-body exercises [27]. Alternatively, whole-body vibration 

training (WBVT) and low-intensity strength training (LIRET) decrease arterial stiffness with 



3 

 

concurrent increases in endothelial function [29,30] in young healthy adults while improving 

muscle mass and strength similar to high-intensity strength training [31,32]. However, little 

research has been done reporting the effects of LIRET on arterial function in older adults. 

Although aerobic training, at higher intensities, may reduce arterial stiffness and body weight, 

this modality of exercise does not improve strength and muscle mass [28] and may not be 

appropriate for older women at risk for sarcopenia. Therefore, identifying a strength training 

modality that benefits both arterial and muscle function is of great clinical importance. WBVT 

and LIRET may be suitable training modalities as they may offer benefits on arterial and muscle 

function while suitable for special populations who cannot perform high-intensity or prolonged 

aerobic and resistance exercise. Additionally, this research may offer a safer solution to attenuate 

potential detriments induced by high-intensity resistance exercise. 

 

Purpose 

The main objective of this proposal was to show the differences between two low intensity 

strength exercise modalities, WBVT and LIRET, in dynapenic postmenopausal women on 

arterial and muscle function. To our knowledge this is the first study to compare WBVT and 

LIRET on arterial stiffness, hemodynamics, reactive and active hyperemic responses, physical 

performance and muscle function in dynapenic postmenopausal women, who are at an increased 

risk of sarcopenia, cardiovascular metabolic diseases and mortality. 

 

Specific Aims and Research Hypotheses 

This study was designed to answer the following research questions: 

AIM 1: To examine the extent to which WBVT compared to LIRET improves arterial stiffness 

(aortic, leg, and systemic) and aortic hemodynamics. The non-invasive vascular profiling system 
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(Omnron VP-2000) was used to measure PWV, while a pressure waveform analyzer 

(SphygmoCor) was used to measure aortic blood pressure and wave reflection indices 

(augmentation index [AIx] and augmented pressure [AP]). 

HYPOTHESIS 1: WBVT will improve leg and systemic PWV, wave reflection indices, and 

aortic blood pressure compared to LIRET and control. Neither training group will have a 

beneficial effect on aortic stiffness. 

AIM 2: To examine the extent to which WBVT and/or LIRET alters peripheral artery 

vasodilatory function in response to active (popliteal artery) and reactive hyperemia (brachial 

artery). In this aim a Doppler ultrasound system (Philips HD11XE) was used to measure the 

diameter at rest in the brachial artery and in response to flow-mediated dilation. Additionally, to 

measure blood flow and diameter of the popliteal artery at rest and in response to a six-minute 

walk test. 

HYPOTHESIS 2: WBVT and LIRET will have equivalent effects on brachial artery flow-

mediated dilation. WBVT will have a greater effect on active hyperemic response in the popliteal 

artery compared to LIRET or control. 

AIM 3: To examine the extent to which WBVT compared to LIRET alters muscle function by 

assessing lean (muscle) mass, strength, and physical performance. Body composition was tested 

using a bioelectrical impedance analyzer (Tanita Body Composition Analyzer, Tokyo, Japan), 

while muscle function was tested using 1 repetition maximum (1RM) for leg press, flexion, and 

extension, and a six-minute walk test. 

HYPOTHESIS 3: WBVT and LIRET will have similar increases in muscle mass, strength, and 

physical performance. These increases will be significantly greater compared to the control 

group. 
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Assumptions 

Assumptions needed for the present study are the following: 

1. All participants complied with the twelve-week training intervention. 

2.  All participants followed instructions given to maintain their current lifestyle (activity 

level and diet) throughout the study participation. 

3. All laboratory equipment yielded accurate and repeatable measurements over the course 

of twelve weeks.  

Delimitations 

Delimitations for the present study are following: 

1. Only postmenopausal women between the ages of 55-75 years, with no chronic diseases, 

were included in this study. 

2. Only women with handgrip strength of less than 20kg and a BMI less than 27 kg/m2 were 

included in this study. 

3. Women with lower joint replacements or movement limiting orthopedic issues were 

excluded from this study. 

4. Women who currently have type 2 diabetes or cancer or are cancer survivors were not 

eligible to participate in the study. 

5. Women who were on more than one vasoactive medication were not eligible to 

participate in the study. 

6. Women who were participating in a regular exercise training program were not eligible to 

participate in the study. 
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Limitations 

Limitations for the present study are following: 

1. Participant’s adherence to the exercise modalities or lifestyle maintenance. 

2. Participant’s individual experiences of resistance training and may have progressively 

increased at a varying rate. 

3. WBVT and LIRET used different factors to increase the progressive intensity of the 

exercise prescription. Additionally, the main determinant of increasing intensity was 

based on the ability to complete load but also perceived exertion, which may have 

differed between modalities. 

4. The population recruited was absent of chronic disease and vasoactive medication, thus 

may not be representative of the general population. 

5. Participant nutritional habits and physical activity were not logged or quantified. 

Although we expected no change in exercise or diet, we cannot confirm. 

Definition of Terms 

• Amplitude – Maximum displacement of the vibrating platform from its resting position. 

• Augmentation Index (AIx) – A function of the first and second systolic peaks and pulse 

pressure (P2-P1/PP*100) [33]. 

• Augmented pressure (AP) – The difference between the first and second systolic peaks 

[33]. 

• Bioelectrical impedance analysis (BIA) – Non-invasive method to measure body fat, fat-

free mass, and total body water via impedance of a small electrical current through the 

body. 
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• Body mass index (BMI) – Total body mass relative to height in meters squared (kg/m2) 

used to evaluate classification of normal (< 25 kg/m2), overweight (25-29.9 kg/m2), and 

obese (≥ 30 kg/m2) individuals. 

• Brachial-ankle pulse wave velocity (baPWV) – An index of systemic arterial stiffness 

using the time it takes for a pulse wave to reach the brachial and posterior-tibialis arteries. 

• Carotid-femoral pulse wave velocity (cfPWV) – An index of aortic arterial stiffness using 

the time it takes for a pulse wave to reach the carotid and femoral arteries. 

• Dynapenia – An age-related loss in skeletal muscle strength [34].  

• Endothelin-1 (ET-1) – A potent vasoconstrictor produced by vascular endothelial cells 

[8]. 

• Endothelial nitric oxide synthase (eNOS) – An enzyme found in endothelial cells that 

produces endogenous nitric oxide [35]. 

• Exercise-mediated dilation (EMD) – The artery response to an increase in shear stress 

and other metabolic processes for adequate blood flow distribution and adequate oxygen 

delivery to the working muscle. 

• First systolic peak (P1) – The forward pressure wave caused by the ejection of the stroke 

volume [36]. 

• Femoral-ankle pulse wave velocity (faPWV) – An index of aortic arterial stiffness using 

the time it takes for a pulse wave to reach the femoral and posterior-tibialis arteries. 

• Flow-mediated dilation (FMD) – The artery response to an increase in shear stress after a 

period of occlusion necessary to determine the efficacy of the endothelium to produce 

nitric oxide [37]. 

• Frequency – The number of cycles/oscillations completed per second. 
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• Maximal voluntary contraction (MVC) – A measure of total strength for a muscle group. 

Maximal exertion of force produce by a voluntary muscular contraction. 

• Nitric oxide (NO) – A metastable potent vasodilator produced in response to increases in 

shear stress along the endothelium [38]. 

• Pulse pressure (PP) – The pressure produced by ventricular contraction. The difference 

between systolic and diastolic blood pressure. 

• Sarcopenia – The age-related loss in skeletal muscle mass [39].  

• Second systolic peak (P2) – The reflected pressure wave caused by the deflection of the 

forward pressure wave at the peripheral sites of bifurcation in the arterial tree. Also 

considered a marker of vascular tone [36]. 

• Whole body vibration – A low-intensity resistance training modality which induces 

additional micro-contractions via reflex stimulation to increase gains in muscle mass and 

strength, while simultaneously benefitting the vascular system [40]. 
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CHAPTER TWO 

REVIEW OF LITERATURE 

Currently, 13.7% of the population is aged over 65 years. By the year 2030, the growth of 

the largest working population in the United States (US) will exceed the age of 65 years, shifting 

the older population to 20.3% [41]. Presently, the youngest “baby-boomers” have reached 50 

years of age. The prevalence of hypertension, primarily preceded by increased aortic PWV was 

65% among adults in the US over the age of 60 years [42]. The economical cost of health care 

for the elderly older than 65 years of age accounted for 34% of all US personal health care 

expenses and exceeded a staggering $740 billion dollars in 2010 [43]. This illustrates the 

importance of implementing preventative measures in order to reduce the amount of 

hospitalization and increase quality of life in the aging population. Aging is associated with 

increased prevalence in non-communicable illnesses including cardiovascular, metabolic, 

respiratory, and cognitive/mental diseases as well as cancer, musculoskeletal impairments and 

disabilities, and all-cause mortality [44,45]. The risk of developing these detrimental health 

outcomes, along with reduced independence and quality of life, is significantly increased with 

sedentary behavior [46]. It is becoming increasingly important to elucidate the mechanistic links 

associated with aging, arterial and muscle dysfunction. More specifically, how strength training 

can be utilized to improve arterial and muscle function that may contribute to reduce the 

development of CVD.  

CVD is still the leading cause of mortality and morbidity in the modern world [47]. The 

natural process of aging is a strong risk factor for the development of CVD and physical 

disabilities [47]. While the prevalence of CVD in men (aged 40-59 years) is 5% higher than 

women until middle age, this prevalence changes after menopause [3,4,47,48]. The physiological 
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changes that occur with menopause, such as increased arterial stiffness and reduced endothelial 

function [3,49], are well-known risk factors for the development of vascular dysfunction [48]. 

The association between advancing age and physiological detriments are due to a wide variety of 

structural and functional changes in several systems, more specifically the cardiovascular and 

musculoskeletal systems. Within the cardiovascular system, aging greatly effects both the large-

conduit and resistance arteries [50,51]. Structurally, arteries undergo increases in lumen size, 

intimal and medial thickening, and increased collagen and reduced elastin fiber content within 

the arterial extracellular matrix [50]. Functionally, arteries exhibit an increase in reactive oxygen 

species (ROS) and inflammation which contributes to reductions in endothelial NO 

bioavailability [5–7,50]. These negative age-associated changes in the vasculature, which will be 

discussed in further detail, leads to atherosclerosis and increased arterial stiffness, which may 

precede hypertension [52–56]. Additionally, these negative changes in the vasculature may 

reduce blood flow to skeletal muscle attenuating anabolic processes necessary for the 

maintenance of muscle mass [57]. Skeletal muscle serves an important metabolic role as the 

main site for glucose disposal [58]. There is a significant loss of skeletal muscle mass or strength 

with advancing age, termed sarcopenia and dynapenia, respectively [20,23,25,59,60]. These 

detrimental effects to the musculoskeletal system can have implications in the development of 

CVD as reduced muscle mass and strength have been associated with reduced insulin sensitivity, 

glucose tolerance, arterial stiffness, hypertension, and all-cause mortality [16,23,26,59,61]. 

While the prevalence of obesity is increasing across all age groups worldwide, its 

prevalence reaches a staggering 42.3% in women over the age of 60 [62]. Controversy exists 

about the causal nature of obesity on all-cause mortality. However evidence suggests that obesity 

is associated with type 2 diabetes [63], hypertension [64], dyslipidemia, coronary artery disease, 
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heart failure [65], stroke [66], and cancer [67]. Taking obesity’s increased risk of disease 

development, substantially larger costs of health care [68], as well as a rising prevalence, obesity 

remains a leading cause of health concern in regards to all-cause morbidity and mortality. 

Interestingly, there is evidence suggesting a paradoxical preservation of vascular function in 

adults who are obese [69]. Additionally, there is an increased risk of mortality associated with 

diabetes and CVD in normal weight older adults (66-96 years old) compared to their overweight 

and obese counterparts [18]. This topic of excess weight is appropriately termed the obesity 

paradox and is associated, at least in part, by muscle mass. Murphy et al. [18] reported that 

reduced muscle mass mediates approximately 46% of mortality risk in normal weight older 

diabetics. Body weight tends to increase throughout adulthood peaking at approximately 65-70 

years then decreases with advancing age [70]. Interestingly, the Baltimore Longitudinal Study of 

Aging that demonstrated increasing central adiposity throughout the lifespan [71]. In short, 

although there is a decrease in overall weight with advancing age it likely results from a 

reduction of muscle mass and not fat mass.  

Previous research regarding physical activity provides strong evidence in the reduction of 

several chronic syndromes and diseases related to aging and obesity, such as hypertension, 

metabolic syndrome, depression, stroke, type 2 diabetes, cancers, and all-cause mortality [72–

74]. It is also associated with increases in cardiorespiratory and muscular fitness as well as bone 

and cognitive health [74]. Additionally, physical inactivity is estimated to cause 6-10% of the 

major non-communicable diseases (CVD, type 2 diabetes, cancer) as well as 9% of premature 

mortality [75]. Several of the physiological detriments of aging and obesity have been 

independently associated with a sedentary behavior, or a lack of physical activity [75]. When 

compared to the other modifiable risk factors for poor health (e.g. smoking), physical inactivity 
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seems to have as strong effect on life expectancy [75]. Physical activity also maintains vascular 

reactivity in older adults, a key function of the endothelium which has been shown to reduce the 

development of CVD [6,76,77].  

However, because physical activity can only provide as much benefit as adherence, the 

use of exercise training programs that provide the largest health benefits with minimal time 

required is often the most successful for the general population. WBVT is a recent form of 

strength training used to increase skeletal muscle mass and strength in young healthy and older 

clinical populations [78]. However, the impact on muscle and vascular function as a result of 

WBVT may lead to widespread use in less frail or diseased population as a form of preventative 

medicine. Recently, we have reported significant benefits in leg muscle strength and vascular 

function in both young and postmenopausal overweight and obese females [30,79,80]. However, 

given the nature of the obesity paradox, the use of WBVT has not been investigated in normal-

weight dynapenic postmenopausal women at risk for the development of sarcopenia.  

The purpose of this review of literature is to elucidate how aging and physical inactivity 

contribute to the development of CVD and subsequent mortality in postmenopausal women with 

low muscle strength. Additionally, we seek to address how WBVT may be a useful intervention 

to reduce the risk factors associated with aging and physical inactivity. 

The Skeletal Muscle System 

History of skeletal muscle physiology 

Archibald Vivian Hill, also known as AV Hill in the scientific community, was a well-

known English physiologist and in our field is colloquially addressed as an original pioneer of 

exercise, but more specifically, muscle physiology. Dr. Hill is most famously recognized for his 

experiments on frog muscle that rivaled the experiments of his German counterpart, Otto 
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Meyerhof. Eventually, the two would be awarded the 1922 Nobel Prize in Physiology or 

Medicine [81]. Using isolated frog muscles in a sensitive and controlled experiment, Dr. Hill was 

able to closely link the heat produced from the muscle’s energy metabolism to the mechanics of 

muscle contraction [82]. With this previous knowledge, he was able to describe muscle force 

versus shortening velocity using the following hyperbolic equation where F and V are force and 

velocity, respectively, and a, b, and c are constants: 

(force + a)(velocity + b) = c, 

While this equation has been controversial in nature due to its’ empirical support without 

regard to any molecular mechanisms [83], its use has been widespread and has advanced the 

field of muscle physiology and will aid us in understanding the relationship between force 

production, contraction velocity, and power output. Prior to a rapid isotonic release, the muscle is 

primed and activated to a fixed length (isometric). During the quick release, the muscle responds 

to the change in load and shortens, followed by a quick set of temporary changes in velocity, 

before settling for a steady velocity [84]. It is the slope of this steady velocity that is taken as the 

shortening velocity to its analogous load. Civan and Podolsky [84] were able to use Dr. Hill’s 

hyperbolic equation in order to plot the data points from different isotonic loads in order to fit the 

data to observe the maximum velocity of shortening (Vmax, which occurs at zero load) and 

maximum force (Fmax, which occurs at zero velocity). Figure 1 illustrates an example of a normal 

human skeletal muscle, though similar relationships are seen in both cardiac and smooth muscle 

as well. Interestingly, the hyperbolic equation fails to accurately measure Vmax at low (<5% Fmax) 

and high (>80% isometric force) loads [85–87]. 
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Figure 1. Shortening velocity and power output during an isotonic contraction.  

