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ABSTRACT 

 

BACKGROUND: Frailty syndrome is a geriatric medical condition characterized by diminished 

muscular strength and endurance, weight loss, and weakened physiologic function. Frailty 

syndrome tends to manifest itself amongst morbidities and, consequently, individual health 

complications are regularly targeted by clinicians with the physical state of frailty often left 

untreated. A majority of nursing home residents are believed to suffer from frailty syndrome; 

therefore, this group of older adults deserves our attention. Unloaded whole body vibration 

training (WBVT) has been shown to improve strength and functional performance in higher 

functioning older adults without frailty syndrome. PURPOSE: To determine and compare the 

effects of 12 weeks of WBVT to standard care alone (CON) on body composition, strength, 

functional performance, and inflammation in 20 (16 female) pre-frail and frail skilled nursing 

home residents (82 ± 5 years). METHODS: This was a non-randomized controlled trial. 

Participants were recruited from three skilled nursing facilities in Tallahassee, FL. Participants 

(WBVT: n=14; CON: n=11) were screened for frailty syndrome using the FRAIL scale. 

Handgrip (HG) and isometric knee extension strength (KE) were measured using a hand and 

mechanical push-pull dynamometer. Bioelectrical impedance was used to determine lean mass 

(LM), fat mass (FM), skeletal muscle index (SMI), and phase angle (PA; a measure of tissue 

health). Inflammation was assessed using an enzyme-linked immunosorbent assay to measure 

resting serum concentrations of C-reactive protein (CRP). The short physical performance 

battery (SPPB) and timed up-and-go (TUG) were used to assess functionality. Participants were 

assigned to either 12 weeks of WBVT (2x/wk) or CON. WBVT consisted of 3x10 of 4 lower 

body exercises with 50 seconds of vertical vibration (25-40 Hz) per set. CON continued with 

day-to-day activities and followed doctor’s orders. One-way analysis of variance (ANOVA) was 
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used to analyze baseline data between the WBVT and CON groups. Dependent variables were 

analyzed using a 2 x 2 (group x time) factorial ANOVA with repeated measures on the last 

factor. When a significant group-by-time interaction and/or time effect was identified, between-

groups and within-group comparisons were performed using independent and paired t-tests. 

Significance was set at p≤0.05. RESULTS: Twenty participants completed the intervention 

(WBVT: n=10; CON: n=10). The FRAIL Scale identified 5 participants as pre-frail (WBVT: 

n=4) and 15 as frail (CON: n=9). Sarcopenia (low SMI and HG or SPPB) was identified in 9 

participants (WBVT: n=6), of which 4 were obese (WBVT: n=3). BMI classification ranged 

from underweight to stage-3 obesity (15.3-38.2 kg/m2). Hypertension (85%), depression (75%), 

Alzheimer’s or dementia (50%), and diabetes mellitus (55%) were the most frequent medical 

conditions reported. Nineteen participants were treated with polypharmacy (>5 drugs) and all 

required assistive devices for ambulation. All WBVT participants completed the 24 exercise 

sessions. There were no differences between groups in baseline measures of body composition, 

strength, functional performance, and inflammation. There was no significant change in LM, 

FM, PA, or CRP in either group. There were significant time effects on body mass (F1,18=8.869, 

p=0.008, η2=0.330) and BMI (F1,18, p=0.014, η2=0.293). The standard care group increased their 

body mass (p=0.022) and BMI (p=0.028), but neither body mass nor BMI were different 

between groups post-intervention (p>0.05). There was a significant group-by-time interaction 

(F1,18=5.434, p=0.032, η2=0.232) for KE. WBVT significantly improved KE (p=0.003), but KE 

was not different between groups post-intervention (p>0.05). There was a significant group-by-

time interaction for SPPB performance (F1,18=4.84, p=0.041, η2 = 0.212). Total SPPB score 

improved by 15.6% following WBVT (p=0.089) with a magnitude of change in the WBVT (∆ 

SPPB=+0.7 units) that was greater (p=0.041) than CON (∆ SPPB=-0.4 units). CONCLUSION: 
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WBVT in pre-frail and frail skilled nursing home residents was well tolerated and occurred 

without adverse health complications. WBVT can be used in skilled nursing facilities to 

counteract losses in leg strength and some measures of physical function. WBVT interventions 

of longer frequency and duration could demonstrate to be useful for greater improvements in 

strength and functional performance.  

 

 

 

 

 

 



1	

CHAPTER 1 

 

INTRODUCTION 
 

 

The population of adults 65 years and older is growing at an accelerated rate. It is 

estimated that by 2060 there will be approximately 98 million older persons1. This exponential 

growth can be explained primarily by two factors: 1) increased longevity and 2) the increase of 

births from 1946-1964 from previous generations; individuals born during this time period are 

called baby boomers2. It is expected that this growth will be accompanied with an increase in 

health complications and disability. As a result, the rising demand in healthcare is predicted to 

increase the total cost of health care by 25% within the next 15 years3.  

Advancing age is associated with a number of declines in physiological processes. These 

declines are due to structural and functional changes in a wide range of metabolically active 

tissues that lead to reduced muscular performance4 and maximal oxygen uptake (VO2max)
5. 

Sarcopenia, the age-related loss of skeletal muscle6, is considered a chief contributor to the 

development of functional impairments that consequently lead to impaired ability to complete 

activities of daily living (ADL), disability, poor quality of life and death in older adults7,8.  

Accompanying the decline in muscle mass are losses in muscular strength and power; however, 

the magnitude of decline in strength and power is greater than the loss of muscle mass4,9.  While 

loss of muscle mass contributes to muscle weakness, muscular power and strength are suggested 

to have the greatest impact on functional performance10,11.  

Sarcopenia is diagnosed by the presence of low muscle mass plus poor muscular strength 

and/or poor physical performance. Low muscle mass is determined by the presence of an 

appendicular skeletal muscle mass index (kg)/height(m2) that is 2 or more standard deviations 



2	

below the mean value of a young reference group of the same gender7,8. The gender specific 

cutoff points for low muscle mass in older adults are 7.26 kg/m2 for men and 5.45 kg/m2 for 

women7. Computed tomography (CT), magnetic resonance imaging (MRI), and dual-energy X-

ray absorptiometry (DXA) are the most common methods of determining body composition in 

research practices; however, bioelectrical impedance analysis (BIA) has emerged as an 

inexpensive and convenient method of measurement. BIA can be used to determine the presence 

of low muscle mass in older adults through its measurement of resistance and reactance, two 

bioelectrical parameters that provide indirect measures of total body fat and lean mass in humans 

through equations derived from invasive measurement techniques. The estimated BIA-cutoff 

points for sarcopenia are 8.87 kg/m2 and 6.42 kg/m2 for men and women, respectively8,12.  