Vmax, maximum velocity of shortening; Fmax, maximum force production. [88] 
 
 
Though the cross-bridge (or sliding filament) theory was originally proposed in 1957, the 

connection between the characteristics of force-velocity and kinetics of muscle contraction has 

been long overdue [89]. Due to more recent studies on the molecular mechanisms of muscle 

contraction and cross-bridge kinetics [90–92], we are now able to provide mechanistic support to 

the hyperbolic equation. Piazzesi et al. [90] determined that muscular performance and efficiency 

is not due to motor unit force nor the length of the power stroke, but rather the number of myosin 

heads. Individual myosin heads perform at the same work rate (6pN x 6nm) even though they 

perform in a wide range of shortening velocities [90], though recently it has been reported that at 

either end of the shortening velocity spectrum, the number of motors is modulated in proportion 

to the load [93].  

Skeletal muscle has different fiber types in order to modulate Vmax, which is determined 

by the enzymatic properties of the differing myosin isoforms [94]. Muscles containing 

predominant fast-twitch glycolytic (type II) fibers have a greater power output due to a more 

direct relationship between force and velocity [88]. A similar relationship is observed in different 
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myosin heavy chain isoforms in cardiac myocytes [95]. This becomes increasingly important 

because as we age there is a downward trend in regular physical activity consequently causing a 

reduction in type II fibers which reduces the power output in skeletal muscle. These effects 

ultimately contribute to a heightened risk for falls, disability, and a reduced quality of life [96] all 

of which have been associated with reductions in muscular power (Figure 2) [97–99]. 

Interestingly, reduced muscular power is not solely due to the aging process, but rather the 

decline in physical activity as the main contributor to reduced muscle mass [100]. 

 
 

 

Figure 2. Effects of age on power output in accordance to AV Hill’s equation. [101] 

 
 
This understanding of a force-velocity relationship in muscle may provide more insight to 

potential therapeutic targets to increase muscular force. For example, Delbono et al. [102] 

reported age-impaired efficiency for muscle contraction. This reduction in efficiency has been 

linked to (A) a reduction in calcium release from the sarcoplasmic reticulum [103] and (B) 

decreased voltage-gated calcium channel α1 subunit (Cav1.1) [102,104]. Zhang et al. [105] 

observed a reduction in full-length troponin T isoform (TnT3) in old mice and have recently 
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shown that the inhibition of calpains (protein family associated with arterial stiffening) reduces 

TnT3 fragmentation and upregulates Cav1.1 [106]. 

From historical perspectives and mathematical equations explaining the complex force-

velocity relationship to molecular mechanisms and therapeutic targets to increase force 

production in aging muscle, AV Hill was certainly a pioneer for modern science. These 

mechanisms are becoming increasingly important due to the increasing aging population and 

trends of physical inactivity and obesity, all of which provide detrimental effects to both skeletal 

and cardiac muscle mass and function.  

Sarcopenia 

 The age-related loss in muscle mass (sarcopenia) results in approximately $18.5 

billion in direct health costs in the US [107]. Sarcopenia is distinct from both wasting and 

cachexia as the latter two are primarily driven by inadequate food intake and cytokine-driven 

loss of lean mass, respectively [108]. According to the combined data from several longitudinal 

studies, the declination of muscle mass begins at the age of approximately 45 years [109]. The 

accelerated rate of muscle loss is approximately 6% per decade resulting in a 25% loss of total 

muscle mass by the time the average person reaches 85 years of age [109]. More importantly, the 

loss of appendicular skeletal muscle mass (ASM, lean mass of arms and legs) seems to have a 

greater clinical importance as they are primarily the muscle groups used for locomotion and 

activities of daily living. Therefore, reduced ASM is used for the definition of sarcopenia. Aside 

from the primary factor (aging) there are several other elements that play an important part in the 

development of sarcopenia, such as muscular disuse, chronic diseases, endocrine dysfunction, 

neuro-degenerative diseases, and inadequate protein consumption [19]. Sarcopenia is related 

with a reduced quality of life and increased risk of falls and fractures, disability, and death 
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[110,111]. Janssen et al. [107] observed a 1.5 and 3.2-fold increase in risk for physical disability 

for women (>60 years) with moderate (1-2 standard deviations [SD] under the norms) and severe 

sarcopenia (2+ SD under the norms), respectively. Furthermore, the excess healthcare 

expenditure for every sarcopenic woman is approximately $933, totaling an estimate $7.7 billion 

per year in the US alone [107]. Additionally, sarcopenia has been previously associated with the 

development of other aging-related diseases such as osteoporosis and type 2 diabetes [112–114]. 

Due to the increased population above the age of 60 years, sarcopenia is an important geriatric 

condition that deserves attention. Sarcopenia has recently been reclassified to also include loss in 

muscle strength and/or physical performance [19] in order to avoid confusion in the separation of 

terms. Currently, the categories used to define sarcopenia in women are as follows: 

 
 

Table 1. Current variables to diagnose sarcopenia in women 

Variable Methods Cutoff points 

Muscle mass DXA 

BIA 

*SMI < 5.67 kg/m2 

**SMI < 6.42 kg/m2 

Muscle strength Handgrip dynamometer 

Women 

 

≤ 20 kg 

Physical performance SPPB 

Gait speed 

≤ 8 

< 0.8 m/s 

DXA, dual energy X-ray absorptiometry; BIA, bioimpedance analysis; SMI, skeletal muscle index; SPPB, short 
physical performance battery. 
*SMI calculated using appendicular skeletal muscle mass 
**SMI calculated using total skeletal muscle mass 

 
 
Sarcopenia is divided into 3 categories, presarcopenia (low muscle mass), sarcopenia 

(low muscle mass + low muscle strength or physical performance), and severe sarcopenia (all 

three factors listed in Table 1) [19]. When sarcopenia was initially coined as a medical term, 

much attention was diverted to elucidate the mechanisms surrounding the aging muscle [60]. 

Advances in technology, such as muscle biopsies, ultrasound, and computed tomography, 
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researchers were able to gain a better insight into how exactly the muscle was changing during 

aging. By comparing young (20 years) and old (70 years) men, Young et al. [115] observed 

approximately 30% reduction in cross-sectional area of the quadriceps muscle, which was 

associated with altered muscle quality. Overend et al. [116] noted an increase in non-muscle 

tissue (fat and connective tissue) in elderly quadriceps (59%) and hamstrings (127%) when 

comparing young to old men. Interestingly, not only does a declination in muscle mass occur 

with aging, but also fat infiltration greatly reduces muscle contractile tissue.  

Fat infiltration 

 Increases in ectopic fat mass (skeletal muscle and liver) may not be quiescent but rather 

independently regulated, negatively affecting muscle tissue. Manini et al. [117] reported reduced 

physical activity, due to unilateral limb suspension, significantly increased intramuscular adipose 

tissue (IMAT) and reduced lean mass (calf and thigh muscles) in a group of young healthy adults 

after a short period (30 days). Following 4 weeks of a severe reduction in physical activity in the 

suspended limb, thigh and calf muscle mass were reduced by 7.4% and 7.7%, respectively. 

Thigh and calf muscle mass reductions were associated with the 20.0% and 14.5% increases in 

IMAT, respectively. Additionally, the strength losses reported in these muscle groups (knee 

extension, 20.4% and planter flexion, 15.0%) were associated with the increases in IMAT. It has 

been hypothesized that reduction in muscle mass is facilitated by the increased concentration of 

tumor necrosis factor α (TNF-α) [117]. Increased IMAT, and therefore TNF- α, has been 

previously associated with reductions in muscle mass and physical performance [118,119]. 

Additionally, the lack of physical activity may lead to a cyclic trend of IMAT accumulation via 

the down-regulation of lipoprotein lipase (LPL) activity [120,121], while exercise training 

increases LPL concentration [122]. LPL is an enzyme secreted by parenchymal cells that 
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hydrolyzes triglycerides, carried within lipoproteins, into free fatty acids and glycerol on the 

intimal surface of the vascular endothelium for utilization by peripheral tissues [123]. LPL 

mutations, which reduce LPL activity, are related with low HDL levels and elevated plasma 

triglyceride concentration [122,124]. In addition to physical inactivity, aging produces a 

pronounced reduction in LPL activity in oxidative, but not glycolytic, muscles [125]. LPL 

activity is regulated by the amount of contractile activity in the specific muscle [122]. Reduced 

low-intensity ambulation during aging, may explain why postural muscles are affected to a 

greater degree.  

Muscle fiber and molecular adaptations to aging 

While it is easy to understand, and notice the changes in body composition that occur in 

muscle and fat tissue during aging and physical inactivity, several detrimental changes also 

transpire on the microstructural level.  The age-related loss in muscle mass (atrophy, reduced 

size in myofibrils and myofibers) occurs in two main stages. Between the ages of 25-50 years, 

there is a minimal but significant decrease in whole muscle size (10%). However, between the 

ages of 50-80 years, the rate of muscular atrophy increases significantly (30%) [126]. The causes 

of muscle atrophy is a combination of both a reduction in the number and atrophy of muscle 

fibers [126,127]. A shift in muscle fiber type during aging occurs by a significantly greater rate 

of decline of fast motor units compared with the slow motor units [128,129]. This occurs due to 

the aging muscle adapting to the denervation of fast motor units as the slow motor units expand 

their motor domain and adopt the denervated fibers, which consequently convert the once fast-

twitch (type II) to slow-twitch fibers (type I) effectively reducing the generation of power and 

force [128,130–132]. This likely occurs due to a reduced recruitment and utilization of the type 

II fibers reducing the need to maintain the tissue. At the molecular level, type II muscle fibers 
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contain mostly myosin heavy chain (MHC) IIA transcripts [133]. Recent reports have shown that 

the myosin light chain-2f (MLC-2f) isoform is abundantly present in both MHC I and IIA [134]. 

MLC-2f isoforms are important for maintaining tonic force production between myosin and 

actin. A decreased phosphorylation of MLC-2f has been hypothesized as a primary mechanism 

for a reduction in myosin force production because this alteration in the single fibers would 

maintain the myosin heads closer to the thick filament reducing the amount of myosin-actin 

attachment [135]. Effectively, due to the abundance of MLC-2f in both MHC I and IIA, a 

decrease in function would have broad implications. Additionally, these alterations in MHC IIA 

are significantly higher in older women compared to men [136]. Interestingly, the effects of 

aging on skeletal muscle mass are greatly diminished and almost nonexistent in individuals that 

partake in regular lifelong exercise habits [100].  

Dynapenia 

While the European consensus is to combine muscle mass and function for the definition 

of sarcopenia, the age-associated loss in muscle strength (dynapenia) has been proposed to be 

treated as a separate condition [25,34] due to its independent association with mortality and 

morbidity. Recent evidence shows that loss of motor unit recruitment and contractile protein 

phosphorylation, and therefor dynapenia, may be a more important issue regarding the diseases 

associated with the normal decline in physical activity in the aging population. Although the age-

related loss in muscle mass is associated with decreases in muscle strength, loss in muscle 

function can occur without changes in muscle mass due to said alterations in myofilament 

proteins [135]. The rates of dynapenia are as little as 0.8%-2.0% to as much as 3-4% per year 

beginning in the fourth decade, according to previous cross-sectional and longitudinal studies 

[20,137,138]. When comparing young and old males (20 vs. 70 years of age), Young et al. [115] 
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observed a 39% decrease in quadriceps muscle strength.  Furthermore, muscle mass is not the 

only factor regulating strength as a reported 3-fold loss in strength (adults 70+ years of age) was 

associated with only 1% loss in muscle mass per year in previous research [20,126,137]. Thus, 

there is a clear difference between losses in both strength and mass during the natural aging 

processes. Manini et al. [139] reported leg extension strength cutoff points to determine low- and 

high-risk for the development of severe mobility limitation and death. Women with knee 

extensor strength less than 1.01 Nm/kg are regarded as high-risk for severe mobility limitation 

(162%) and death (111%) compared to those with low-risk (>1.34 Nm/kg) even after adjustment 

for age, sex, race, smoking, BMI, and previous diseases [139]. Possible mechanisms surrounding 

the loss in muscle strength include reduced number of type I and II motor units, alterations in 

light chain phosphorylation and cross-bridge kinetics, detrimental alterations to neural responses, 

and reduced blood flow to the skeletal muscle tissue [137]. Even in participants who gained lean 

mass over a three-year follow up, their losses in strength were comparable to those who lost or 

maintained weight [140]. These particular findings are important as they provide greater 

evidence suggesting that losses in muscle function (strength and power) may not be explained by 

the losses in muscle mass. Although the current classifications for sarcopenia include both mass 

and strength, it may be beneficial to separate the terms to allow for greater sensitivity when 

screen participants for risk factors. 

While sarcopenia and dynapenia are interrelated, recent research has shown that muscle 

strength and quality is superior to muscle mass in detecting early-onset physical impairment. As 

mentioned previously, less than 5% of the strength lost due to advancing age is explained by age-

related declines in muscle mass [141]. In regards to physical performance, previous studies have 

shown significant association (90%) between strength and poor physical performance in the 
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elderly, compared to 35% with muscle mass [34]. Additionally, muscle strength (both absolute 

and relative to body weight) have shown to be more important to determine insulin sensitivity in 

young obese boys [142], overweight and obese postmenopausal women [16,143], younger and 

older men [144,145], and type 2 diabetes patients [146].  

Insulin has several functions in the human body including skeletal muscle glucose uptake 

and arteriole vasodilation [58,147]. The development of insulin resistance is associated with type 

2 diabetes, increased arterial stiffness, and sarcopenia. In fact, older adults (70-79 years of age) 

with type 2 diabetes not only have a reduced strength level at baseline, but also lose muscle 

strength 4.5% faster than their non-diabetic counterparts after 3 years [148]. While there are 

several factors that affect insulin sensitivity, muscle strength has been suggested as an 

independent indicator of insulin sensitivity. In young obese boys, Lee et al. [142] observed a 

strong negative association between muscle strength and quality with intramuscular adipose 

tissue and insulin sensitivity. These findings may suggest that muscle mass and strength may be 

a greater mediator for insulin sensitivity than adipose tissue alone. These associations were not 

solely noted in adolescents as Abbatecola et al. [26] and Karelis et al. [143] found that muscle 

strength (both hand grip and leg) has a strong positive correlation with insulin sensitivity in 

overweight and obese postmenopausal women. These findings were not significant for men, 

however other researchers have shown that strength training has beneficial effects on insulin 

sensitivity in young men [144] and glucose tolerance in old men [145]. A reduction in insulin 

sensitivity leads to a greater risk for CVD due to a reduction in of insulin-mediated nitric oxide 

production and an increase in endothelin-1 production (ET-1) [149]. Insulin resistance increases 

arterial stiffness, which has been shown to contribute to the prevalence of hypertension in elderly 

women [150]. 
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In 2013, approximately 20% of deaths in the United States were attributed to high blood 

pressure [47]. Although cardiorespiratory fitness (CRF) has a well-known inverse association 

with blood pressure; recently, reduced muscle strength has also been associated with increased 

incidence of hypertension in middle-aged men (~43 years of age) [24]. In this large cohort 

(n=4147) of normotensive and prehypertensive men, Maslow et al. [24] saw an inverse 

relationship between muscle strength and hypertension after two decades from 43 to 63 years. 

After classifying men by overall muscle strength level, those with middle to high muscle strength 

had a lower risk of developing hypertension than those with low muscle strength. This 

relationship was only seen in males who were prehypertensive at baseline. However, after 

extensive control for CRF this association was no longer significant. Additionally, Artero et al. 

[23] analyzed the association of muscle strength and mortality in normal- and overweight men 

with hypertension. They observed that men (> 60 years) in the high-strength group had a 56% 

reduced risk of mortality compared to the low-strength group. Interestingly, when they adjusted 

for CRF level, the lowest risk of mortality was in the high-strength group regardless of CRF 

level. As expected, the high-CRF and high-strength group had the lowest risk of death (51%). 

Possibly the most important outcome to these findings are that while alterations in CRF seem to 

be a very important mediator in hypertension-related mortality, muscle-strengthening exercises 

can be beneficial in reducing incidence of hypertension and mortality.  