The theory of impedance uses the flow of an electrical current through an object to 

determine its properties.	Phase angle,	a direct measurement derived from the relationship 

between reactance and resistance, may be an indicator of overall cellular membrane integrity and 

fluid distribution between intracellular and extracellular spaces13. Phase angle has been reported 

to decrease with age and allegedly reflects the observed changes in body composition that 

commonly occur with aging (e.g. muscle loss and fat gain)14,15. Narrow phase angles derived 

from BIA are associated with frailty (women: 2.7-5.4°; men: 3.0-5.6°) and mortality in both 

older men and women13.	Larger phase angles are associated with greater strength and 

functionality in both rehabilitation patients and nursing home residents16,17. 

Several underlying mechanisms are hypothesized to contribute to the muscle 

morphological and functional changes related to aging (sarcopenia). These include: alterations in 

neuromuscular and muscle fiber composition18, declines in anabolic hormone availability19, 

impairment of protein absorption and utilization20, reactive oxidative species (ROS) 
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production21, and mitochondrial dysfunction22. Inflammation has also been implicated in the 

development of sarcopenia, as pro-inflammatory cytokines are linked to muscle cell death 

(myocellular apoptosis)23 and stimulation of the ubiquitin-proteasome (Ub) pathway, a major 

regulator of protein degradation24. Evidence suggests that inflammation contributes to the 

pathogenesis of several age-related disorders such as diabetes mellitus, dementia, osteoporosis, 

and atherosclerosis. Pro-inflammatory cytokines are stimulators of	C-reactive protein (CRP) 

production, an acute phase protein, produced in the liver in response to local or systemic 

disturbances related to infection or tissue injury25. CRP is commonly associated with disease26 

and disability in older adults27, and higher circulating plasma levels of pro-inflammatory 

cytokines are associated with both functional decline28,29 and increased mortality in older 

adults30,31.  

The combination of age-associated changes in physiological function and the 

development of complex chronic conditions (e.g. cardiovascular disease, type II diabetes 

mellitus, osteoarthritis, chronic obstructive pulmonary disease) may lead to the manifestation of 

frailty syndrome. Age-induced diminished strength, coined as ‘dynapenia’, was proposed by 

Clark and Manini in 2008 to be a separate mechanism from sarcopenia that explains age-

associated muscle weakness and, consequently, physical dependence in aging32. In a clinical 

setting, frailty is identified as a multicomponent geriatric syndrome characterized by diminished 

strength, endurance, and weakened physiologic function which makes older adults vulnerable to 

dependency, institutionalization, falls, hospitalizations, and death when exposed to acute 

stressors33–35. About 20-30% of older adults over 75 years of age have been reported to have 

geriatric frailty36. Generally, frailty increases with age and its prevalence is greatest among 

women, as well as those of poorer socioeconomic status and education, low income, and is 
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highest in those with comorbidities and disability37–39.	Moreover, the majority of the nursing 

home residents in the United States (1.6 million) are believed to be frail40. 

Sarcopenia has been hypothesized to partly contribute to the etiology and pathology of 

frailty syndrome41,42 (see Figure 1.0).  Therefore, the recommended interventions for the 

treatment and prevention of sarcopenia would likely be beneficial for frailty syndrome; one 

method of treatment is exercise. Exercise has been documented to positively impact the size, 

strength, and aerobic capacity of skeletal muscle in older adults. Exercise training is commonly 

divided into two categories, aerobic and resistance.  While aerobic training has been shown to 

improve capillary density and protect mitochondrial function of senescent skeletal muscle, high-

intensity resistance training has been established as the most effective non-pharmacological 

intervention to counteract sarcopenia43.  

 

 

  

Figure 1: Cyclic Components of Frailty Syndrome
41,42

. Maximal oxygen consumption (VO2 

max).  
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However, despite the well documented benefits of resistance training in older adults, many older 

adults do not lift weights; therefore, non-pharmacological alternatives must be explored in effort 

to engage older adults in exercise therapies that could improve their physical function and quality 

of life (QOL).   

Whole body vibration (WBV) training has recently gained popularity as a new alternative 

method to conventional resistance training. Vibration exercise is performed while standing on 

oscillating platforms that transfer vibration through both feet synchronously or by alternating 

side to side. In older adults, WBV training has been reported to improve lower body strength and 

several measures of functional performance (e.g. timed-up-and-go (TUG) test, Tinetti test, chair 

stands. The mechanism behind vibration exercise and improvements in muscular performance is 

not completely known; however, the neurophysiological response of the muscle’s exposure to 

vibration has been previously explored. In short, it is suggested that both the muscle spindles and 

golgi tendon organs, which are involved in the stretch reflex, are responsive to vibration that 

results in additional reflexive muscular contraction44, comparable to the tonic vibration 

reflex45,46.  Similar to early adaptations to resistance training, the vibratory stimuli from WBV 

training is suggested to improve muscular performance from increased activation of motor units 

and their synchronization, which leads to a better neuromuscular response47,48. Currently, limited 

information exists on the effects of WBV training on body composition, strength, functionality, 

and inflammation in pre-frail and frail older adults living in a skilled nursing facility.  

 
1.1 Purpose 

 
The primary purpose of this investigation was to examine and compare the effects of 12 

weeks of WBV training to standard care on measures of body composition (i.e. lean mass, fat 

mass, and phase angle), strength, physical function, and inflammation (i.e. CRP) in older adults 
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living in a skilled nursing facility. Prior to implementing a WBV intervention, older adults were 

recruited from the long-term care units of two skilled nursing facilities in Tallahassee, FL to 

conduct a cross-sectional analysis of body composition, phase angle, strength, and physical 

function. The purpose was to determine whether there were differences in these measures 

between individuals who were grouped into pre-frail and frail categories by the FRAIL scale, a 

validated frailty syndrome, screening tool. This study tried to determine if older adults who were 

frail had poorer values of body composition (lean mass, fat mass, skeletal muscle index), phase 

angle, strength (upper and lower body) and physical function compared to pre-frail older adults. 

Next, a higher functioning subset of this population was recruited to participate in either 12 

weeks of WBV training or 12 weeks of standard care.  

 

1.2 Specific Aims and Research Hypotheses 

 

1.2.1 Cross-sectional Study 
 
The following two specific aims were intended to test our hypotheses: 

Specific Aim 1: To determine associations between body composition [i.e. body mass, lean 

mass, fat mass, and phase angle (a measure of tissue health)] and measures of strength and 

physical function. To test this aim, body composition was measured using BIA and 

anthropometrics were measured using a dual ramp wheelchair scale and stadiometer. Upper and 

lower body isometric strength were measured using a handgrip dynamometer and mechanical 

push-pull dynamometer, respectively. Functionality was measured using the short physical 

performance battery (SPPB) and 30-second arm curl test. 