In short, during the aging process there is a reduction in muscle mass with an increase in 

fat infiltration. However, although the reduction in muscle mass is significant with age, this does 

not always explain the loss in muscle strength. Muscle strength may be a more sensitive marker 

for the development of CVD in older populations who are physically inactive.  
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The Cardiovascular System 

Aging is associated with several changes in human physiology which impact mobility, 

independence, quality of life, and overall health. Several of these changes are due to adaptations 

to physical activity. During the normal aging process, there is a decline in physical activity, both 

in intensity and duration. While we have reviewed the declines in muscle mass and strength, 

understanding what is happening to the cardiovascular system through these adaptations is vital. 

Approximately 80% of deaths associated with CVD have been due to dysfunction within the 

vasculature [47].  

Indeed, aging is a major risk factor for the development of CVD since it is widely known 

to increase ventricular dilation, wall thickness, and progressively stiffening the major elastic 

arteries [151–153]. Two primary mechanisms cause the stiffening of the arteries: structural and 

functional changes. Structural changes occur within the tunica intima and media layers, while 

functional changes induce increases in vasomotor tone. Both structural and function changes 

reduce the hemostatic fluctuations of the vasculature. Studies done in animals, a drastic increase 

in collagen types I and III fibers was observed within the thickening of the tunica intima layer 

[50,51,154,155]. It has been hypothesized that the age-associated increase of collagen fibers in 

the intima is the result of a migration/proliferation of vascular smooth muscle cells from the 

tunica media to the intima [154]. Although non-human primates are seen as a good model to 

understand age-associated changes, in humans over the age of 65, aortic intimal cells show a 

greater sign of infiltration and deposition of collagen fibers compared to young healthy aortas 

(~20 years of age) [155]. In addition to the increases in collagen deposition in the intima, there is 

also a significant reduction in elastic fibers effectively reducing the compliance of the elastic 

arteries [50]. Elastin makes up approximately one-third of arterial weight. During aging, elastin 
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levels decrease due to attenuated synthesis and accelerated degradation of its precursor [50]. 

These structural changes are accelerated by the upregulation of the renin-angiotensin system 

(RAS), calpain-1, matrix metalloproteinase types 2 and 9, and transforming growth factor-beta 1 

[155,156]. These age-related changes in the cardiovascular system greatly affect the mechanics 

of the cardiovascular system altering PWV, wave reflection, and peripheral (brachial) and central 

(aortic) blood pressures. 

Hemodynamics and arterial mechanics 

From a mechanical perspective, the cardiovascular system is an essential pump and 

delivery unit providing nutrients and oxygen to the body tissues. Unlike the skeletal muscle 

system, much of the mechanical motions in the cardiovascular system are involuntary. Arterial 

stiffness is the hardening of the arteries and is accepted as a principle cause of CVD [157]. The 

age-associated stiffening of the large elastic arteries (also known as Windkessel vessels due to 

their pulsatile-to-continuous flow properties) decreases the Windkessel function by reducing 

their compliance. The dampening of the Windkessel vessels is known as arterial (aortic) stiffness 

which results in a further decrease in central arterial compliance, and a shift in the ventricular 

wall-to-chamber ratio. This detrimental shift in ventricular coupling is associated with increases 

in SBP and PP [150,158–160]. Although there are methods to directly measure arterial stiffness, 

most common are non-invasive measures such as applanation tonometry and ultrasound. Briefly, 

applanation tonometry utilizes known distances between two tonometers (arterial segment 

targeted for measurement) and measuring the foot of the wave created by the ejection of the 

stroke volume as it reaches both arterial sites [161]. It is then possible to calculate the PWV 

throughout various arterial segments such as brachial-ankle PWV (baPWV; systemic), carotid-

femoral PWV (cfPWV; aortic), and femoral-ankle PWV (faPWV; leg) (Figure 3). It has been 
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previously reported that PWV through these 3 segments increases with age [11,151,162] 

however cfPWV and baPWV seem the most clinically relevant when referring to cardiovascular 

events [3,163]. Increases in cfPWV [163] and baPWV [164] by 1m/s is associated with a 14% 

and 12% increase in cardiovascular mortality, respectively. Additionally, cfPWV has been 

accepted as an early prognostic marker of atherosclerotic CVD, and while the increases are 

generally seen earlier in men [165], during menopause women have an exponential increase in 

risk for developing CVD [3]. It was postulated that while estrogen protects women prior to 

menopause from the development of CVD, the loss of endogenous estrogen production reduces 

the previous cardioprotection observed prior to menopause. Although hormone replacement 

therapy may be a viable and effective treatment, several researchers have reported detrimental 

effects [166,167]. Due to the substantiated evidence surrounding the clinical implications of 

elevated cfPWV and baPWV, these are primary targets of intervention. faPWV has not been 

clearly associated with clinical pathologies, however understanding the mechanism of leg arterial 

stiffness its potential importance should not be overlooked. It is within reason that this marker 

may predict blood flow and tissue oxygenation to the leg skeletal muscle. Although baPWV has 

previously been associated with walking distance in patients with peripheral arterial disease 

[168], approximately 23% of the age-related increases in baPWV come from increases in faPWV 

[10]. Therefore, it is reasonable to hypothesize increases in faPWV may be associated with 

development of peripheral arterial diseases. Gonzales et al. [169] observed an association 

between lower-limb (femoral) arterial stiffness as a predictor of fatigability during a walking test, 

illustrating that higher leg arterial stiffness may cause lower tissue perfusion. Additionally, 

because the wave reflection returns from the periphery, a faster return from the leg arteries can 

augment the central pressures as it has been previously demonstrated. Recently, it has been 
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reported that faPWV is strongly related with increases in augmentation pressure and central 

pressures during metaboreflex activation in young overweight men [170] and obese 

postmenopausal women [171]. 

 
 

Figure 3. Pulse wave velocity (PWV) in the three main segments of the arterial tree.  

cfPWV, carotid-femoral PWV (aortic); faPWV, femoral-ankle PWV (leg); baPWV, brachial-
ankle PWV (systemic). 

 
 
Measurements of arterial stiffness are based on the principle mechanics of the cardiac 

cycle. However, the pulse waves that are measured only tell part of the story. We cannot separate 

the incident wave from the reflected wave by solely using PWV. Therefore, this concept of wave 

separation is the basis of pulse wave analysis (PWA) allowing researchers the ability to calculate 
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an aortic pressure wave form [33]. Invasive measurement of central (aortic) blood pressures is 

not a practical option, so in order to noninvasively measure central blood pressures, a validated 

transfer function using peripheral (brachial) pressures was created [172]. Central pressures are 

more sensitive as central SBP can vary up to 80mmHg from peripheral SBP [173]. In a normal 

aorta, as the stroke volume is ejected the aorta distends to comply with the increased volume 

which allows for a reduced velocity. The pressure wave created by the influx of blood travels to 

the periphery and returns during diastole. The reflected wave increases aortic pressure during 

diastole thus aiding in coronary filling and can be represented as augmentation index (AIx) 

(Figure 4). As the aorta stiffens, the reflected wave returns earlier augmenting the central SBP 

rather than central DBP. This results not only in an increasing central SBP, but subsequently a 

decreasing central DBP and widening central PP [174,175]. 

An increase in central PP is clinically relevant, an throughout aging the increases are 

more pronounced in women compared to men [158]. Mitchell et al. [11] reported a widening of 

central PP and plateau of AIx after the fifth decade, effectively reducing the AIx’s representation 

of wave reflection after the age of 60 years. Thus the age-related progressive increase of AP 

(augmented pressure) is considered a more sensitive marker of wave reflection [176,177]. 

Cecelja et al. [160] observed that age-related widening of PP is primarily due to increased height 

of the first shoulder of the central pulse wave (P1) and AP caused by a faster reflected wave from 

the periphery [178]. Interestingly, the associated increases in P1 across the ten-year period was 

associated with increased cfPWV, while AP had no relation to arterial stiffness. The increase in 

AP can be reversed by the dilation of muscular arteries (via administration of nitroglycerin, an 

NO donor), which illustrates that increasing pressures can be reversed by NO similar to those a 

decade younger [160].  
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Although it is important to understand the age-associated changes that occur within the 

arterial layers, structural alterations may only be attenuated rather than reversed. Current 

research suggests that endothelial dysfunction (functional alterations) plays a crucial role in the 

development of CVD in the aging population [153,179,180]. 

 
 

 

Figure 4. Pulse wave analysis.  

SBP, systolic blood pressure; DBP, diastolic blood pressure; P1, first systolic peak; P2, second 
systolic peak; AP, augmented pressure; AIx, augmentation index; Tr, reflection time; TTI, 
tension time index (area under curve during systole); DTI, diastolic time index (area under curve 
during diastole). 

 
 

Endothelial dysfunction 

The endothelium is located on the intima, the inner layer of the vascular wall, and is 

composed of specialized cells. Historically, it was considered a barrier between the blood and the 

vascular wall, however now it is widely accepted as a tissue responsible for the secretion of 

endothelium-derived relaxing factor (EDRF) or vasoconstrictors in health and pathological 

conditions, respectively. This metastable humoral substance has since been identified as NO and 

is a potent vasodilator which plays a key role in the reduction of platelet aggregation and 

vasomotor tone [181,182]. While NO has received much attention due to its extraordinary 
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capacity to induce vasodilation, the endothelium releases various other vasodilators such as 

prostacyclin and endothelium derived hyperpolarizing factor, as well as vasoconstrictors such as 

thromboxane and ET-1 [183]. Despite its free radical structure, NO is crucial for the prevention 

of CVD and acknowledged as a potent vasodilator mediated by cyclic guanosine-3’, 5-

monophosphate (cGMP) [184]. Briefly, increases in blood flow velocity augments the shear 

stress on the endothelium. This shear-stress-induced increase in intracellular Ca2+ increases 

protein kinase B (Akt) and subsequently phosphorylation of eNOS. Increased eNOS activity 

increases the production of endogenous NO from the substrate L-arginine [185–187]. Soluble 

guanylyl cyclase (sGC), a key enzyme for the conversion of guanosine triphosphate (GTP) to 

cGMP, is activated by the diffusion of NO from the endothelial cell to the vascular smooth 

muscle cell. Consequently, this causes an accumulation of cGMP which increases the resorption 

of Ca2+ by the sarcoplasmic reticulum [188] leading to smooth muscle relaxation (Figure 5) as 

well as inhibition of platelet aggregation/adhesion [182,189].  

The bioavailability of NO is the primary function of the endothelium. In 

hypercholesterolemic adults, a known pathology associated with endothelial dysfunction, 

intravenous administration of L-arginine improved indices of endothelial function [190]. 

Additionally, endothelial dysfunction has been reported to precede atherosclerotic lesions in the 

large coronary arteries [191]. Aging is reported to be associated with impaired endothelial 

function [192], and is markedly reduced after menopause [49]. Increasing rates of insulin 

resistance and inflammatory profiles, as well as a reduction in lean mass, also have detrimental 

effects on endothelial function [193–196]. 
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Figure 5. Endothelial-mediated vasodilation via the endogenous production of nitric oxide 

(NO). Briefly, increase in blood flow augments the shear stress on the endothelial cells. This 
stimulates an increase in protein kinase B (Akt) action and intracellular Ca2+ phosphorylates 
endothelial NO synthase (eNOS) to produce NO. NO diffuses into the smooth muscle where it 
activates soluble guanylyl cyclase (sGC) which increases the rate of conversion of guanosine 
triphosphate (GTP) to cyclic guanosine-3’, 5-monphosphate (cGMP). This results in a reduction 
of smooth muscle intracellular Ca2+ and relaxation (vasodilation). 

 
 
Interestingly, the causal relationship between obesity and endothelial function has not 

been elucidated as endothelial function is preserved in states of severe obesity [69]. Gamboa et 

al. [195] reported that the endothelial function in adults with obesity-induced hypertension was 

primarily caused by an overactive sympathetic nervous system, a state which is seen with 

increasing age. While endothelial-dependent vasodilation was blunted, an autonomic blockade 

restored the reduced endothelial function in this population. Interestingly, Beijers et al. [196] 

reported that reduced endothelial function is not only associated with increased central fat mass, 

but also reduced peripheral lean mass. Thus, sympathetic tone may override pharmacological 

interventions targeted to improve NO-mediated vasodilation in populations with endothelial 

dysfunction, although it is likely a combination of both structural and function changes in the 
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arterial wall. Regardless, these findings are highly important because while endogenous 

production of NO is essential, in populations with an upregulated sympathetic activity (e.g. 

aging), interventions that target different risk factors should be cautious not to induce a higher 

sympathetic tone. 

Insulin resistance poses another risk factor for endothelial dysfunction. In normal 

individuals, insulin stimulates eNOS to increase NO production in an effort to increase its own 

delivery to target tissues via vasodilation [197]. However, under conditions of insulin resistance, 

vasoconstrictor effect due to the subsequent release of ET-1 as a result of reduced NO [198]. 

Type 2 diabetics have a blunted blood flow response to exercise [199] potentially reducing 

adherence to exercise training programs due to increased perceived exertion. Interestingly, 

exercise with or without weight loss is reported to improve insulin sensitivity [200].  

A reduction of both muscle mass and strength has been shown to be independent risk 

factors for CVD [23,110,111,201]. Regarding the endothelium, reduced muscle mass and 

strength may be an indirect indicator of physical inactivity which is well-documented to be 

associated with endothelial dysfunction, oxidative stress, and atherosclerosis [202,203]. Much 

like many other homeostatic mechanisms, there are opposite physiological adaptations to training 

stimuli and sedentary behavior. Exercise training induces increased eNOS expression [204,205] 

which subsequently increases NO bioavailability. In a mouse model, Suvorava et al. [202] 

separated young healthy mice into active and sedentary groups. They reported a significant 

decrease in eNOS expression and consequently impaired endothelium-dependent vasodilation in 

the sedentary group confirming the detrimental effects of a sedentary lifestyle on the 

endothelium. Nevertheless, whether this response is due to muscular contraction stimuli or 

increases in muscle mass or strength have not been elucidated in humans. Qiu et al. [206] 
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hypothesized that an increase in muscle mass may reverse the endothelial dysfunction seen in 

sedentary-induced sarcopenia. Interestingly, they reported that myostatin inhibition increased 

muscle mass by 40-60% and 80-115% in lean and obese mice, respectively. Myostatin inhibition 

improves endothelium-dependent vasodilation in the obese mice to a greater extent compared to 

obese mice without myostatin inhibition. It was postulated that a decrease in ROS, an NO 

scavenger, was downregulated due to the increase in muscle mass and strength. These results 

elucidate the importance of muscle function for endothelial function, even when obesity is 

present. However, it is plausible to hypothesize that endothelial function is in fact the key to 

increasing muscle mass due to increased blood flow and nutrient and oxygen delivery. 

It is possible that improvement in endothelial vasodilatory function may increase muscle 

function due to the increased nutrient delivery to the skeletal muscle. Therefore, due to the role 

of endothelial-mediated vasodilation in muscle blood flow regulation, improvement of 

endothelial function is an attractive therapeutic target to reduce incidence and prevalence of 

sarcopenia, dynapenia, CVD and mortality.  

In conclusion, sedentary aging not only causes detrimental changes in the structural 

integrity of the arterial system, but also affects the functional aspects of vasomotor tone and 

ventricular coupling. Arterial stiffness, wave reflection, and endothelial function are sensitive 

targets for intervention in this population to reduce the prevalence of CVD risk factors. 

Exercise Intervention 

In a society where approximately 1/3 of the adult population worldwide are currently 

physically inactive, exercise has been proposed as the only true “polypill” against the 

development of CVD [207,208]. Exercise is associated with a 35% reduction in CVD mortality 

compared to a sedentary lifestyle [209]. Physical inactivity is the primary reason for sarcopenia 
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and dynapenia, which in turn are associated with decreased mobility and increased risk for 

hospitalization in older adults [210–212]. Even more concerning is the problems associated with 

hospitalization. As reported by Alley et al. [96] just 8 days of bed rest results in a significant 

decrease in muscle mass and strength in both males and females. Thus, in an effort to combat 

these vicious cycles, efficient exercise interventions should be targeted for geriatric research. 

Traditional exercise interventions 

Aerobic and strength training ensure a multitude of physiological benefits. However, for 

the sake of this review, aerobic exercise will be explored first as many clinical papers associated 

with CVD tend to focus on this modality due to its ease-of-access and low-risk. Aerobic exercise 

improves endothelial function via increased phosphorylation of eNOS [213,214]. This 

mechanism is important due to the increased blood flow (thus increasing shear stress) that 

induces endothelial-mediated vasodilation and attenuate the pressure needed to sustain tissue 

perfusion during exercise. This is a potential mechanism that may explain why patients with 

endothelial dysfunction or increased arterial stiffness may have a lower adherence to exercise as 

they will have lower tissue perfusion at the same exercise intensity, significantly increasing 

feelings of muscle ischemia, fatigue, and perceived exertion [169]. Another mechanism by which 

exercise reduces arterial stiffness is via the reduction of plasma ET-1 [215,216]. Although 

aerobic exercise has been shown to decrease cfPWV and baPWV in young overweight and obese 

adults [217], the effects are more significant for baPWV across a variety of demographics [218]. 

In fact, an extensive meta-analysis evaluating the effects of aerobic training on PWV reported 

that a 0.63 m/s reduction in baPWV translates into an 8% reduction in cardiovascular events and 

9% reduction in cardiovascular mortality [218]. Interestingly, while aerobic exercise seems to 

have a beneficial effect on PWV due to its increased shear stress, endothelial-stimulating effects, 
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and caloric expenditure, this alone does not answer the multifactorial problem of sarcopenia 

and/or dynapenia in older adults.  

The effects of aerobic training on muscle hypertrophy and strength have been 

controversial. While there are data reporting increases in muscle mass after aerobic training in 

untrained young (20 years of age) men and older (70+ years of age) men and women [219,220], 

the magnitude of these changes are not as large as the increases in mass, strength, and power as a 

result of high-intensity strength training (>75% 1 repetition max; 1RM) [221]. The hypothesis is 

that aerobic and strength training appear to activate conflicting cellular pathways. Aerobic 

training activates the AMPK-peroxisome proliferator-activated receptor-γ (PPARγ) coactivator-

1α (PGC-1α) pathway which induces angiogenesis and mitochondrial biogenesis [222,223]. On 

the other hand, strength training causes the activation of the Akt-tuberous sclerosis complex 2-

mammilian target of rapamycin (mTOR) pathway which induces translational regulation of 

protein synthesis and cellular (muscle) growth [222,224]. These signaling pathways act as a 

complex switch in that when one pathway is activated, its activation inhibits the other pathway 

via negative feedback. Thus, it is clear that strength training is the most efficient way to increase 

muscle mass and function. 

The strength gains as a result of strength training are typically evident earlier and exceed 

the rate of hypertrophy due to the neural adaptations involved in the recruitment of MHC IIA 

(127-135) and synergistic agonists (133-136). The effects of strength training on muscle mass 

and function are clear, it is notable to mention that high-intensity strength training has been 

shown to increase cfPWV, faPWV, and baPWV [27,225–227], although these results are 

proposed to be caused by primarily high-intensity and/or upper-body resistance exercises [27]. 

Nascimento et al. [137] observed prolonged (14 weeks) beneficial effects of moderate-intensity 
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strength training on blood pressure. Thus for populations who may be averse to aerobic training 

(e.g., obese individuals), strength training may provide a significant and prolonged 

cardioprotective effect. In clinical populations with moderate-high risk factors, this may not be a 

feasible intervention. LIRET has received attention as a possible alternate for strength training in 

older adults since it is as effective as high-intensity training in increasing muscle size and 

function as well as improving endothelial function and arterial compliance in young healthy 

untrained men [29,31]. Interestingly, Okamoto et al. [228] reported that individuals who 

performed 2-sets of LIRET after 3-sets of high-intensity resistance exercise for 10 weeks show 

reduced cfPWV compared to those who performed the LIRET sets before the high-intensity sets 

even when using upper-body exercises. However, given that this was done in young healthy 

individuals, these results cannot be generalized to older clinical populations. Given the benefits 

shown in younger populations, LIRET may be a feasible intervention to improve baPWV, 

endothelial function, and wave reflection characteristics. Recently, our group has reported 

similar increases in leg strength after 12 weeks of LIRET in overweight/obese postmenopausal 

women (48-60 years of age), with no effect on baPWV, leg PWV, or wave reflection 

characteristics [229,230]. Currently, this is the only published research examining the effects of 

traditional LIRET and arterial function in older adults. 

 

Whole-body vibration training: Training for functional capacity 

Due to the possible detrimental effects of high-intensity strength training and no effect of 

moderate-intensity strength training [231] and LIRET on arterial stiffness in older adults, 

strength training modalities that target both functional and structural improvements in the 

muscular and vascular systems is crucial for the prevention of CVD in populations with 

increased risk (e.g. sedentary postmenopausal women). Whole-body vibration training (WBVT) 
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has emerged as an alternative strength exercise modality to RT. Fitting exercise modalities 

targeting functional/structural improvements of the vascular and muscular systems are 

fundamental in the prevention and treatment of cardiovascular risk factors and events. When 

integrating lifestyle modifications to decrease or attenuate the likelihood of CVD risk factors, 

individuals should not only consider their overall health benefit expectations, but also the 

practicality to adhere to the program (e.g. motivation, time-commitment, effort perception). 

During the past 15-20 years, whole-body vibration (WBV) exercise has become an attractive 

modality for many health-care providers, since its incorporation in clinical treatment and 

performance-based settings has surged as an alternate modality to conventional strength exercise. 

Additionally, the incorporation of a vibration-stimulus through passive or whole-body vibration 

in populations that are unable or limited in their performance of rigorous or elaborate exercise 

modalities fits as a time-efficient alternative for reducing their risk for cardiovascular events.  

Passive vibration reduces baPWV, faPWV, and AIx in post-stroke patients [232] in which the 

vibration stimulus is hypothesized to be beneficial due to the increase of involuntary muscular 

contractions caused by the spinal reflex via muscle spindles and α-motor neurons [233] and/or 

increasing blood flow via a reduction in blood viscosity [234]. Although passive vibration is an 

attractive option due to a low-level of effort, passive vibration has little-to-no effect on muscle 

strength despite lessening arterial stiffness. Active vibration training, otherwise known as 

WBVT, has shown promise as an alternative form of strength training as some studies have 

previous reported similar increases in muscle strength compared to traditional strength training in 

healthy younger and older adults [32,235–238]. During this modality of exercise, participants are 

asked to complete static or dynamic exercises on a plate that vibrates at a set frequency and 

amplitude. This vibration, in addition to stimulating involuntary muscular contractions, increases 
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blood flow in the working muscle which leads to increased vasodilation and reduced arterial 

stiffness [234,239,240]. As the current issue is eliciting benefits in both skeletal muscle and the 

vasculature, reductions in arterial stiffness and increases in muscle strength have been reported in 

younger and older (postmenopausal) sedentary overweight and obese women in response to 

WBVT [30,79,80,241,242]. Previously, work from out lab has shown that 12 weeks of WBVT 

decreases brachial, aortic, and ankle SBP while increasing leg strength by 21% in obese 

postmenopausal women with high blood pressure [134,135]. Furthermore, WBVT training 

reduced leg and systemic PWV. Even just 6 weeks of WBVT reduced brachial and aortic SBP, 

DBP, and AIx in overweight/obese women [80]. The aforementioned effects in conjunction with 

the faster time for session completion and lower perceived exertion, makes WBVT an attractive 

alternative to traditional strength training or LIRET in older adults.  

 

Concluding Remarks 

The aging population is the largest growing population in the US. Rates of sarcopenia, 

and more importantly dynapenia, are drastically increasing in this population. Postmenopausal 

women are at an increased risk for developing CVD and with the added risk factors of sarcopenia 

and dynapenia, preventative measures are of utmost importance. It is essential that therapeutic 

interventions involve both gains in muscle strength with a concurrent increase in lean mass. 

Aerobic training has beneficial effects on the cardiovascular system as well as fat mass, however 

it does not sufficiently increase muscle strength and mass. While traditional strength training 

increases muscle strength, it has either no or detrimental effects on arterial function. WBVT has 

been shown to be effective in increasing muscle strength comparable to traditional strength 

training and LIRET, however much of these results have been shown in overweight/obese 

women with varying degrees of blood pressure. Women who are normal or slightly overweight 
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may not receive similar benefits due to a reduced intensity during dynamic exercises. 

Additionally, there is no data on effects of WBVT on blood pressures, arterial stiffness, wave 

reflection, or peripheral artery function in normal and slightly overweight postmenopausal 

women with dynapenia.  
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CHAPTER THREE 

RESEARCH DESIGN AND METHODS 

Study Overview 

 The study protocol was approved by the Florida State University Human Subject 

Committee (2016.20031). The present study was a stratified and randomized clinical trial aimed 

to compare the effects of two modalities of strength training on arterial function, muscle mass 

and strength, and physical performance in dynapenic postmenopausal women from the 

Tallahassee area over a 12-week period. Final measurements were taken > 72 hours after the last 

training session. 

Inclusion Criteria 

Postmenopausal women aged 55 to 75 years of age at risk for sarcopenia, defined as a 

body mass index (BMI) less than 27 kg/m2 and an isometric handgrip maximal voluntary 

contraction (MVC) less than 20 kg, respectively. Female participants were postmenopausal for at 

least 1 year.  Participants who met the inclusion criteria were considered for the study regardless 

of ethnicity and race. 

Exclusion Criteria 

Participants were excluded from the study if they had symptoms of peripheral artery 

disease, symptomatic coronary artery diseases (angina), SBP > 160 mmHg, current smokers, 

critical leg ischemia/ulceration, heart failure, post-stroke patients, renal/pulmonary/metabolic 

diseases, inability to walk the 6-min walk test without stopping, cardiac arrhythmias, women 

recently prescribed hormone replacement therapy within the last 6 months, and 

coronary/peripheral/cerebrovascular revascularization during the last 6 months. Subjects were 

excluded from the study if they had knee osteoarthritis, joint implants, recent thrombosis, recent 
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operative wounds, intense migraines, tumors, and hernias.  Participants were excluded if they 

were taking beta blockers or anti-inflammatory drugs and if they were participating in regular 

resistance training. 

Sample Size and Attrition 

Using the G*Power analysis software, an estimation of an appropriate sample size was 

conducted using previous data from our lab. Our two main variables that have the most clinical 

importance regarding vascular function are baPWV and aortic PP. Given these two variables a 

priori power calculation determined that, with an effect size of 0.41 (baPWV) and 0.28 (aPP), 11 

subjects per group would enable us to observe a difference of 9-10% for baPWV and aPP 

between the treatments (WBVT and/or LIRET vs control) with a power of 80% [79,80]. 

Significance was set at P < 0.05. In order to protect from possible attrition, our end goal was to 

recruit 13 subjects per group. 

Familiarization – Visit 1 

After an initial telephone screening, all participants were requested to report to the study 

site for their first visit. During the first visit in the cardiovascular laboratory potential participants 

were provided a verbal and written explanation of the project and answered any questions 

regarding the study. Subjects voluntarily signed an informed consent document after given 

enough time to read and comprehend the document. Thereafter, subjects were screened, 

familiarized to the study protocols, and filled out a health and exercise questionnaire (Appendix 

B). Arm SBP was measured by using blood pressure monitor after 5 min of rest in the supine 

position, followed by measurements of height, weight, waist circumference (midpoint between 

lowest rib and iliac crest), and MVC using an handgrip dynamometer. Waist circumference was 

taken in duplicate with less than 5mm difference between measures, scored were averaged. MVC 
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was taken 3 times per hand with the highest score recorded from each hand.  Subjects then 

performed a 6-minute walk test and 1RM in order to be familiarized with the protocol. 

Data Collection – Visit 2 & 4 

During visit 2 (0-week) and 4 (12-week) the measurements were be conducted in the 

morning after at least 8 hours of overnight fast and abstinent of strenuous exercise, vasoactive 

medication, vitamins, and alcohol. Participants parked in the participant lot where a parking pass 

was provided to minimize ambulation prior to measurements. Participants voided their bladder 

then entered the lab for MVC confirmation and body composition analysis using a BIA (Tanita). 

These steps were considered our preparation protocol after which they lay supine on the bed. 

Hydration status was not be controlled for, however participants reported to the vascular health 

laboratory in the morning reducing the variation in fluid consumption prior to the measurements. 

All data collection at 12 weeks was carried out at least 48 h after the last training session (to 

avoid the influence of acute exercise), at the same time of day (± 1 h) and under the same 

conditions to avoid the effects of diurnal variation. Measurements were taken in a dark, quiet, 

temperature controlled room (23° C). Following 10 minutes of supine rest, PWV was be 

recorded by a semi-automatic device (VP-2000; Omron Healthcare, Vernon Hills, IL), which 

uses blood pressure cuffs around both arms (brachial artery), and ankles (posterior-tibial artery) 

and tonometers over the right carotid and femoral arteries to obtain baPWV, cfPWV, and 

faPWV. The feet of the pulse waves are related to the ECG’s R-wave to calculate transit time. 

The distance between sampling points for cfPWV was measured with a segmometer, whereas for 

baPWV and faPWV, this value was calculated automatically according to the subject’s height 

[162]. PWV was calculated as distance/transit time [162] while HR was obtained from the ECG. 

PWV measurements were taken in duplicate with less than 5% difference between measures. A 
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third measurement was recorded when the difference was greater than 5%. Radial applanation 

tonometry assessed wave reflection through pulse wave analysis (PWA). Brachial pressures, 

measured in duplicate with an automated device (Omron HEM-907XL Pro Healthcare, Vernon 

Hills, IL), was used to calibrate radial waveforms obtained from a 10-second epoch using a high-

fidelity tonometer (SPT-301B; Millar Instruments, Houston, TX). Aortic pressure wave forms 

were derived using a generalized validated transfer function (SphygmoCor, AtCor Medical, 

Sydney, Australia). Measurements were taken in duplicate with less than 5% difference and an 

operator index > 80. Subjects then performed the 6-minute walk test by covering as much 

distance as possible at their own pace for 6 minutes. Following the 6-minute walk test, the 

participant’s muscle strength was assessed via 1RM, defined as the maximum weight that can be 

moved one time through full range of motion, for the leg press, flexion, and extension machines. 

These performance tests served as a second familiarization during visit 2.  

Data Collection – Visit 3 & 5 

During visit 3 (0-week) and 5 (12-week) the participants returned to the lab (within 72 

hours of their previous visit) following the same preparation protocol (e.g. fasted, void bladder, 

MVC, etc…).  Flow-mediated dilation (FMD), a marker of endothelial function induced by 

reactive hyperemia, was obtained from measurements of the right brachial artery diameter by B-

mode ultrasound images with the use of a high resolution linear array transducer positioned 2-5 

cm proximal to the antecubital fossa. Following baseline measurements, FMD was assessed by 

inflating a cuff on the forearm 2-5 cm distal from the antecubital fossa to at least 50 mmHg 

above SBP for 5 minutes. The cuff is placed distal to the antecubital fossa as the vasodilation 

induced by this technique is due to a 100% contribution of NO, compared to the 40% 

contribution from the proximal cuff placement [37]. Measurements were recorded continuously 
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from 30 seconds prior to the release of the occlusion cuff to 3 minutes after the cuff deflation. 

FMD was calculated as the maximal post-occlusion diameter relative to the averaged pre-

occlusion diameter and is the gold standard for the measurement of endothelial function.  