Hypothesis 1: Lower body mass, lean mass, skeletal muscle index, and phase angle would be 

associated with lower strength (upper and lower body) and physical function. Higher fat mass 

would also be associated with lower strength and physical function. 
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Specific Aim 2: To determine if there were differences in body composition (i.e. body mass, 

lean mass, fat mass, and phase angle) and measures of strength and physical function between 

pre-frail and frail older adults. To test this aim, frailty status was measured using the FRAIL 

Scale, a validated clinical tool. 

Hypothesis 2:  Pre-frail older adults would have significantly greater lean mass, skeletal muscle 

index, phase angle, strength, and physical function with lower fat mass than frail older adults. 

 
1.2.2 WBV and Standard Care Intervention 
 
The following four specific aims were intended to test our hypotheses: 

Specific Aim 1: To determine the extent to which 12 weeks of WBV training would improve 

body composition (i.e. body mass, lean mass, fat mass, phase angle) and anthropometry (BMI 

and waist circumference) in older adults compared to standard care.	To test this aim, body 

composition was measured using BIA and anthropometry was measured using a wheel chair 

scale, tape measure, and a stadiometer before and after training.  

Hypothesis 1: WBV training would decrease fat mass, body mass, and waist circumference, and 

increase phase angle, but lean mass would remain unchanged compared to no changes in body 

composition in the standard care group.  

Specific Aim 2: To determine the extent to which 12 weeks of WBV training would increase 

isometric handgrip and knee extension strength in older adults compared to standard care.	To test 

this aim, isometric handgrip and knee extension strength were measured using a handgrip 

dynamometer and mechanical push-pull dynamometer, respectively.  

Hypothesis 2: WBV training would improve isometric knee extension strength compared to no 

change in the standard care group. Isometric handgrip strength would not change in the two 

groups. 
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Specific Aim 3: To determine the extent to which 12 weeks WBV training would improve 

functionality in older adults compared to standard care.	To test this aim, functionality was 

measured using the short physical performance battery (SPPB), 30-second arm curl test, TUG 

and 4-meter gait speed before and after training. 

Hypothesis 3: WBV training would improve SPPB, TUG, and 4-meter gait speed compared to 

no changes in the standard care group. Thirty-second arm curl would not change in the two 

groups.   

Specific Aim 4: To determine the extent to which 12 weeks WBV training would improve 

inflammation, as measured by C-reactive protein (CRP) in older adults compared to standard 

care. To test this aim, serum levels of CRP were measured using an enzyme-linked 

immunosorbent assay (ELISA) before and after training. 

Hypothesis 4: WBV training would reduce resting serum levels of CRP compared to no change 

in the standard care group. 

 

1.3 Assumptions 

 
1.3.1 Cross-sectional Study 
 
Assumptions for the cross-sectional analysis included the following: 

1. All laboratory equipment yielded accurate and reliable results. 

2. All participants answered questionnaires truthfully. 

3. All participants were hydrated before BIA testing. 

4. All participants gave their best effort during strength and physical function testing. 
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1.3.2 WBV and Standard Care Intervention 
 
Assumptions for the intervention included the following: 

1. All participants followed the instructions given to them regarding the maintenance of their 

current dietary habits and current daily physical activity outside of the prescribed 

intervention. 

2. All participants were hydrated before BIA testing. 

3. All participants accurately reported their age, medical history and current exercise status. 

4. All participant information recorded from medical records located at the skilled nursing 

facilities were up-to-date and accurate.  

5. All laboratory equipment yielded accurate measurements over the course of repeated testing. 

6. All investigators were properly trained in the techniques used. 

7. All the investigators yielded accurate and consistent measurements. 

 

1.4 Delimitations 

 
1.4.1 Cross-sectional Study 
 
The delimitations of the present study included the following: 

1. Only older adults who resided at a skilled nursing facility at the time of the study were 

included in this study. 

2. Older adults who were terminally ill were not able to participate in this study. 

3. Older adults with pacemakers, neuromuscular disease, or those with whole limb 

amputations were not permitted to participate. 

 
  



10	

1.4.2 WBV and Standard Care Intervention 
 
The delimitations of the intervention study included the following: 

1. Only older adults residing in the long-term care unit of a skilled nursing facility at the time 

of the study were included in this study. 

2. Only older adults with a SPBB total score ≥ 2 and ≤ 8 were included in this study. 

3. Individuals with cognitive impairment that limited their ability to participate in WBV 

training were not eligible to participate in this study. 

4. Residents with symptomatic rheumatoid or osteoarthritis precluding the planned WBV 

training were excluded from participation. 

5. Individuals with uncontrolled cardiovascular disease, hypertension, diabetes, or any other 

unstable conditions were not able to participate in this study. 

6. Individuals with hip or knee prosthesis or pacemaker were excluded from participation.  

7. Individuals with hernia, symptomatic known unrepaired aortic aneurysm, musculoskeletal 

deformity, neuromuscular disease, symptomatic rheumatoid arthritis or osteoarthritis 

precluding the planned WBV training were not able to participate in the current study. 

8. Older adults with recent hospitalization (≤ 6 months) resulting from myocardial infarction, 

stroke, or fracture were not able to participate in the current study. 

9. Individuals with large, non-healing leg ulcers were not eligible to participate. 
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1.5 Limitations 

 

1.5.1 Cross-sectional Study 
 
The limitations of the present study included the following: 

1. Participants were recruited from skilled nursing facilities in Tallahassee, Florida. Therefore, 

the results obtained from this study may not be comprehensive of older adults in other 

geographical regions or older adults receiving a different level of care.  

2. Participants were recruited on a volunteer basis, so they may be more motivated than the 

general frail, older adult population. Therefore, results may not be generalized to the entire 

population of frail, older adults. 

3. All interventions and data collection occurred onsite of the skilled nursing facility; therefore, 

investigators were limited to equipment that could be conveniently transported. 

 
1.5.2 WBV and Standard Care Intervention 
 
The limitations of the intervention study included the following: 

1. This study was not randomized; therefore, treatment group characteristics may not be equal 

at baseline and any changes observed at the end of the study may partially be attributed to 

the characteristics of the group, in addition to the treatment. 

2. The participants’ diets were carefully monitored by each skilled nursing facility’s dietician. 

Severe weight loss could result in a change in the participant’s diet mandated by the 

facility’s dietician; therefore, changes in weight could be affected by the participant’s health 

status and dietary interventions recommended by the skilled nursing facility’s dietician 

and/or physician and not directly from the intervention. 

3. All interventions and data collection occurred onsite at the skilled nursing facility; therefore,   

  investigators were limited to equipment that could be conveniently transported. 
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4. Participants were instructed to continue with the care prescribed by their physician 

throughout the intervention. This included medications and weekly participation in physical 

therapy; therefore, some participants may be participating in physical therapy more than 

others. Increased participation in physical therapy might consequently affect any changes 

observed at the completion of the study.  Participants consuming medicines affecting their 

inflammatory profile were not excluded from the study; therefore, reported measurements of 

CRP may be lower and not truly representative of the inflammatory state of this sample 

population. 