Following the FMD, popliteal artery blood flow was assessed using Doppler ultrasound (Philips 

HD11XE; Philips Ultrasound, Bothell, WA, USA). A 12-2 MHz linear array probe was held in 

place on the popliteal fossa at an insonation angle < 60° to image the popliteal artery. The 

location was marked on the skin to ensure a constant placement after the 6MWT. Popliteal artery 

diameter and mean blood velocity (MBV) recordings were obtained at end-diastole in triplicate 

at rest, immediately-post, and 5-minutes post-6MWT cessation. Subjects then performed the 6-

minute walk test by covering as much distance as possible at their own pace for 6 minutes for 

physical performance and active hyperemia measurements in the popliteal artery. Immediately 

after the 6-minute walk test, participants returned to the laboratory as quickly, and safely, as 

possible and resumed a prone position. Popliteal artery mean blood velocity and diameter was 

measured 5 minutes after exercise cessation.  Popliteal artery diameter was analyzed in late 

diastole using an ECG-gated automated edge-detection and wall-tracking software (Medial 

Imaging Applications; Coralville, IA, USA). Each sequence of images was visually reviewed to 

ensure that diameters were continually tracked from the intima-lumen interface at the distal and 

proximal vessel wall. Velocity was measured by full-width pulsed wave gate, positioning the 

cursor mid vessel, and detecting the peak of the waveform. Popliteal artery blood flow (ml/min) 

was calculated as π × (vessel diameter / 2)2 × MBV × 60 [243–245]. The rationale to assess the 

popliteal artery blood flow, β stiffness (local), and leg PWV (tonometry) is due to recent 

evidence observing the relationship between resting femoral β stiffness and fatigability in older 



45 

 

adults [169].  Following the 6-minute walk test, the participant’s muscle strength was re-

assessed. All visits (2-5) will have a duration of approximately 1.5 hours. 

Exercise Interventions 

Following visit 3, the participants were randomly assigned into one of two groups 

(WBVT or LIRET) for 12-weeks. Participants were instructed to maintain their normal lifestyle 

(diet and exercise) during the 12-week study period. 

Participants in both groups attended supervised exercise sessions 3 times a week for a 

period of 12 weeks. The participants performed dynamic exercises for the legs (full squats, high-

squats, wide-squats, and calf raises) on the vibration platform (pro6 AIRdaptive; Health 

Performance International, Northbrook, IL, USA). Dynamic exercises were performed starting 

from an upright position into a 90- and 120-degree knee flexions (squat) and maximal heel 

elevation (toe stand). The training volume was increased progressively over the 12-week training 

period by increasing the intensity of vibration (24-40 Hz), number of sets per exercise, total 

duration of the training session (15-35 min), and increasing the external load using a weight vest 

(Table 2). The vest (1 lb) was worn during the first 2 weeks without external weight. The low-

intensity resistance training session consisted on leg press, leg extension, leg flexion, and calf 

raises exercises at 40% of the 1RM (Table 3). The dynamic WBV exercises and low-intensity 

resistance exercises were performed with slow controlled contractions (2-second concentric and 

3-second eccentric contractions). Both groups began with 2 weeks of a shorter session duration 

(20 minutes) while the rest of the training intervention had sessions of 30-35 minutes. In both 

groups, the weight was progressively increased 5-10% provided that the participant was able to 

complete 15 repetitions with a rating of perceived exertion below 7 (modified Borg 1-10) in 2 

consecutive sessions. While RPE-based comparisons has its limitations, it was the most 
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efficacious method for us as we lacked portable metabolic analyzers. The training logs used for 

both interventions can be seen in the appendices (D & E). 

 
 

Table 2. Whole-body vibration training protocol 
 Volume Intensity 

  
 Week 

Frequency 
(sessions/ 

week) 

Number of sets per exercise External 
Resistance 

(lbs) 

Amplitude 
(mm) 

Frequency 
(Hz) 

Rest 
(s) 

Full 
Squat 

Semi-
Squat 

Wide 
Squat 

Calf 
Raises 

1 3 2 2 2 2 1 1 25 60 

2 3 2 2 2 2 1 1 25 60 

3 3 3 3 3 3 3-7 1 25 60 

4 3 3 3 3 3 3-7 1 30 60 

5 3 3 3 3 3 7-11 1 30 60 

6 3 3 3 3 3 7-11 1 30 60 

7 3 3 3 3 3 11-15 1 35 60 

8 3 3 3 3 3 11-15 1 35 60 

9 3 3 3 3 3 15-19 1 35 60 

10 3 3 3 3 3 15-19 1 40 60 

11 3 3 3 3 3 19-23 1 40 60 

12 3 3 3 3 3 19-23 1 40 60 

 
 

Table 3. Low-intensity resistance exercise training protocol 
 Volume Intensity 

Week 
Frequency 
(sessions/ 

week) 

Number of sets per exercise 
Load 

(%1RM) 
Repetitions 

(#) 
Rest 
(s) 

Leg 
Press 

Leg 
Flexion 

Leg 
Extension 

Plantar 
Flexion 

1 3 2 2 2 2 40 12-15 60 

2 3 2 2 2 2 40 12-15 60 

3 3 3 3 3 3 40-45 12-15 60 

4 3 3 3 3 3 40-45 12-15 60 

5 3 3 3 3 3 45-50 12-15 60 

6 3 3 3 3 3 45-50 12-15 60 

7 3 3 3 3 3 50-55 12-15 60 

8 3 3 3 3 3 50-55 12-15 60 

9 3 3 3 3 3 55-60 12-15 60 

10 3 3 3 3 3 55-60 12-15 60 

11 3 3 3 3 3 60-65 12-15 60 

12 3 3 3 3 3 60-65 12-15 60 
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Participant Recruitment, Retention, and Compliance 

Participants were recruited through flyers, world-wide web (e.g. email, social media, and 

craigslist), newspaper advertisements, public presentations, and activity fairs. The subjects were 

recruited from the FSU and general Tallahassee community. Retention and compliance were 

monitored through training logs and constant communication with participants. 

Anticipated Risks and Solutions 

 Anticipated risks include use of private records, discomfort with the occlusion protocol 

(FMD), and fatigue/soreness during or after WBVT or LIRET sessions. The risks were 

minimized by using trained technicians and by using proper testing and training techniques. 

Technicians had extensive knowledge on testing and training procedures. All participants were 

under medical control. They were excluded if they have one or more of the exclusion criteria. 

There were minimal risks or discomforts with answering the enclosed questionnaires, testing 

procedures, and low-intensity exercise training. Participants had the choice to not complete the 

questionnaires and were still be able to participate in the study, although no participant opted out 

of the questionnaires. A discomfort or pain in arm may be experienced due to cuff inflation 

during the vasodilatory reactivity test.  

Although skeletal muscle and cardiovascular risk is directly related to the intensity of 

exercise, it has been demonstrated that resistance exercise does not pose a greater risk than 

aerobic exercise. We used a low intensity (40% of 1 repetition maximum) resistance exercise 

training protocol to minimize such possible risk in our study population. The intensity of the 

WBVT will correspond to the intensity used for the resistance training. The American Heart 

Association and the American College of Sports Medicine have endorsed moderate-intensity 

strength training for the prevention, treatment, and control of hypertension. Subjects may have 
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experienced fatigue and soreness during or after WBVT and LIRET sessions, however nothing 

lasting was reported. Although rare, the most common side effects of whole-body vibration 

exercise appear to be erythema (redness of the skin due to increased local blood flow), itching, 

and edema (swelling) of the legs. If the effects were severe, the frequency and or the amplitude 

of WBVT or LIRET was reduced.  

Statistical Analyses 

 Normal distribution was tested using the Shapiro-Wilk test for all variables at baseline. 

One-way ANOVA was used to detect possible differences between the groups at baseline. A 

two-way ANOVA with repeated measures with Fisher’s adjustments was used to determine 

differences between the treatments over time followed by appropriate post-hoc tests when a 

significance was observed. Statistical significance was considered at P < 0.05. SPSS 21.0 was 

used to analyze the data. 
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CHAPTER FOUR 

RESULTS 

All data are presented as mean ± SD in the text and tables and SEM in the figures. A total of 31 

postmenopausal women participated in the study. Participant characteristics before and after the 

assigned intervention are found in Table 4. Compliance to the assigned intervention, WBVT or 

LIRET, was 94.2% ± 6.7% and 95.7% ± 3.4%, respectively. All subjects in the exercise 

intervention groups completed at least 80% of the designated training protocol, which consisted 

of 36 training sessions. 

 
 

Table 4. Participant characteristics before and after 12 weeks of whole-body vibration training (WBVT), 

low-intensity resistance training (LIRET), or non-exercise control. 

Variable 
WBVT (n= 12)  LIRET (n=11)  Control (n=8) 

Before  After  Before  After  Before  After 

Age (years) 63 ± 5  -  65 ± 3  -  67 ± 2  - 

Height (m) 1.61 ± 0.07  -  1.58 ± 0.05  -  1.62 ± 0.05  - 

Weight (kg) 59.7 ± 8.6  60.1 ± 8.8  59.5 ± 7.8  59.8 ± 8.0  58.6 ± 5.8  58.4 ± 6.2 

BMI 
(kg/m2) 

23.0 ± 3.1  23.1 ± 3.1  23.9 ± 2.2  24.0 ± 2.3  22.5 ± 2.5  22.4 ± 2.7 

MVC (kg) 18.3 ± 2.2  19.6 ± 3.3*  16.9 ± 3.1  17.7 ± 4.4  16.6 ± 2.6  16.9 ± 3.8 

WC (cm) 75.8 ± 8.0  75.6 ± 8.1  78.6 ± 9.2  77.3 ± 9.8  73.5 ± 6.2  73.9 ± 8.2 

Data are mean ± SD. 
BMI, body mass index; MVC, maximal voluntary contraction; WC, waist circumference. 
*P < 0.05 different than baseline. 

 
 
There were no significant differences between groups for all baseline characteristics. Following 

12 weeks of training, the WBVT group significantly increased their MVC (P = 0.024) (Table 4). 

There were no significant changes following 12 weeks of training for the other variables in any 

of the three groups. 
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Hemodynamics, Wave Reflection, and Arterial Stiffness 

Peripheral BP, central hemodynamics, wave reflection, and arterial stiffness values before and 

after 12 weeks of the assigned interventions are presented on Table 5. HR was significantly 

lower at baseline in the WBVT group compared to LIRET and control groups (P < 0.05). All 

other vascular measures were similar at baseline across all groups. AIx (Fig 6B), AIx@75 (Fig 

6C), and cfPWV (Table 5) significantly decreased in the WBVT over time (P < 0.05). The 

magnitude of change for AP (Fig 6A) (P = 0.041) and AIx (P = 0.035) were significantly 

different in the WBVT compared to LIRET. Additionally, the magnitude of change for AIx@75 

in WBVT compared to LIRET approached significance (P = 0.051). There were no significant 

differences in faPWV or baPWV over time for any of the groups. 

Table 5. Participant peripheral and central hemodynamics, wave reflection, and arterial stiffness before 

and after 12 weeks of whole-body vibration training (WBVT), low-intensity resistance training (LIRET), 

or non-exercise control. 

Variable 
WBVT (n= 12)  LIRET (n=11)  Control (n=8) 

Before  After  Before  After  Before  After 
Brachial (mmHg)            

   SBP 121 ± 14  119 ± 13  124 ± 18  123 ± 17  130 ± 13  122 ± 14 

   DBP 67 ± 7  67 ± 6  67 ± 9  66 ± 10  68 ± 5  67 ± 4 

Aortic (mmHg)            
   SBP 116 ± 15  112 ± 13  116 ± 16  116 ± 17  121 ± 10  114 ± 13 

   DBP 68 ± 7  67 ± 6  67 ± 10  67 ± 10  69 ± 5  68 ± 4 

   MAP 89 ± 9  86 ± 8  88 ± 12  88 ± 12  92 ± 8  88 ± 7 

   PP 48 ± 11  45 ± 8  49 ± 10  49 ± 10  52 ± 8  46 ± 12 

AP (mmHg) 18 ± 5  15 ± 5a  15 ± 6  18 ± 6  18 ± 3  17 ± 6 

AIx (%) 37.0 ± 5.3  32.8 ± 5.9†,a  31.3 ± 9.2  35.4 ± 8.2  35.1 ± 7.8  36.3 ± 9.0 

AIx@75 (%) 29.1 ± 7.0  24.9 ± 6.2†  25.4 ± 8.4  29.0 ± 7.5  30.6 ± 7.1  30.5 ± 9.4 

cfPWV (m/s) 11.0 ± 1.0  10.6 ± 0.9†  12.5 ± 3.0  11.9 ± 3.0  12.6 ± 3.1  12.8 ± 3.7 

faPWV (m/s) 10.4 ± 1.2  10.2 ± 1.5  10.8 ± 1.2  10.5 ± 1.2  10.6 ± 1.4  10.4 ± 1.3 

baPWV (m/s) 13.8 ± 1.8  13.4 ± 2.0  15.0 ± 2.7  14.9 ± 2.8  15.8 ± 3.2  15.8 ± 3.8 

HR (bpm) 56 ± 5*  56 ± 6  63 ± 7  62 ± 9  63 ± 4  60 ± 4 

Data are mean ± SD. 
SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; PP, pulse pressure; 
AP, augmented pressure; AIx, augmentation index; AIx@75, AIx standardized at 75 bpm; cfPWV, carotid-
femoral pulse wave velocity; faPWV, femoral-ankle PWV; baPWV, brachial-ankle PWV; HR, heart rate. 
*P < 0.05 different from LIRET and control. 
†P < 0.05 different from baseline (time effect). 
aP < 0.05 magnitude of change from baseline different from LIRET (group-x-time interaction). 
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Figure 6. Changes in wave reflection indices from baseline to 12 weeks of each intervention. 

Values are mean and SEM for augmented pressure (AP; A), augmentation index (AIx; B), AIx 
standardized at 75 bpm (AIx@75; C).  
*P < 0.05 time effect. 
†P < 0.05 different than LIRET (group-x-time interaction effect). 
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Resting and Vasodilatory Arterial Characteristics 

Mean resting and post-exercise arterial characteristics for the brachial and popliteal arteries 

before and after 12 weeks of the assigned interventions are presented in Table 6. There were no 

differences at rest between groups for brachial artery characteristics at baseline. The control 

group had a significantly higher resting popliteal MBV (P = 0.013) and greater popliteal 

vasodilatory response to the exercise (P = 0.005) compared to WBVT group at baseline. 

Following 12-weeks of the assigned intervention, both the WBVT and LIRET groups showed a 

significant increase in endothelial-dependent vasodilatory response during the FMD test (Fig 7A; 

P = 0.03 and 0.004, respectively). Additionally, the WBVT had a significantly greater 

vasodilatory response to the acute exercise test (exercise-mediated dilation, EMD) (Fig 7B; P = 

0.007). There was a group-by-time interaction for the change in the increased vasodilatory 

response to both stimuli after 12 weeks in FMD and immediate EMD in the WBVT and LIRET 

groups compared to the control group. All groups had significantly greater popliteal artery flow 

characteristics 5-minutes post-exercise compared to resting values, however there was no impact 

of training on these responses. 

Strength, Physical Performance, and Body Composition 

Mean leg strength, physical performance, and body composition values before and after 12 

weeks of the assigned interventions are presented on Table 7. Maximal leg press (Fig 8A), 

flexion (Fig 8B), and extension (Fig 8C) strength increased significantly in both training groups 

over the 12 week interventions compared to the control group. WBVT had a greater increase in 

leg extension strength compared to the increase observed in the LIRET group (P = 0.007). The 

changes in leg extension strength in the WBVT group was negatively associated with changes in 

both AP (Fig 9A; r= -.586, P = 0.045) and AIx (Fig 9B; r= -.713, P = 0.009) after the 12-week 
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training period. Walking distance and speed significantly increased in the LIRET group and the 

magnitude of increase was significantly greater compared to the WBVT and control groups (P = 

0.014 and 0.05, respectively). There were no significant changes in any of the body composition 

variables among any of the groups over the 12-week period. 

Table 6. Participant brachial and popliteal artery characteristics at rest and in response to vasodilatory 

stimuli before and after 12 weeks of whole-body vibration training (WBVT), low-intensity resistance 

training (LIRET), or non-exercise control. 