5. Investigators were not blinded to intervention assignment; therefore, the likelihood of 

differential treatment of outcomes could not be eliminated. 

6. Participants were not familiarized with strength and function testing prior to data collection. 

 

1.6 Definition of Terms 

 

• Activities of daily living (ADL)- Everyday routines generally involving functional mobility 

and personal care, such as bathing, dressing, toileting, and meal preparation. An inability to 

perform these renders one dependent on others, resulting in a self-care deficit (medical-

dictionary.thefreedictionary.com). 

• Anabolic resistance- The reduced capacity of the muscle to get a robust increase in muscle 

protein synthesis rates to nutrition or physical acivity49–51. 

• Appendicular muscle mass index (ASMI)- The mass of skeletal muscle in the arms and legs 

(kilogram) indexed by the squared height (meter) of an individual. The gender specific cutoff 

points for low muscle mass in older adults using dual energy x-ray absorptiometry (DXA), 

magnetic resonance imaging (MRI), or computed topography (CT) are 7.26 kg/m2 for men 
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and 5.45 kg/m2 for women7. The estimated cutoff points using BIA are 8.87 kg/m2 and 6.42 

kg/m2 for men and women, respectively8,12 

• Bioelectrical impedance analysis (BIA)- A method of determining body fat, fat-free body 

mass, and total body water by measuring resistance to the flow of a small electrical current 

passed through the body (medical-dictionary.thefreedictionary.com). 

• Body composition- The relative proportions of protein, fat, water, and mineral components in 

the body (medical-dictionary.thefreedictionary.com). 

• Body mass index (BMI)- Body mass in kg divided by height in meters squared (kg/m2) is 

used to evaluate the extent of adiposity. The WHO classification for BMI is: less than 18.5 

kg/m2, underweight; 18.5-24.9 kg/m2, normal weight; 25-29.9 kg/m2, pre-obese; 30-34.9 

kg/m2, obese class I; 35-39.9 kg/m2, obese class II; greater than 40 kg/m2, obese class III 

(medical-dictionary.thefreedictionary.com). 

• Dual energy x-ray absorptiometry (DXA)- A method for measuring body composition in 

adults, correlating highly with methods such as underwater weighing, deuterium dilution, and 

total body potassium. It provides a three-compartment model of body composition: fat, lean 

tissue mass, and bone mineral content52–56. 

• Dynapenia- A term coined by Clark and Manini in 2008 that describes the age-related loss of 

strength. Clark and Manini hypothesized that the age-associated decline in strength is 

explained more so by age-induced changes in the human neuromuscular system, instead of 

loss of muscle mass, and that dynapenia is separate from sarcopenia32. 

• Frailty- A medical syndrome with multiple causes and contributors that is characterized by 

diminished strength, endurance, and reduced physiologic function that increases an 

individual’s vulnerability for developing increased dependency and/or death34. 
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• Mammalian target of rapamycin (mTOR) pathway- A signaling pathway recognized as a key 

regulator of translation initiation and overall cell growth, and is important in the hypertrophic 

response to resistance exercise57–62. 

• Maximal oxygen consumption (VO2 Max)- The highest amount of oxygen a person can 

consume during maximal exercise of several minutes’ duration. It is demonstrated by, a 

leveling off or a decline in oxygen consumption with increasing intensity (medical-

dictionary.thefreedictionary.com).  

• Phase angle- The BIA phase angle reflects the contributions between resistance (R) 

and reactance (xC) [calculated using the equation:  Phase angle (degrees) = arctan (Xc/ R) x 

(180/ π)]63.  

• Polypharmacy- The use of 6 or more prescription and over-the-counter medications33. 

• Quality of life- A patient's general well-being, including mental status, stress level, sexual 

function, and self-perceived health status (medical-dictionary.thefreedictionary.com). 

• Sarcopenia- A syndrome characterized by progressive and generalized loss of skeletal muscle 

mass and function with a risk of adverse outcomes such as physical disability, poor quality of 

life and death. The presence of both low muscle mass and low muscle function (strength or 

performance) is used for the diagnosis of sarcopenia8. 

• Short Physical Performance Battery (SPPB)- A valid measure of lower extremity 

performance that is predictive of adverse health outcomes like morbidity, institutionalization 

and mortality. The score comprises assessment of timed test of 5 chair rise repetitions, 

standing balance, time to walk 4-m. The global score ranges from 0 (low performance) to 12 

points (high performance)64–66. 
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• Skilled nursing facility- An establishment that houses chronically ill, usually elderly patients, 

and provides long-term nursing care, rehabilitation, and other services (medical-

dictionary.thefreedictionary.com). 

• Standard care/usual care- a term used to describe the full spectrum of patient care practices in 

which clinicians have the opportunity to individualize care67. 

• Whole body vibration (WBV)- A type of exercise training that is performed on a platform 

that generates vertical sinusoidal vibrations, stimulating muscle spindles and resulting in 

muscle contractions, comparable to the tonic vibration reflex45,46,68. 
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CHAPTER 2 

 

REVIEW OF LITERATURE 

 

 
2.1 Economic Cost of Frailty 

 

With the increased growth of the aging population (≥60 years) and a sustained growth in 

average life expectancy, frailty has become a popular topic. The exact cost of frailty in the 

United States (U.S.) is difficult to quantify since the diagnostic criteria and definition of frailty in 

research and clinical practice is evolving. However, the cost of a few common age-related 

conditions that frailty syndrome manifests itself among have been estimated. In the year 2000, 

the estimated U.S. direct medical cost attributable to sarcopenia was 18.5 billion dollars69. The 

estimated direct medical cost of diagnosed diabetes was $176 billion in 201270. Growth of the 

aged population will contribute to the projected 522 billion dollars increase in direct medical cost 

of cardiovascular disease from 2012 to 203071. In 2010, older adults made up 13% of the total 

U.S. population and accounted for over 30% of the national healthcare spending72. In addition to 

disease, falls are a common occurrence among older adults and the frail. In 2013, the direct 

medical costs for falls totaled $34 billion72 and Medicare pays for about 78% of these costs73. 