Variable 
WBVT (n= 12)  LIRET (n=11)  Control (n=8) 

Before  After  Before  After  Before  After 

Brachial            

   FMD (%) 7.6 ± 3.2  
11.5 ± 
5.1†,a 

 8.8 ± 4.2  
14.4 ± 
5.0‡,a 

 11.0 ± 5.1  7.4 ± 3.8 

Popliteal – Pre 
           

   Diameter (cm) 
0.58 ± 
0.11 

 
0.61 ± 
0.09 

 
0.54 ± 
0.12 

 
0.52 ± 
0.09 

 
0.53 ± 
0.10 

 
0.54 ± 
0.09 

   MBV (cm/s) 3.0 ± 1.3  3.4 ± 1.2  4.2 ± 1.6  4.3 ± 2.6  5.0 ± 2.1*  3.9 ± 2.6 

   BF (ml/min) 
51.9 ± 
34.9 

 
60.2 ± 
25.8 

 
58.8 ± 
32.0 

 
49.6 ± 
28.7 

 65.5 ± 30  
50.7 ± 
26.6 

   VC 
(ml/min*mmHg) 

0.59 ± 
0.39 

 
0.69 ± 
0.33 

 
0.66 ± 
0.42 

 
0.56 ± 
0.31 

 
0.75 ± 
0.36 

 
0.59 ± 
0.35 

Immediately 

Post EMD (%) 
7.7 ± 4.4  

11.8 ± 
2.9‡,a 

 10.9 ± 6.0  
14.9 ± 
10.4 

 11.9 ± 3.7  9.0 ± 3.6 

Popliteal – 5-

min Post# 
           

   Diameter (cm) 
0.62 ± 
0.11 

 
0.65 ± 
0.09 

 
0.58 ± 
0.12 

 
0.58 ± 
0.08 

 
0.59 ± 
0.13 

 
0.56 ± 
0.10 

   MBV (cm/s) 
22.1 ± 
10.7 

 
20.0 ± 
11.5 

 
19.0 ± 
10.1 

 
22.3 ± 
12.1 

 15.5 ± 7.9  17.1 ± 7.1 

   BF (ml/min) 
381.5 ± 
182.2 

 
388.4 ± 
235.3 

 
301.2 ± 
191.6 

 
359.0 ± 
242.9 

 
244.8 ± 
143.3 

 
260.7 ± 
159.8 

   VC 
(ml/min*mmHg) 

4.07 ± 
1.62 

 
4.19 ± 
2.25 

 
3.28 ± 
2.25 

 
3.96 ± 
2.80 

 
2.55 ± 
1.20 

 
2.74 ± 
1.50 

Data are mean ± SD. 
MBV, mean blood velocity; BF, blood flow; VC, vascular conductance; FMD, flow-mediated vasodilation 
(relative change in diameter); EMD, exercise-mediated dilation (relative change in diameter from rest to 
immediately post-exercise). 
*P < 0.05 different from WBVT at baseline. 
†P < 0.05, ‡P < 0.01 different from baseline (time effect). 
aP < 0.01 magnitude of change from baseline different than control (group-x-time interaction). 
#P < 0.01 different than Popliteal – Pre. 
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Figure 7. Brachial artery flow-mediated dilation (FMD, A) and popliteal artery exercise-

mediated dilation (EMD, B) at baseline and 12 weeks.  

Values are mean and SEM.  
*P < 0.01 different than WBVT at baseline. 
†P < 0.01, ‡P < 0.001 different than baseline (time effect). 
aP < 0.01 different than control (group-x-time interaction). 
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Table 7. Participant leg strength, physical performance, and body composition before and after 12 weeks of 

whole-body vibration training (WBVT), low-intensity resistance training (LIRET), or non-exercise control. 

Variable 

WBVT (n= 12)  LIRET (n=11)  Control (n=8) 

Before  After  Before  After  Before  After 

Leg Press (kg) 105 ± 21  121 ± 22‡,c  100 ± 22  111 ± 24*,b  111 ± 22  112 ± 29 

Leg Flexion (kg) 66 ± 10  71 ± 10†,a  59 ± 11  65 ± 8†,b  67 ± 14  65 ± 15 

Leg Extension 
(kg) 

70 ± 12  82 ± 12‡,b,d  70 ± 17  75 ± 15*,a  71 ± 18  68 ± 18 

6MWT (m) 706 ± 62#  702 ± 72  631 ± 33  655 ± 42*,e  656 ± 64  655 ± 67 

Walking Speed 
(m/s) 

1.96 ± 
0.17 

 
1.95 ± 
0.20 

 
1.75 ± 
0.09 

 
1.82 ± 
0.12*,a,e 

 
1.82 ± 
0.18 

 
1.82 ± 
0.19 

FM (%) 31.7 ± 8.2  31.8 ± 8.0  33.2 ± 4.3  33.3 ± 4.3  32.6 ± 5.3  32.3 ± 6.1 

FM (kg) 19.5 ± 7.0  19.7 ± 7.1  20.0 ± 4.8  20.1 ± 4.9  19.3 ± 4.8  19.1 ± 5.2 

FFM (kg) 40.2 ± 2.2  40.4 ± 2.3  39.6 ± 4.1  39.6 ± 4.1  39.3 ± 2.7  39.3 ± 3.1 

SkMM (kg) 18.6 ± 1.8  18.9 ± 1.9  17.7 ± 3.3  17.9 ± 3.6  17.9 ± 2.9  17.9 ± 3.6 

SMI (kg/m2) 7.2 ± 0.7  7.3 ± 0.9  7.1 ± 1.2  7.2 ± 1.3  6.8 ± 1.2  6.8 ± 1.4 

Data are mean ± SD. 
6MWT, six-minute walk test; FM, fat mass; FFM, fat-free mass; SkMM, skeletal muscle mass; SMI, skeletal 
muscle mass index. 
#P < 0.01 different from LIRET and control at baseline. 
*P < 0.05, †P < 0.01, ‡P < 0.001 different than baseline (time effect). 
aP < 0.05, bP < 0.01, cP < 0.001 magnitude of change from baseline different than control (group-x-time 
interaction). 
dP < 0.01 magnitude of change from baseline different than LIRET (group-x-time interaction). 
eP < 0.05 magnitude of change from baseline different than WBVT (group-x-time interaction). 
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Figure 8. Maximal leg strength at baseline and after 12 weeks of each intervention.  

Values are mean and SEM for leg press (A), leg flexion (B), and leg extension (C).  
*P < 0.05, †P < 0.01, ‡P < 0.001 different than baseline (time effect). 
aP < 0.05, bP < 0.01 magnitude of change different than control (group-x-time interaction). 
cP < 0.01 magnitude of change from baseline different than LIRET (group-x-time interaction). 
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Figure 9. Relationship between changes in augmented pressure (AP; A) and augmentation 

index (AIx; B) with changes in leg extension strength after 12 weeks of whole-body 

vibration training.  
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CHAPTER FIVE 

DISCUSSION 

The primary purpose of this study was to determine the effectiveness of dynamic WBVT with an 

external load and LIRET to improve vascular function and leg muscle strength and performance. 

Our goal was to determine a vascular advantage of WBVT over a traditional LIRET model to 

reduce CVD risk in a population of increased risk. To accomplish this, we evaluated peripheral 

and central hemodynamics, wave reflection, arterial stiffness, and endothelial function in 

response to shear stress and exercise, body composition, and leg strength before and after 12 

weeks of WBVT, LIRET, and a control sedentary group. The primary findings of the present 

study are as follows: 1) WBVT and LIRET did not reduce peripheral or central pressures, 

although WBVT reduced measures of wave reflection (AIx and AIx@75) and central arterial 

stiffness (cfPWV), 2) both WBVT and LIRET significantly increased brachial artery endothelial-

mediated vasodilatory function, while only WBVT increased popliteal artery vasodilatory 

response to exercise, 3) both WBVT and LIRET significantly increased leg strength (leg press, 

flexion, and extension), although the increases in leg extension were greater after WBVT, and 4) 

WBVT elicited increases in leg extension strength were strongly associated with decreases in AP 

and AIx. 

Together these results suggest that WBVT with an external weight is a more efficacious modality 

to improve aortic stiffness and wave reflection indices, while concurrently increasing leg muscle 

strength in postmenopausal women with dynapenia. LIRET provided significant increases in leg 

muscle strength as well as increased brachial artery vasodilatory capacity in response to 

increased shear stress compared to WBVT. LIRET was not effective in improving popliteal 
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artery vasodilation after exercise or in reducing aortic wave reflection characteristics associated 

with cardiovascular disease in this population. 

Peripheral and Central Hemodynamics 

Current epidemiological data suggests that hypertension is the leading contributor to increased 

morbidity and cardiovascular mortality in the modern world [47]. Additionally, in older women 

increased prevalence of hypertension is exaggerated following menopause [246,247]. 

Interestingly, isolated systolic hypertension is the most prevalent form in older adults and may 

have the most clinical implication. In this study, target a specific blood pressure range and 

consequently neither training intervention group significantly changed resting brachial or aortic 

BP. Therefore, given the present results, 12 weeks of WBVT or LIRET has no effect on brachial 

or aortic SBP, DBP, MAP, or PP in a group of postmenopausal women with dynapenia and 

varying blood pressure profiles. Although the benefits of WBVT and LIRET on strength are well 

documented in various populations, only WBVT has elicited vascular benefits in older adults. 

Contrast to our findings, our previous work has shown significant reductions in central and 

peripheral SBP in young overweight/obese normotensive women after 6 weeks of WBVT [241]. 

Additionally, our lab has reported similar decreases in central and peripheral SBP and DBP after 

6 [80], 8 [248], and 12 [79] weeks of WBVT in obese postmenopausal women. While these 

previous studies utilized WBVT, the protocols were significantly different from the present 

study. The most recent study by Alvarez-Alvarado et al. [30] observed significant decreases in 

peripheral and central pressures after dynamic WBVT in young overweight and obese women. 

The lack of change in our population in response to dynamic WBVT can likely be attributed to a 

few potential factors. Previous research has focused on grouping variables such as 

prehypertensive or hypertensive subjects; however, given that our main variable was low muscle 
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strength (dynapenia), there was a high BP variability at baseline (SBP 97-151 mmHg). This led 

to our population consisting of 41.9% normotensive, 38.7% prehypertensive, and 19.4% stage-1 

hypertensive. While there were no between-group differences in SBP at baseline, there was a 

high intragroup variability. Previous research was conducted in prehypertensive or hypertensive 

populations which may explain the conflicting results regarding the effectiveness of WBVT to 

reduce peripheral and central pressures. Additionally, in an effort to normalize intensity with 

LIRET we utilized only dynamic exercises and an external weight vest. While this verified its 

effectiveness on leg strength, we were unable to discern whether or not this added external 

weight negatively impacted the capability of WBVT to reduce peripheral or central pressures. 

These changes in aortic BP with sedentary aging are primarily driven by augmented wave 

reflection characteristics, such as increased AP and AIx due to an increased reflected waves from 

arteria in the lower extremities effectively amplifying systolic blood pressure and left ventricular 

afterload [11]. In a normal arterial system, wave reflection is an integral component to coronary 

perfusion as the reflected wave returns to the aorta during diastole in healthy young adults [11]. 

Interestingly, the widening of central PP associated with aging is largely caused via increased 

AP, independent of arterial stiffness [160,178]. In addition to aging, reduced muscle mass and 

strength have been associated with dysfunction in wave reflection characteristics [249,250] 

which are associated with end-organ damage and unfavorable clinical outcomes [251]. 

Therefore, while decreases in peripheral and central pressures are important, targeting the 

underlying factors contributing to the increased aortic pressures (increased AP and AIx) are 

essential in order to attenuate the increasing risk of CV mortality in this population. While there 

were no changes in BP, the WBVT group had significant reductions in AP (-3 mmHg), AIx (-

4.2%), and AIx@75 (-4.2%) over time and AIx decreased compared to the LIRET group. Wong 
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et al. [248] observed significant decreases in AP (-5 mmHg), AIx (-5.4%), and AIx@75 (-6.5%) 

in obese postmenopausal women with high blood pressure after 8 weeks of WBVT. 

Additionally, consistent with previous research from our lab [80] has previously shown similar 

decreases in AP and AIx (5 mmHg and 10%, respectively) as well as a negative association 

between changes in leg strength and AP over the 6 week WBVT protocol. Conversely, there 

were no changes in wave reflection characteristics in the LIRET group of the present study, 

which is consistent with previous research in obese postmenopausal women. Previously, we have 

shown observed no reduction in wave reflection indices with LIRET alone; however, they 

reported significant decreases in wave reflection when combined with a hypocaloric diet [229]. 

Similarly, Casey et al. [252] and Taaffe et al. [253] examined the effects of moderate-intensity 

resistance training for 18 and 20 weeks in older adults and found no reductions in wave 

reflection indices. In healthy adults, the reflected wave returns to the aorta from the periphery 

during ventricular diastole which aids in providing coronary perfusion pressure [254]. However, 

with sedentary aging the reflected wave returns during late systole resulting in an augmented 

afterload, reduction in coronary perfusion and stroke volume [254], and increased magnitude of 

AP and AIx. Augmented central pressures, induced by sedentary age-associated increases in AP 

and AIx, are strongly associated with end-organ damage (heart, brain, kidneys) [255] and 

cardiovascular events [256].  

 

Arterial Stiffness 

Increased arterial stiffness is a contributing factor to the development of isolated systolic 

hypertension due to a reduced pressure buffering capacity of the aortic reservoir and early return 

of reflected waves [11,150]. A steady and progressive increase in baPWV follows menopause, in 
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the 5th or 6th decade, and is composed mainly of cfPWV and faPWV [3]. Reduced aortic 

distensibility, due to the loss of wall elastic properties, consequently increases systolic and pulse 

pressures in the aorta which are closely associated with end-organ (i.e. brain, kidney) damage 

[36]. Low muscle mass, especially in the legs, is associated with increases in PWV 

[14,16,250,257,258]. Stiffening of the elastic arteries related to advancing age primarily occurs 

in the aorta (carotid-femoral PWV, cfPWV) and is a strong predictor of future CV events 

[11,259,164]. Each 1 m/s increase in cfPWV and baPWV is associated with a 14% and 12% 

increase in CV events, respectively [259,164]. Previous research examining the effects of WBVT 

on arterial stiffness in postmenopausal women have been conducted in our lab. We reported 

decreases in baPWV and faPWV after 8 (6.9%) [79] and 12 (9.2 and 6.9%, respectively) [242] 

weeks of WBVT in obese prehypertensive and hypertensive postmenopausal women. 

Importantly, these studies were conducted in obese populations which have increased body mass 

compared to their lean counterparts. This may have influenced the beneficial effect of WBVT 

compared to lean postmenopausal women, which is the reason for using an external weighted 

vest in the present study. In contrast to previous studies [79,79,241,242], WBVT decreased 

cfPWV; however, it did not affect baPWV or faPWV in postmenopausal women with dynapenia. 

Similarly, Alvarez-Alvarado et al. [30] was the first study to demonstrate a reduction in cfPWV 

(-0.2 m/s) after 6 weeks of WBVT in young overweight and obese women. Most studies 

measuring the effects of WBVT on PWV have found significant reductions in baPWV, likely 

due to its combination of cfPWV and faPWV potentially acting synergistically to reduce 

baPWV. Although we observed no significant decreases in baPWV or faPWV in the present 

study, the significant reduction in cfPWV (-0.4 m/s) may be of greater importance due to its 

strong independent association with cardiovascular events and mortality in older adults [157].  
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Consistent with the only known previous study observing the effects of LIRET on PWV in 

postmenopausal women [229], LIRET had no statistically significant effect on cfPWV in this 

population. Although the effects of LIRET on muscle strength are well established, the present 

study is in agreeance with the previous research illustrating a null effect of LIRET on arterial 

stiffness. Previous research has demonstrated increased cfPWV in response to high intensity 

RET [225] therefore these results may be clinically important as the increases in muscle strength 

occur without detrimental cfPWV changes. Because of the increased cfPWV following 

menopause is associated to the increased prevalence of hypertension, [260] our findings may 

have important clinical significance as exercise protocols must address the elevated arterial 

stiffness associated with reduced muscle mass and strength [16]. 

 

Peripheral Vasodilatory Function 

As stated previously, the prevalence of hypertension as a leading contributor to morbidity and 

mortality is an important concern. However, the development of hypertension and the 

progression to adverse CV events has not yet been fully elucidated. It is known that CV factors, 

such as the development of hypertension, is associated with endothelial dysfunction [261]. 