Injuries, like falls, that lead to restricted activity have been reported to be a source of disability in 

older adults74,75. Consequently, an increased level of dependency can require long-term 

institutionalization. In the U.S., 1.5 million older adults are institutionalized annually, and 

approximately 33% are admitted to long-term care institutions exclusively due to physical frailty 

and limited capacity to complete ADL76. The burden that disease and disability place on 

healthcare alone is enough to warrant the exploration of low-cost, non-pharmacological therapies 

for frailty. 
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2.2 Clinical Diagnosis of Sarcopenia 

 

Sarcopenia is a multifactorial geriatric syndrome that results in loss of skeletal muscle 

and is associated with metabolic, cardiovascular, and physical function impairments that 

consequently lead to disability, morbidity,  poor quality of life and death7,8,77. The development 

of sarcopenia is believed to result from chronic physical inactivity and/or the theorized condition 

of “anabolic resistance”.  This gradual loss of muscle mass occurs in the arms and legs 

(appendicular) of both men and women, but the loss of muscle in the legs is more substantial 

when compared to the upper body78. Compared to women, men experience the largest change in 

muscle mass because they have more muscle to begin with. Anatomically, muscle loss in the 

arms and legs has clinical implications, as these are the areas of the body most frequently used 

for ADL. Accompanying the decline in muscle mass are losses in muscular strength and power; 

however, for most older adults, the magnitude of decline in strength and power is greater than the 

loss of muscle mass4,9. Even more so, the loss of muscular power is suggested to be greater than 

the loss in muscular strength9,79. The loss of power and strength in the lower limbs was proposed 

to have the greatest impact on physical performance as this dysfunction increases risk for falls 

and disability in older adults 10,11.  

There are 3 criteria used for classification of sarcopenia: low muscle mass, low muscle 

strength, and low physical performance (see Figure 2.0). Documentation of low muscle mass 

plus one of the other criterion constitutes diagnosis of sarcopenia8. Both CT and MRI are 

considered the gold standard for estimating muscle mass in research8; however, DXA is a 

validated and accepted method used to quantify regional and whole body composition80,81. To 

assess muscle mass, sarcopenia is defined as an appendicular skeletal muscle mass 

(kg)/height(m2) that is 2 or more standard deviations below the mean lean mass index of a young 
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reference group of the same gender7,8. According to an epidemiological study, the gender 

specific cutoff points for identifying low muscle mass in older adults are 7.26 kg/m2 for men and 

5.45 kg/m2 for women7. If DXA is not available, BIA is considered an alternative method for 

estimates of fat volume and lean body mass. BIA has been reported to correlate with MRI 

predictions82, but differences in data have been reported when using a foot-foot BIA and hand-

foot BIA compared to DXA scans 81.   

The portability and convenience of BIA equipment makes this tool favorable for research 

when DXA, CT, and MRI are not available. Chien et al. compared BIA equation predictions of 

estimating skeletal muscle mass to MRI measures in a Taiwanese population (N=200)12. There 

was no statistical difference between MRI measures and the BIA-derived skeletal muscle mass (-

0.44 ± 1.55 kg, p= 0.08)12.  The BIA equation used for estimation was as follows (SM is skeletal 

mass; Ht is height in centimeters; R is BIA resistance in ohms; for gender, men =1 and women= 

0; and age is in years): 

𝑆𝑀	𝑚𝑎𝑠𝑠	 𝑘𝑔 =
*+,

-
×0.401 + 𝑔𝑒𝑛𝑑𝑒𝑟	×3.825 − (𝑎𝑔𝑒	×	0.071)] + 5.102				12,82 

After skeletal muscle mass was calculated from the above BIA equation it was converted 

to a skeletal muscle mass index (SMI) by dividing the measured muscle mass by the participant’s 

height in meters squared (kg/m2)12. The estimated BIA-cutoff points for sarcopenia reported by 

Chien et al. were 8.87 kg/m2 and 6.42 kg/m2 for men and women, respectively8,12.  However, a 

limitation of BIA estimated SM is the specificity of the regression equation to its reference 

population. Janssen and colleagues in 2000 reported that the regression equation underestimated 

SM in Asians, but it was applicable to Hispanics and African Americans82. The aforementioned 

equation has been cross-validated against MRI measures of whole-body mass in 269 men and 
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women with a wide age range (18-86 years) and BMI (16-48 kg/m2)82. The correlation and 

standard error of muscle mass between the two methods were 0.93 and 9.00%, respectively82. 

Using SMI values from BIA, skeletal muscle cutoff points that are associated with risk of 

physical disability have been reported. If SMI values are between 5.75 and 6.75 kg/m2 in women 

and 8.51 and 10.75 kg/m2 in men then the likelihood of disability is moderate83.  The risk of 

disability is high when SMI values were ≤5.75 kg/m2 and ≤8.50 kg/m2 in women and men, 

respectively83.  

As mentioned before, BIA is an inexpensive and portable method used for estimating 

components of body composition. The theory of impedance uses the flow of an electrical current 

through an object to determine its properties. Impedance is made up of two bioelectrical 

components, resistance and reactance. Resistance is the opposition of the body to an electrical 

current (energy dissipation), and it is inversely related to the electrolyte and water content of 

body tissue84. Reactance is related to the capacitance (energy storage) produced by tissues and 

cellular membranes. Measurements of these two bioelectrical parameters are used to provide 

indirect measures of total body fat and lean mass in humans through equations derived from 

measurements using invasive techniques.  

Phase angle is a direct measurement derived from the relationship between reactance and 

resistance. It is suggested that phase angle may be an indicator of overall cellular membrane 

integrity and fluid distribution amongst intracellular and extracellular spaces13. Phase angle is 

believed to have clinical implications as compartmental changes in water occur with disease and 

aging; therefore, phase angles have been evaluated across several populations13,15,85. Males are 

reported to have a larger phase angle than women because of greater reactance resulting from 

larger muscle mass14,15. The observed body compositional changes that occur with aging reflect 
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the decreasing phase angle with increasing age14,15. The loss of muscle decreases reactance from 

a compounded concomitant increase in resistance from water volume loss (less muscle) and 

increased body fat mass14,15,86. Phase angle has been shown to increase with BMI because of 

increasing muscle and/or fat cells14,15,85. 

Narrow (lower) phase angles have been reported and used to indicate nutritional status in 

children 87, dialysis patients88, and frail older adult hospital patients63. Narrow phase angles 

derived from BIA have been associated with frailty (women: 2.7-5.4°; men: 3.0-5.6°) and 

mortality in both older men and women13. As a prognostic tool, phase angle has shown positive 

associations with survival in dialysis patients88,89, lung cancer90, and advanced colorectal 

cancer91. Phase angle was even reported to be a better predictor of the long-term survival of 

HIV-positive AIDS patients than CD4+ cell count92.  

 Phase angle may have the potential to characterize functional status since the narrowing 

phase angle reported with increasing age is partly explained by loss of muscle mass. In a large 

group of rehabilitation patients (N=215), participants with higher phase angles had higher 

functional status as measured by timed-up-and-go (TUG), functional independent measures 

(FIM), and maximal quadriceps strength16. An entire sample population of older nursing home 

residents showed correlations between Barthel’s Index (BI) of ADL, knee extension strength, 

and handgrip strength with phase angle17. A similar relationship was also observed in 399 cancer 

patients between phase angle and handgrip strength (male: r=0.596, p<0.0001; female: r=0.484, 

p<0.0001)93.  

Strength is the magnitude at which force is developed. Handgrip strength is assessed 

using a hand dynamometer and provides estimates for upper body strength. Isometric strength is 
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the maximum amount of force that can be exerted against an immovable object. In research, 

isometric handgrip strength is well-recognized and used as a convenient screening tool for 

predicting future outcomes in older adults as well as identifying poor performance for the 

presence sarcopenia94.. In a large (N = 1030) cross-sectional study by Lauretani et al. 2003, 

lower body muscle power was no more effective than isometric handgrip strength or knee 

extension isometric torque in early identification of poor mobility, defined as either the inability 

to walk 1 km without difficulty or a walking speed <0.8 m/s9. The diagnostic threshold in 

handgrip strength that best discriminates individuals with mobility limitations is approximately 

30 kg in men and 20 kg in women as compared to the highest measurement of the strongest hand 

after 3 trials for each hand are performed8,9,95.  

To evaluate physical performance, the SPPB and usual gait speed are considered 

meaningful methods of measurement8. The SPPB test is a series of tests that are used to evaluate 

lower extremity function through gait, strength, balance, and endurance. Participants are tested 

through their ability to stand with their feet side-by-side, semi-tandem, and tandem positions, 

time to walk 8 feet, and time to rise from a chair and return to the seated position 5 times. The 

SPPB test has provided evidence of performance measures that can validly characterize older 

adults across a range of lower extremity function beyond information gathered from self-reported 

performance96.  Guralnik et al. reported that community dwelling older adults who scored a 12 

on the SPPB had a lower mortality than those scoring an 11 than those who scored a 1096.  A 

SPPB total score of ≤8 is the suggested cutoff that identifies risk for sarcopenia8,96.  

Gait speed alone has been used to evaluate physical performance and predict future 

disability97. Buchner et al. reported a non-linear relationship between leg strength and gait speed 

across a sample population (N = 409) of older adults98. These data suggest that while the 
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relationship between leg strength and gait speed between older men and women is similar, small 

changes in physiological capacity can have a profound effect on physical performance in frail 

older adults98.  A gait speed greater than 0.8 m/s is the cutoff that identifies risk for sarcopenia8,9.  

 
 
Table 1. Sarcopenia Diagnosis: Variable Cut-off Points 

 

Adapted from Cruz-Jentoft and colleagues’ cut-off points for sarcopenia8. Appendicular skeletal 
mass (ASM); bioelectrical impedance analysis (BIA); dual-energy x-ray absorptiometry (DXA); 
skeletal mass (SM); short physical performance battery (SPPB). 
  

 

2.3 Clinical Diagnosis of Frailty Syndrome 

 

 Frailty is not a new concept in geriatric medicine, but what exactly defines frailty and 

how frailty should be diagnosed clinically is relatively new. Physicians often overlook frailty 

since its manifestation is gradual and often coexists with other chronic diseases. Consequently, 

physician recommended treatments target for the disease rather than the patient’s overall state of 

vulnerability35.  In 2001, Fried et al. developed a clinical assessment that operationalized the 

phenotype of frailty (shrinking, weakness, slowness, low physical activity, poor endurance and 

energy (see Figure 3.0)39. Rockwood and colleagues created a frailty index that counts patient 

deficits which include comorbidities, cognitive impairments, and disabilities to determine frailty 
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status99. In older adults where dementia was present, the level of frailty usually corresponded 

with the degree of dementia99.  

 
 
  Table 2. Cardiovascular Health Study Frailty Screening Scale 

 
Adapted from Fried and colleagues’ criteria for defining fraility39. Body mass index (BMI). 
Center for epidemiologic studies depression scale revised (CES-D). 
 
 

Another clinical tool used to diagnose frailty is the FRAIL scale100. The FRAIL scale is a 

5-point scale that combines using the phenotypes of frailty and counting a patient’s illnesses and 

disabilities (see Figure 4.0). Positive identification of fatigue (F), resistance (R), ambulation (A) 

categories are based on responses to items from the Medical Outcomes Study 36-item Short 

Form Survey (SF-36)101.  For the illnesses (I) and loss of weight (L) categories, presence of more 

than five illness and weight loss greater than 5% within 6 months are positive indicators of 

frailty, respectively. This tool allows frailty screening to be a quick process for clinicians as it 

does not require the use of several questionnaires and performance tests.  This scale has been 
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validated by several different studies and appears to be as effective as the more complicated 

scales101–104. Overall, it is suggested that all older adults aged 70 years and older should be 

screened for frailty since the prevalence of frailty syndrome is reported to increase with age105. 

Those with heart failure, cancer, renal failure, HIV, diabetes, or those undergoing surgical 

procedures should also be screened as these people are more likely to be frail and experience 

adverse outcomes compared to those who are not frail34.  

 
 

 
Figure 2: The Frail Scale. Adapted from Abellan van Kan and colleagues’ FRAIL scale100. 
 

 

2.4 Mechanisms of Muscle Mass Loss in Healthy Aging 

 

 Before reviewing therapies that target the deleterious effects of aging on skeletal muscle 

and function, it is important to first understand the mechanisms behind healthy aging. In this 

section the effects of aging on motor unit and muscle fiber type, muscle protein synthesis, 

muscle regeneration, mitochondrial function and anti-oxidative capacity, inflammation, anabolic 

hormones, protein requirements, and physical activity will be discussed.  
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2.4.1 Age-associated Changes in Motor Unit and Muscle Fiber Type   
 

 Age-related changes in muscle fiber type and motor unit function are proposed to 

contribute to the declines in strength and power that occur with aging. It is hypothesized that loss 

of muscle mass is partly contributed to the loss of fast and slow motor units18,106,107. Declines in 

fast motor units are theorized to occur at an accelerated rate compared to slow motor unit 

loss18,106,107. The accelerated loss of fast motor units appears to be complemented by a 

pronounced atrophy of type II fibers106–108. Literature suggests that the denervation of fast motor 

units causes nearby surviving slow motor units to adapt and recruit the denervated fibers18,106. 

Subsequently, type II fibers reinnervated by a slow motor unit are then converted into type I 

fibers18,106.  This seems plausible since the number of daily activities that require power 

generation is limited in older adults, thus, lack of stimulation and disuse of these fibers results in 

a decline in motor unit number and fiber atrophy.  