Measuring the capability of the endothelium to respond to stimuli and produce NO is considered 

a useful tool to noninvasively evaluate endothelial function. NO is released in response to 

physical stimuli (increased shear stress) and is essential to increase the efficiency of oxygen 

delivery to the working tissue (i.e. muscle). As the “gold standard” method to noninvasively 

measure endothelial-dependent vasodilatory function, brachial artery FMD is considered a strong 

prognostic tool to predict future CV events [37]. Aging and menopause attenuate FMD in older 

women [49,262]. Additionally, reduced muscle mass is associated with endothelial dysfunction 
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in older adults [196]. In the present study, our resting brachial and popliteal artery characteristics 

were similar to those reported in the literature in postmenopausal women, which are markedly 

lower compared to premenopausal counterparts [263]. However, as in most cardiovascular 

variables, resting values may not always reveal functional adaptations to exercise training. The 

responses to brachial FMD in our data set (8.90 ± 0.76 %) are similar to early perimenopausal 

women (~8%) and about twice as responsive as postmenopausal women (~4%) as observed by 

Moreau et al. [49]; however, they are similar to that reported by Parker et al. (8.1%) [263]. 

While there is a wealth of data regarding the effects of resistance exercise training on arterial 

pressures and stiffness, there is little on FMD. Bleeker et al. [264] reported that vibration stimuli 

in patients during 51 days of bedrest was more effective in attenuating the reduction in leg 

conduit artery diameter compared to resistance exercise without vibration or control. 

Interestingly, this previous study showed a marked increase in FMD capacity in the control 

group, with vibration exercise attenuating FMD response. The authors hypothesized that these 

results were observed due to a drastic reduction in leg artery diameter in the control group, 

therefore greatly increasing its vasodilatory capacity compared to an artery with unchanged 

diameter. Additionally, it is important to mention that the bedrest changes were induced in a 

group of young healthy adults who may not have developed endothelial dysfunction even after 

prolonged bedrest compared to older sedentary adults. Wong et el. [248] reported an increase in 

endothelial function, as measured by the increased plasma concentration of NO metabolites, in 

obese postmenopausal women who underwent 8 weeks of WBVT to the same extent as those 

who supplemented with L-citrulline, a precursor to the endogenous NO production. In the 

present study, the WBVT group significantly increased FMD capacity (3.9 ± 1.6%) which is 

consistent to increases seen in other studies using aerobic or RET [29,265–267]. However, while 
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Okamoto et al. [29,268] has consistently observed increases in endothelial function in younger 

populations, this is the first study observing increases in endothelial function, as measured by 

FMD, after 12 weeks of LIRET in this population. A novel finding of the present study is that 

both WBVT and LIRET are effective means to normalize endothelial function in 

postmenopausal women with dynapenia. Because these interventions exercised only the leg 

muscles, the improved brachial artery vasodilatory capacity was caused by a systemic effect. 

Although exercise-induced improvements in FMD has been well documented [216,267,269], 

there is an underwhelming amount of data measuring the effects of exercise training on EMD. 

The onset of exercise induces systemic sympathetic-induced vasoconstriction to redistribute the 

blood away from the splanchnic tissue to the contracting muscle. The exercising skeletal muscle 

and endothelium produce vasodilatory substances (i.e. adenosine, NO, prostaglandins, etc…) to 

override this sympathetic activation and blunt vasoconstriction and induce local vasodilation 

known as “functional sympatholysis”. Declines in exercise hyperemia have been reported with 

aging as impaired leg vasodilation (femoral artery) during dynamic cycling exercise in older, 

compared to younger, women [270]. Consistent with previous research, Tinken et al. [271] 

observed a 3.3% increase in popliteal artery vasodilatory capacity in young healthy adults after 

an 8-week aerobic exercise intervention. Our 4.9% increase in popliteal vasodilatory capacity 

post-exercise (walking) observed in the WBVT group can be attributed to an expected lower 

capacity at baseline (7.7% vs. 8.9%) compared to that published in younger adults.  

In the present study, the increases in popliteal EMD seen in the WBVT group could be attributed 

to the increased chronic level of shear stress subjected to the arterial tree as a response to the 

vibration stimulus, compared to resistance exercise without vibration. Previous research has 

indicated that shear stress level influences structural remodeling of the vascular wall, and more 
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specifically, increased endothelial gene expression via increased eNOS [272]. While traditional 

knee extensor exercise has previously been reported to elicit increases femoral artery blood flow 

and MBV [273], the vibration stimulus results in greater EMG activity in both the active and 

inactive muscles [233,274] without increased cardiovascular stress [275]. Passive vibration 

combined with electrical stimulation on the calf muscles for 12 weeks improved resting popliteal 

artery diameter and blood flow in patients with spinal cord injury and severe skeletal muscle 

mass atrophy [276]. It is proposed that this vibration stimuli yields a hypothesized thixotropic 

effect on blood [234], both of which will increase the level of shear stimulus in the arterial tree. 

This potential volumetric increase of shear stimuli may have induced beneficial vascular 

remodeling which presents itself as a greater vasodilatory response to exercise. 

 

Strength, Physical Performance, and Body Composition 

Reductions in muscle strength may be a sensitive marker for CV risk and increased risk for 

disability [139,277]. Additionally, reduced muscle strength is an independent predictor of 

mortality in women over the age of 50 years [278]. While the European Working Group on 

Sarcopenia in Older People (EWGSOP) has defined sarcopenia as the combination of low 

muscle mass and muscle strength or physical performance, the disparities between the changes of 

muscle mass and strength (greater loss of strength than mass) with age [140] illustrates the 

importance for separate terms. Therefore, Clark and Manini [25] have suggested the use of 

dynapenia to define the age-related loss of muscle strength.  Conversely, high muscle strength 

has an inverse association with mortality among individuals over the age of 50 years [23,59,278]. 

These observations may suggest the importance of muscle strength in attenuating progressive CV 

risk with age. 
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The criteria set forth by the EWGSOP to define low muscle strength in older women was a 

handgrip MVC below 20kg [19], was followed in our study. Although our population (SMI 7.06 

± 1.00 kg/m2) did not meet the criteria for low muscle mass (SMI < 6.42 kg/m2), previous 

literature on the rapid reduction of muscle strength compared to mass in older individuals [20] 

suggests that our population could be diagnosed as dynapenic but not sarcopenic. Interestingly, 

the WBVT group increased their MVC over the 12-week training intervention (1.3 ± 1.8 kg) 

with no change in the LIRET or control groups. While we did not include any upper-body or grip 

strengthening exercises, we can hypothesize that this increase was likely due to a combination of 

the necessity to grip the handles of the vibration device to aid in maintenance of balance during 

the WBVT.  

Consistent with other studies, WBVT [79,80,236–238,242,279,280] increased indices of muscle 

strength in previously untrained older adults. Although both WBVT and LIRET have been 

shown to significantly increase muscle strength compared to high-intensity resistance training in 

untrained sedentary adults [32,281] WBVT induced a greater magnitude of leg extension 

strength (19.2%) compared to the LIRET group (8.4%). Roelants et al. [280] reported similar 

increases in leg extension (16.1%) in postmenopausal women following 24 weeks of WBVT. It 

is important to note that the majority of the leg extension strength increases were seen following 

the initial 12 weeks, which aligns with our results. Interestingly, our results are similar to 

previous research in our lab in overweight and obese postmenopausal women [79,80,242] which 

may illustrate the necessity for the inclusion of an external weight in postmenopausal women 

who are normal or slightly overweight, as seen in the present study, in order to observe similar 

strength gains. The current literature suggests that loss of strength is a strong independent 

predictor of reduced mobility and increased physical disability, both of them contribute to 
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increased mortality rates [210]. While handgrip MVC is a useful tool to easily screen a large 

population, leg extension strength may have a higher sensitivity. Manini et al. [139] developed 

knee extensor strength and walking speed cutoff points to identify risk of future mobility 

limitation, and subsequently mortality associated with this reduced ambulatory capacity. 

Although we cannot compare our leg extension strength values to theirs due to different 

methodologies and devices, we can appreciate the increases in strength elicited by WBVT that 

may be clinically relevant. However, given that our participants had a significantly higher 

walking speed capacity (1.85 m/s) compared to those at high risk (< 1.22 m/s) in previous 

studies, the results here may not be generalized to sarcopenic or frail populations. Nonetheless, 

leg extension strength is a crucial target for exercise interventions in populations at risk for 

disability and mortality, such as dynapenic adults. WBVT was observed to be more effective to 

increase leg extension strength compared to LIRET and control, which may provide evidence for 

middle-aged and older adults to utilize this strength training modality. Additionally, the 

association between increases in leg extension strength and reductions in AP and AIx in the 

WBVT group elucidates a potential common pathway to increase muscle strength while 

concurrently decreasing wave reflection indices associated with cardiovascular events. 

Our results in the present study do not give support to WBVT as an effective modality to 

improve lean mass, measured by BIA, in postmenopausal women with dynapenia. Our original 

intention was 12-weeks of intervention to elicit changes in body composition, as previous 

research has shown little effect in studies after 6 [80] and 8 [238,248] weeks in overweight/obese 

and postmenopausal women. Conversely, Milanese et al. [282] and our lab [241] reported 

increases in lean mass following 6 (3%) and 8 (2%) weeks of training, respectively. Although it 

is important to note that these results were observed in young non-obese and obese women and 
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body composition was measured via dual-energy X-ray absorptiometry (DXA), both of which 

may explain the observed difference. Additionally, Machado et al. [279] found increases in thigh 

muscle mass following 10-weeks of WBVT in postmenopausal women using computed 

tomography, a superior method for localized (vastus lateralis and biceps femoris) muscle 

hypertrophy than DXA. Therefore, while we observed no differences in lean mass, this may be 

due to the low sensitive methodology utilized to detect changes in older women or the duration 

of training was simply too short. Although fat mass was not a primary concern in this population, 

our results are consistent with previous research in that there were no changes over 12 weeks of 

WBVT. Furthermore, studies observing 8 [238,248] and 12 [79] weeks of WBVT in 

postmenopausal women observed no changes in fat mass following the training interventions. 

 

Limitations 

In order to observe differences between WBVT and a traditional LIRET modality, we designed 

low-intensity strength training programs that would be similar across two different modalities. 

While we were unable to maintain a matched load between the two modalities (WBVT based on 

body weight and some external weight while LIRET used traditional weight machines), we were 

able to progressively increase the intensity on an individual basis using an RPE scale. While we 

cannot compare absolute load, this is a strong limitation in our study. Although BIA is a suitable 

method to measure body composition, we were unable to delineate whether or not there were 

significant changes in appendicular muscle mass. Therefore, while there may have been 

increases in leg muscle mass we could not differentiate from whole-body skeletal muscle mass. 

Additionally, we did not record dietary or physical activity logs which may shroud our data as 

participants could have fluctuated their nutritional or exercise habits during the study. Although 
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we explicitly requested no change in the dietary or physical habits, we understand that the 

participants may not have heeded our requests. Lastly, the groups, while not different at baseline, 

had a large variance in hemodynamic variables which may have reduced the power of the 

interventions and therefor reducing the ability to observe the potential vascular impact of the 

exercise training. 

 

Future Research 

Previous studies have illustrated the effectiveness of WBVT on vascular function and both 

WBVT and LIRET on muscle function in various populations. What our study adds to the 

current literature is that dynapenia may be a marker for vascular dysfunction in postmenopausal 

women, as the rate of decrement is substantially greater than muscle loss. Additionally, that these 

markers of vascular and muscular dysfunction can be ameliorated by vibration stimuli concurrent 

to skeletal muscle contractions, a result not seen with traditional resistance training. Although 

our study utilized external weights to increase intensity, future research can investigate the 

differences in WBVT progression (i.e. solely frequency, volume, or intensity) on arterial and 

muscle function. Future studies can combine the use of non-pharmacological nitric oxide donors 

in conjunction with vibration training to enhance the increase in vascular function in various 

populations [242]. Additionally, although strength losses with aging are significantly greater than 

losses in mass, loss of power (as explained previously) is significantly greater than loss in 

strength. Hypothetically, power reduction may be a more sensitive marker for vascular and 

muscle dysfunction undetected by any change in strength or mass in older adults. 
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Conclusion 

The present study was designed to elucidate hemodynamic, wave reflection, arterial stiffness, 

endothelial function, and leg strength responses to 12 weeks of either WBVT with an added 

external weight or LIRET protocols in dynapenic postmenopausal women. Given the 

multifactorial nature of sedentary aging, the main variables affected by WBVT with an external 

weight are simplified in Figure 10. We showed that while both WBVT and LIRET had no effect 

on peripheral or central pressures, and significant increases in muscle strength, but only WBVT 

elicited reductions in wave reflection characteristics and central arterial stiffness. Maintenance of 

vascular function has been associated with decreased risk of cardiovascular morbidity and 

mortality in older populations. Additionally, both WBVT and LIRET improved endothelial 

function, while WBVT induced greater responses to exercise-induced vasodilation, which may 

result in increased muscle perfusion and tolerance to exercise. Although none of the training 

modalities had any effect on body composition, our study illustrates the benefits of WBVT on 

vascular function and muscle strength in postmenopausal women with dynapenia. 
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Figure 10. Model depicting the effects of whole-body vibration training on the relationship 

between sedentary aging and skeletal muscle and arterial function. Gold boxes represent 
factors that were positively influenced by whole-body vibration training with an external weight 
in postmenopausal women with dynapenia.  
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APPENDIX A 

IRB APPROVAL 

Office of the Vice President For Research 
Human Subjects Committee 
Tallahassee, Florida 32306-2742 
(850) 644-8673 · FAX (850) 644-4392 
APPROVAL MEMORANDUM 
Date: 01/13/2017 
To: Arturo Figueroa <afiguero@fsu.edu> 
Address: 120 Convocation Way 1493 
Dept.: NUTRITION FOOD AND EXERCISE SCIENCES 
From: Thomas L. Jacobson, Chair 
Re: Use of Human Subjects in Research 
Effects of two strength training modes on arterial function and physical performance in postmenopausal women at 
risk for low muscle mass/strength (sarcopenia) 
The application that you submitted to this office in regard to the use of human subjects in the research proposal 
referenced above has been reviewed by the Human Subjects Committee at its meeting on 
Your project was approved by the Committee. 
The Human Subjects Committee has not evaluated your proposal for scientific merit, except to weigh the risk to 
the human participants and the aspects of the proposal related to potential risk and benefit. This approval does 
not replace any departmental or other approvals which may be required. 
If you submitted a proposed consent form with your application, the approved stamped consent form is attached 
to this approval notice. Only the stamped version of the consent form may be used in recruiting research 
subjects. 
If the project has not been completed by 01/10/2018 you must request a renewal of approval for continuation 
of the project. As a courtesy, a renewal notice will be sent to you prior to your expiration date; however, it is 
your responsibility as the Principal Investigator to timely request renewal of your approval from the Committee. 
You are advised that any change in protocol for this project must be reviewed and approved by the Committee 
prior to implementation of the proposed change in the protocol. A protocol change/amendment form is required 
to be submitted for approval by the Committee. In addition, federal regulations require that the Principal 
Investigator promptly report, in writing, any unanticipated problems or adverse events involving risks to 
research subjects or others. 
By copy of this memorandum, the chairman of your department and/or your major professor is reminded that 
he/she is responsible for being informed concerning research projects involving human subjects in the 
department, and should review protocols as often as needed to insure that the project is being conducted in 
compliance with our institution and with DHHS regulations. 
This institution has an Assurance on file with the Office for Human Research Protection. The Assurance 
Number is IRB00000446. 
Cc: Chester Ray <caray@fsu.edu>, Chair 
HSC No. 2016.20031 
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APPENDIX B 

INFORMED CONSENT FORM 

1. I freely and voluntarily and without element of force or coercion, consent to be a participant in 

the research study entitled “Effects of two strength training modes on arterial function, 

inflammation, and physical performance in postmenopausal women at risk for low muscle 

mass/strength (sarcopenia).” This study is being conducted by Dr. Arturo Figueroa, a researcher 

from Florida State University and associated to the Departments of Nutrition, Food & Exercise 

Sciences. The Principal Investigator may be contacted via telephone (850) 644-8089 or by email 

afiguero@fsu.edu.  

2. The purpose of the study is to examine the effects 12 weeks of whole-body vibration (WBV) 

training and low-intensity resistance training on leg and systemic arterial function at rest and 

after a single bout of walking in individuals at risk for sarcopenia, defined as a body mass index 

(BMI= body weight/height2) less than 27 kg/m2 and maximal voluntary contraction (MVC) less 

than 20 kg using the isometric handgrip test. Forty-five postmenopausal women aged 55 to 75 

years will be recruited in this study. Participants will be postmenopausal for at least 1 year and 

will not be on hormone replacement therapy.  

3. My participation in this study will require coming to the Cardiovascular Physiology and Body 

Composition Laboratory at the Florida State University on 7 different days to complete the 

experiments described below. On the first visit, I will be oriented to the study, answer questions 

on my medical history, and sign an informed consent if I qualify. I will have my arm blood 

pressures, height, weight, waist circumference, and MVC assessed. I will also be familiarized 

with all testing procedures that I will be a part of. This will include practicing the 6-minute walk 

test and leg muscle strength tests. The first visit should take approximately one hour.  
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On visit 2, I will come in the morning after at least 8 hours of overnight fast. I will undergo body 

composition measurements by bioelectrical impedance analysis (BIA). I will have my 

cardiovascular function evaluated after 15 min of lying down on a table. Four blood pressure 

cuffs with sensors for arterial waveforms will be wrapped around both of my arms and ankles, 

and two tonometers (sensors applied to the skin) will be placed over my carotid (neck) and 

femoral (inner thighs) arteries to obtain pulse wave velocity (arterial stiffness measurements) in 

3 arterial segments. In addition, pressure waveforms will be obtained from placing a pencil-like 

tonometer over my radial artery in order to obtain aortic blood pressures at rest, during 3 min of 

low-intensity exercise, and during 3 min of recovery with arm cuff inflation. I will then practice 

6-minute walk test and confirm MVC. I will then perform the leg muscle strength tests. A 

researcher will progressively increase the weight until I reach the maximum amount of weight 

that I can move through a full range of motion (1RM) 

On visit 3 my brachial artery (arm) blood flow will be measured in the right arm using 

ultrasound which will be positioned on my skin in the supine position (lying down). Following 

the blood flow measurements, a pneumatic cuff will be placed around the upper third of my 

forearm and inflated at least 50 mmHg above my systolic blood pressure for 5 minutes. After 

deflation of an arm cuff, I will rest for 3 more minutes for post-deflation blood flow 

measurements. My popliteal artery (back of the knee) blood flow will be measured using 

vascular ultrasound positioned on my skin at rest. I will then perform a 6-min walk test which 

consists on walking in a hallway as much distance in 6 minutes. Immediately after I stop the 

walking test, my leg arterial measurements and popliteal artery blood flow will be measured 

within 15 min post-exercise. Afterwards, my leg muscle strength will be confirmed.  
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Visit 4 (12 weeks and end of study), I will have my measures of anthropometry and body 

composition by BIA, cardiovascular function, and muscle strength taken using the same 

procedures conducted on visit 2.  

During visit 5 (12 weeks and end of study) and 72 hours apart from visit 4, I will undergo all 

testing procedures conducted on visit 3.  

Following 4 weeks of detraining (end of study at 16 weeks), I will assist visits 6 and 7 that will 

consist of the same measurements as visits 4 and 5. Visits 2-7 will take approximately one hour 

and 30 min. 

If I am in the exercise training groups, I will attend supervised exercise sessions 3 times a week 

for a period of 12 weeks. Each vibration training session will consist on static and dynamic 

bilateral leg exercises: squats (high, deep, and wide stand) and calf raises on the vibration 

platform. The intensity of vibration and amplitude will also be increased progressively (25-35 Hz 

of frequency and 2.5-5.0 mm of amplitude). The low-intensity resistance training session will 

consist on leg press, leg extension, leg flexion, and calf raises exercises at 40% of 1RM. The 

dynamic vibration exercises and low-intensity resistance exercises will be performed with slow 

controlled movements (2 seconds down and 3 seconds up). The amount of weight will be 

increased to achieve an exercise intensity of 40% of 1RM.  

During the 16 weeks, I will not be involved in any other exercise program or make changes in 

my lifestyle.  

4. I understand there is a possibility of a minimal level of risk involved if I agree to participate in 

this study. I will complete a medical history before I can participate in the study. I am aware that 

I cannot participate in this study if I answered yes to any of the exclusion criteria. The risks 
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associated with the non-invasive cardiovascular tests are minimal because they are obtained 

using devices applied on the skin. Blood pressure cuff inflation to 50 mmHg over my resting 

blood pressure may cause discomfort numbness, bruising, tingling and pain. These possible 

effects will disappear within a few minutes after the termination of the test. I may stop the test at 

any time and I may choose not to complete a task if I feel uncomfortable. The risk associated 

with body composition measurements by BIA is minimal and with no biological effects because 

the electrical signal used for the measurement is of low magnitude and imperceptible. The risks 

associated with whole body vibration training are minimal and the selected amplitudes have been 

previously used in other studies using human subjects. These include erythema (redness of the 

skin due to increased local blood flow), itching, and edema (swelling) of the legs. If the effects 

are severe, the frequency and or the amplitude of WBV may be reduced. There is the possibility 

of muscle fatigue or soreness related with exercise or testing. The risk will be minimized by 

using trained technicians and by strict supervision of the training and testing sessions. I 

understand that to reduce muscle fatigue and soreness my trainer will make adjustments to my 

training program. I also understand that it is my responsibility to report my health status, changes 

in status or any other feelings of discomfort to aid the investigator in providing me with the 

proper attention.  

5. The possible benefits of my participation in this study include learning about my 

cardiovascular health and how WBV training and low-intensity resistance training may improve 

my vascular function and blood pressure. I will also be given arterial function evaluations after 

exercise, muscular strength, and body composition analysis free of charge and the results will be 

given to me if I wish. I will also be given a number of training sessions at no charge if I am 

included in one of the training groups.  
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6. The result of this study may be published but my name or identity will not be revealed.  

Information obtained during the course of the study will remain confidential, to the extent 

allowed by law. My name will not appear on any of the results. No individual responses will be 

reported. Only group responses will be reported in the publications. Confidentiality will be 

maintained by assigning each subject a code number and recording all data by code number. The 

only record with the subject’s name and code number will be kept by the investigator, Dr. Arturo 

Figueroa, in a locked drawer in his office. Data will be kept for 10 years and then destroyed.  

7. I will be paid for my participation in this study. In case of an injury, first aid (free of charge) 

will be provided to me by the laboratory personnel working on the research project. However, 

any other treatment or care will be provided at my expense.  

8. Any questions I have concerning the research study or my participation in it, before or after 

my consent, will be answered by the investigators or they will refer me to a knowledgeable 

source. I understand that I may contact Salvador Jaime (503) 621-6422 (sjj13d@my.fsu.edu), 

Arun Maharaj (954) 937-9130 (am16ab@my.fsu.edu), and Dr. Figueroa (850) 644-8089 

(afiguero@fsu.edu) for answers to questions about this research study or my rights. Group results 

will be sent to me upon my request.  

9. In case of an injury, or if I have questions about my rights as a subject/participant in this 

research, or I feel I have been placed at risk, I can contact the chair of the human subject 

committee (humansubjects@fsu.edu), Institutional Review Board, through the office of the Vice 

President of Research at (850) 644-8633 (humansubjects@magnet.fsu.edu).  

10. The nature, demands, benefits and risks of the study have been explained to me. I knowingly 

assume any risk involved.  
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11. I have read the above informed consent form. I understand that my participation is voluntary 

and I may discontinue participation at any time without penalty or loss of the benefits to which I 

may otherwise be entitled. In signing this consent form, I am not waiving my legal claims, rights 

or remedies.  

_________________________________________________  

Subject      Date  
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APPENDIX C 

HEALTH AND EXERCISE HISTORY QUIESTIONNAIRE 

CARDIOVASCULAR/ EXERCISE HISTORY 

 

  ID# __________ 

  DATE __________ 

 

Answer the following questions, indicating the month and year of the event or diagnosis where 

appropriate. 

  

                Yes      No   Month/Year 

1. Has a doctor ever told you that you have 

 heart disease? ___ ___ ____/____ 

 

2. Do you experience leg/foot pain while 

walking? ___ ___  

 

3. Do you experience leg pain at rest? ___ ___ 

 

4. Do you experience foot numbness while  

walking? ___ ___ 

 

5. Do you experience foot numbness at rest? ___ ___ 

 

6. Have you ever had a heart attack? ___ ___ ____/____ 

 

7. Have you ever had chest pain? ___ ___ ____/____ 

 

8. Do you have any heart arrhythmias? ___ ___ ____/____ 

 

9. Have you ever had cardiac  

 catheterization? ___ ___ ____/____ 

 

10. Have you ever had balloon angioplasty? ___ ___ ____/____ 

 

11. Have you had coronary artery bypass graft  

 surgery? ___ ___  

 

 If yes, list date and number of grafts: 

  

 ____/____  # grafts: ___ 1   ___ 2   ___ 3   ___ 4+ 

   Mo.       Yr. 
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12. Have you ever had leg artery revascularization? ___ ___ ____/____ 

 

13. Have you ever had a stroke? ___ ___ ____/____ 

 

                Yes      No   Month/Year 

 

14. Do you have hypertension (high blood pressure)? ___ ___ ____/____ 

 

 If yes, how long have you had hypertension? 

 _____ less than 1 year 

 _____ 1-5 years 

 _____ 6-10 years 

 _____ more than 10 years 

Was the first number (systolic) greater 

than 180? ___ ___ 

            

15. Do you have diabetes mellitus? ___ ___ ____/____   

    

16. Do you take insulin for diabetes? ___ ___  

 

 If yes, how long have you taken insulin? 

 

 _____ less than 1 year 

 _____ 1-5 years 

 _____ 6-10 years 

 _____ more than 10 years 

 

17. Do you take oral hypoglycemics for  

 diabetes? ___ ___  

 

18. Do you have a cardiac pacemaker? ___ ___ 

 

 If yes, how long have you had a cardiac  

 pacemaker? 

 

 _____ less than 1 year 

 _____ 1-5 years 

 _____ 6-10 years 

 _____ more than 10 years 

 

19. Have you had a carotid endarterectomy? ___ ___ ____/____ 

 

20. Has your doctor ever told you that you   

 have a heart valve problem? ___ ___ ____/____ 

 

21. Have you had heart valve replacement  
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 surgery? ___ ___ ____/____ 

 

 If yes, what heart valves were replaced? ___ mitral  ___ aortic 

 

                Yes      No   Month/Year 

 

22. Have you had cardiomyopathy? ___ ___ ____/____ 

 

23. Have you had a heart aneurysm? ___ ___ ____/____ 

 

24. Have you had heart failure? ___ ___ ____/____ 

  

25. Have you ever suffered cardiac arrest? ___ ___ ____/____ 

 

26. Do you smoke?                         Yes ___No ____ 

 If yes, how long have you smoked  _____ years 

 How many cigarettes per day _____ per day 

 If you stopped smoking, when did you do it? _____ years ago  

 

27. Are you absent of menstrual bleeding? 

                                                                                                                    Yes___ No____ 

 

28. Are you using hormonal replacement therapy?      Yes___ No ____ 

 

29. Have you had vasculitis problems or Raynaud’s phenomenon (finger blanching with cold 
exposure)  

   
  ___ ___ ____/____ 
 

30. Are you taking medications for high blood pressure 

(beta blockers) or anti-inflammatory drugs?   

                                                                                                Yes___ No____ 

 

Name of drug                   Dosage Times/Day Duration of use 
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31. Other medical problems: Indicate if you have had any of the following medical problems: 

 Past    Now 

 ____  ____ Allergies 

 ____  ____ Anemia 

 ____  ____ Arthritis 

 ____  ____ Asthma 

 ____  ____ Back injury or problem 

 ____  ____ Blood clots 

 ____  ____ Bronchitis 

 ____  ____ Cirrhosis 

 ____  ____ Claudication 

 ____  ____ Elbow or shoulder problems 

 ____  ____ Emotional disorder 

 ____  ____ Gall bladder disease 

 ____  ____ Glaucoma 

 ____  ____ Gout 

 ____  ____ Headaches 

 ____  ____ Hemorrhoids 

 ____  ____ Hernia 

 ____  ____ Herpes simplex 

 ____  ____ Hip, knee, or ankle problems 

 ____  ____ Intestinal disorders 

 ____  ____ Joint implants 

 ____  ____ Kidney disease 

 ____  ____ Knee osteoarthritis 

 ____  ____ Liver disease 

 ____  ____ Lung disease 

 ____  ____ Mental illness 

 ____  ____ Migraines 

 ____  ____ Neck injury or problem 

 ____  ____ Neuralgic disorder 

 ____  ____ OB/GYN problems 

 ____  ____ Obesity/overweight 

 ____  ____ Osteoporosis 

 ____  ____ Parkinson's disease 

 ____  ____ Phlebitis 

 ____  ____ Prostate trouble 

 ____  ____ Rheumatic fever 

 ____  ____ Seizure disorder 

 ____  ____ Stomach disease 

 ____  ____ Thrombosis 

 ____  ____ Thyroid disease 

 ____  ____ Tumors or cancer - List type: _______________ 
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 ____  ____ Foot Ulcers 

 ____  ____ Other - specify: ________________ 

List other medications / supplements you are taking below: 

 

Name of Drug Dosage Times/day Duration of drug use 

          

         

 

          

       

         

 

 

Exercise   

     

32. Do you exercise with weights regularly?   Yes ___      No ___ 

 

33. How long have you trained with weights?_______________________________ 

 

34. Do you experience fatigue at the end of the set?  Yes ___      No ___ 

 

35. Do you do whole body routines?    Yes ___      No ___ 

 

If no, how do you divide your body to exercise with weights?_______________ 

           _________________________________________________________________ 

           _________________________________________________________________ 

 

36. How many days per week do you train with weights?______________________ 

 

 

37. How much aerobic (cardiovascular) exercise (walking, running, cycling, swimming, etc) 

do you do? 

 Days/week:____________________________ 

 Duration in min/day:_____________________ 

Intensity of the workouts: low, moderate, high 

 

38. Are you able to walk on a treadmill faster than 2 miles 

per hour?       Yes ___      No ___ 

 

39. How long have you trained with cardiovascular activities? 

________________________________________________________________ 

 

40. Have you interrupted your training for more than 2-3 weeks in the last year? 

Yes ___      No ___ 

 

If yes, when was it?________________________________________________ 
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APPENDIX D 

WHOLE BODY VIBRATION TRAINING LOG 

 

Week # 1 
Date   /   /     /   /   /   / 

Day of the week    

Resistance    

Clouds    

Exercises Performed 

( ) 

(1) Squat Dynamic 

(1) High Squat Dynamic     

(1) Wide squat Dynamic 

(1) Toestand Dynamic 

(1) Squat Dynamic 

(1) High Squat Dynamic     

(1) Wide squat Dynamic 

(1) Toestand Dynamic 

(1) Squat Dynamic 

(1) High Squat Dynamic     

(1) Wide squat Dynamic 

(1) Toestand Dynamic 

Frequency (Hz) (x) 25-Hz   (   ) 35-Hz 

(  ) 30-Hz  (   ) 40-Hz 

(x) 25-Hz   (   ) 35-Hz 

(  ) 30-Hz  (   ) 40-Hz 

(x) 25-Hz   (   ) 35-Hz 

(  ) 30-Hz  (   ) 40-Hz 

Amplitude (mm) ( x ) -Low 

(    ) -High 

( x ) -Low 

(    ) -High 

( x ) -Low 

(    ) -High 

Rest Time (s) _60____seconds _60____seconds _60____seconds 

Repetitions (#)    

# Sets (circle) 1        2        3        4      

 

5        6        7        8      

1        2        3        4      

 

5        6        7        8      

1        2        3        4      

 

5        6        7        8      

Trainer  
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APPENDIX E 

LOW-INTENSITY RESISTANCE EXERCISE TRAINING LOG 

Week # 1 
Date   /              / /              /   /              / 

Day    

Leg Press 

%1RM:_________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 
Weight Reps Weight Reps Weight Reps Weight Reps Weight Reps Weight Reps 

            

Leg Flex. 

%1RM:_________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 
Weight Reps Weight Reps Weight Reps Weight Reps Weight Reps Weight Reps 

            

Leg Ext. 

%1RM:_________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 
Weight Reps Weight Reps Weight Reps Weight Reps Weight Reps Weight Reps 

            

Calf Raises 

%1RM:_________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 

Set 1 

RPE:________ 

Set 2 

RPE:________ 
Weight Reps Weight Reps Weight Reps Weight Reps Weight Reps Weight Reps 

            

Trainer  
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