Muscle biopsies taken from healthy untrained young and old males showed differences in 

type I fiber number. In participants 60-65 years of age, 66% of total muscle mass consisted of 

type I fibers compared to 39% in participants 20-29 years18,109. Motor unit adaptation has been 

shown by histochemical evidence that reveals a random distribution of fiber types in healthy 

young adults compared to older adults whose fibers appear homogenously “grouped” due to slow 

motor unit reinnervation110.  In a 3-year study that examined declines in neuromuscular 

activation and power in older adults, results suggested that voluntary neuromuscular activation 

declined at a rate of 9% per year with advancing age and this contributed to the approximate 6% 

annual decline in power111.  In addition, declines in discharge rate112,113 and impaired discharge 

synchronization114 have been observed as a consequence of aging and possible contributors to 

loss of power in older adults. 
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2.4.2 Muscle Protein Turnover 
 
 The proposed mechanism for stimulating muscle protein synthesis (MPS) is through the 

activation of the mammalian target of rapamycin complex 1 (mTORC1) signaling pathway (see 

Figure 5.0). Through the mTOR pathway MPS can be stimulated by amino acids, mechanical 

stimuli, and anabolic signaling. Earlier research suggested that older adults had lower rates of 

MPS115,116, but now investigators believe the fractional synthesis of protein and its degradation 

are similar between old and young adults under basal conditions117,118. This suggests that 

sarcopenia may not be a result of age-related impairments of basal MPS, but rather an inability to 

respond to anabolic stimuli20. This condition is referred to as “anabolic resistance.”  

 The theorized condition of “anabolic resistance” is composed of a number of secondary 

factors that are hypothesized to impair the optimal utilization of dietary protein and its 

stimulatory effect on MPS in older adults. Research suggests that over 80% of the stimulatory 

effect of MPS after a meal is a result of amino acids119–121. Impairment of MPS is suggested to be 

partly caused by reduced postprandial (following feeding) availability of amino acids122,123 and 

increased amino acid uptake by splanchnic tissue122,123. Volpi et al. and Boirie et al. 

demonstrated that splanchnic uptake of amino acids is significantly greater in older adults 

compared to the young122,123. Since splanchnic tissues are responsible for the absorption of 

dietary amino acids and their subsequent release to peripheral tissues, it is hypothesized that 

greater splanchnic amino acid utilization in older adults might result in reduced amino acid 

availability for peripheral tissues such as muscle122.  This implies that there would be less amino 

acids available for muscle protein synthesis123.  

Out of all the essential amino acids (EAA), leucine appears to be the most powerful 

stimulator of MPS. Some studies suggest that when compared to the young, older adults have a 
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reduced sensitivity to leucine124,125.  Katsanos et al. evaluated the effects of enriching an EAA 

mixture with leucine (41% leucine) versus a supplement mimicking leucine concentration in 

whey protein (26% leucine) on MPS in old and young adults. Both the young and old 

experienced an increase in fractional synthetic rate (FSR) of muscle protein following the 

ingestion of 41% leucine; however, the old did not respond to the 26% leucine supplement like 

the young125. 

 Anabolic resistance to amino acid feedings is partly explained by decrements in 

expression and activation of components within the mTOR pathway. Mechanical stimuli 

stimulate increased concentrations of insulin-like growth factor 1 (IGF-1) and insulin which 

positively regulate mTOR signaling through phosphoinositol-3 kinase (PI3K) and V-akt maurine 

thymoma viral oncogene homolog (Akt)-dependent inhibition of tuberous sclerosis complex 

(TSC) 1 and 2126. Increased MPS also results from mTOR hyperphosphorylation of eukaryotic 

initiation factor binding protein (eIF4E-BP1), which frees up eIF4E to begin translation, and by 

phosphorylating ribosomal protein S6 (rpS6) via phospho-p70 S6 kinase (p70S6K)126. Leucine is 

proposed to stimulate phosphorylation of eIF4G, independent of mTOR, which increases the 

availability of eIF4G for eIF4E, thus increasing the eIF4G-eIF4E complex needed for initiation 

translation for protein synthesis127,128.  Cuthbertson et al. reported that in response to 10 g of 

EAA, young participants experienced a 5.2- and 8.1-fold increase in mTOR and p70S6K 

phosphorylation respectively, while in older adults, phosphorylation of mTOR and p70S6K were 

significantly less than the young (p<0.05) with 2.7- and 3.7-fold increases, respectively129.  

Another suggested factor for impaired stimulation of MPS is the senescent muscle 

insensitivity to insulin. While insulin mediates glucose uptake into skeletal muscle, it is also 

essential in the delivery of amino acids for MPS130. Although the concentration of amino acids is 
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important in optimizing MPS, the delivery of amino acids in blood to target tissues is just as 

crucial. Insulin is capable of modulating endothelial production of vasodilators and 

vasoconstrictors such as nitric oxide (NO) and endothelin-1 (ET-1)131,132.  The pathway for 

insulin-induced NO production involves the insulin receptor, insulin receptor substrate 1 (IRS-1), 

PI3-kinase, phosphoinositide-dependent kinase 1 (PDK-1), and protein kinase B (Akt) 131,132. The 

stimulation of Akt directly increases NO synthase (eNOS) which leads to an increased NO 

production131,132.  Insulin’s ability to increase vasoconstriction is through the peptide ET-1, 

respectively131,132. ET-1 production is stimulated by activation of the mitogen-activated protein 

kinase (MAP-K) signaling pathway131,132. Insulin-induced increases in muscle perfusion and 

capillary recruitment are mediated through elevated production of NO133–135, which diminishes 

its antagonist ET-1135,136. Vascular tone is partly dependent upon the net balance of NO and ET-

1.  

ET-1 formation is also stimulated by adenosine monophosphate kinase (AMPK), a 

negative regulator of protein synthesis126.  Healthy aging is associated with decrements in 

insulin-induced vasodilation and this vasomotor dysfunction is related to elevated concentrations 

of ET-1 and resistance of skeletal muscle to anabolic actions of insulin137. Meneilly et al. 

investigated insulin-mediated blood flow in healthy old and young adults, and concluded that 

older adults demonstrated an impaired ability of insulin to modulate blood flow138. A similar 

study by Rasmussen et al. evaluated the effects of hyperinsulinemia on muscle protein 

metabolism in young and old healthy adults using stable isotope tracers135. In response to insulin, 

MPS was strongly and positively associated with insulin-induced changes in amino acid delivery 

to the muscle and intracellular amino acid concentration135. Young participants experienced 

significant increases in leg blood flow while no changes were detected in the old135.  
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Insulin, like amino acids, is an anabolic stimulator of MPS. Insulin promotes the 

upstream phosphorylation of Akt, an important regulator of mTOR, as well the downstream 

phosphorylation of 4EBP1 and S6K1, which are key regulators to translation initiation and 

protein synthesis137,139. However, insulin alone, analyzed by inducing older adults to 

hyperinsulinemia, was unable to improve MPS even with improvements in Akt, 4EBP1, and 

S6K1 signaling140. When participants of old and young age were exposed to both 

hyperinsulinemia and hyperaminoacidemia, muscle protein FSR was increased in both groups, 

but the increase was significantly lower in older adults (+ 0.023 ± 0.004% per hour vs. 0.041 ± 

0.008% per hour, old vs. young, p < 0.05). Phosphorylation of protein kinase B (Akt), mTOR, 

and 4EBP1 had increased significantly in both groups compared to the basal state; however, 

S6K1 phosphorylation was not stimulated by hyperinsulinemia and hyperaminoacidemia in older 

adults like the young participants (clamp vs. basal, p < 0.05) 141. This suggests that in order to 

optimally stimulate MPS there must be both increased insulin signaling and amino acid 

availability. Although, despite the observed improvement in cellular signaling within the mTOR 

pathway in response to insulin and amino acid, the response of muscle protein synthesis in older 

adults appears to be impaired.   

 
2.4.3 Regenerative Impairments of Aging Muscle 
 

Decrements in regenerative capacity of skeletal muscle might be a contributor to 

sarcopenia142. Myogenic stem cells called satellite cells are responsible for skeletal muscle’s 

ability to generate new muscle in response to mechanical or disease induced damage142,143. 

Satellite cells are located under the basal lamina of myofibers and are typically dormant until 

activated by an unknown signal from a damaged fiber142,143. The previously quiescent satellite  
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Figure 3: Stimulators of Muscle Protein Synthesis
126

. Endothelin-1 (ET-1); insulin-like 
growth factor-1(IGF-1Ea; systemic); insulin-like growth factor-1/mechano-growth factor (IGF-
1Ec; muscle specific); mammalian target of rapamycin (mTOR); ribosomal protein S6 kinase 
(p70S6k); ribosomal protein S6 (rpS6); eukaryotic initiation factor binding protein (eIF4E-BP1); 
eukaryotic initiation factor (eIF4E); reactive oxidative species (ROS); ubiquitin (Ub); Ub-
activating enzyme (E1); Ub-conjugating enzyme (E2); Ub ligase (E3); adenosine monophosphate 
kinase (AMPK); V-akt murine thymoma viral oncogene homolog (AKT); insulin receptor 
substrate-1 (IRS-1); tumor necrosis factor alpha (TNF-α); nuclear factor kappa beta	(NF-κβ); 
adenosine triphosphate (ATP); adenosine monophosphate (AMP); β-hydroxy-β-methylbutyrate 
(HMB); myogenic regulatory factor-1 (MRF-1).  
 
 
cells then proliferate and migrate to the necrotic area before differentiating into myoblasts, which 

then fuse to form new myotubes142,143. The new myotubes then fuse with the damaged fibers to 

reform continuous fibers142,143. Since satellite cell content plays a pivotal role in regulating 

skeletal muscle growth and atrophy, changes in satellite cell numbers with age might partly 

explain age-related changes in skeletal muscle. Verdijk et al. collected muscle biopsies from 165 

participants whose ages ranged from children <18 to older adults of 86 years144. In comparison to 

type I fibers, type II muscle fiber size was significantly smaller with increasing age in adults144. 
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The atrophy of type II fibers was accompanied by age-related reductions in satellite cell content 

per type II muscle fiber compared to type I fibers in the young144.   

Myostatin is a negative regulator of skeletal muscle growth and is a member of the 

transforming growth factor-beta (TGF-β) superfamily145. Myostatin is hypothesized to play a 

critical role in satellite cell proliferation and differentiation126 through the interruption of gene 

activity within the MyoD family of muscle regulatory factors (MRFs)145,146. MRFs are anabolic 

regulatory factors responsible for the early development of skeletal muscle126,145,146. Recently 

myostatin has been the focus of targeted therapies to treat conditions of muscle wasting like 

sarcopenia, cachexia, and muscular dystrophy. In knock out mice with disrupted expression of 

myostatin the mice were able to maintain twice as much quadriceps skeletal muscle compared to 

a controlled wild-type147. The function of the myostatin gene appears to be comparable among 

animals species as the mutation of this gene causes “double-muscling syndrome” in cattle148,149 

and similar effects in humans150. In opposition, over expression of myostatin in mice has led to 

severe muscle wasting that mimics cachexia-related symptoms. Some evidence suggests that 

serum concentrations of myostatin increase with age, thus suggesting it as a possible bio-marker 

for sarcopenia151. 

 
2.4.4 Mitochondrial Dysfunction and Reactive Oxidative Species (ROS) 
 

Declines in skeletal muscle strength in older men and women are greater than the 

concomitant decline in muscle mass4. Age-related declines in VO2max have been observed in both 

sedentary older adults and master athletes despite corrections for lean mass152. This suggests that 

muscle quality might be a contributor to the functional decline observed in older adults. Since 

mitochondria are the primary producers of energy (ATP) and free radicals, dysfunction of this 

organelle is suspected to contribute to age-related declines in muscle function153.  
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Within the mitochondria, the tricarboxylic acid cycle (TCA or citric acid cycle) and the 

electron transport system (ETS) utilize substrates from dietary fat and carbohydrate metabolism 

to produce ATP.  The ETS is located within the inner mitochondrial membrane (IMM) and 

consists of 5 multipolypeptide complexes (I-V)153 that receive electrons from reducing 

equivalents nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide 

(FADH2) produced by the TCA cycle and beta-oxidation154. Cytochromes located in the IMM 

pass pairs of electrons down the electron transport chain by reducing iron from its ferric state 

(Fe3+) to a ferrous state (Fe2+)155.  Next, the ferrous iron donates an electron to the ferric iron of 

the next cytochrome until the electron pairs reach complex IV. At complex IV oxygen is the final 

electron acceptor and is then reduced, thus forming water155. The passing of electrons amongst 

the complexes increases reduction potential (the potential to accept an electron) and this 

generates enough energy to drive the translocation of hydrogen ions (H+) across the IMM153. The 

movement of H+ across the IMM creates a proton gradient and membrane potential that drives 

protons back into the IMM through complex V153. Within complex V, ATP synthase harnesses 

potential energy from the reverse proton gradient and this provides the coupling mechanism that 

binds ADP to a phosphate ion to form ATP155. The transfer of electrons from NADH and FADH2 

to oxygen in order to synthesize ATP is referred to as oxidative phosphorylation155. Reactive 

byproducts of mitochondrial oxidative phosphorylation include superoxide anion (O2
-), hydrogen 

peroxide (H2O2), and hydroxyl radical (OH•)156. 

The decay of mitochondria has been observed with aging116. This decay includes declines 

in enzymatic activity, oxidative capacity, and mitochondrial content with increased mutations of 

mitochondrial DNA (mtDNA) 116. Mutations in mtDNA and the resulting mitochondrial 

disruption are theorized to result from oxidative damage116. The “free radical theory of aging” 
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states that aging and its related-diseases are attributed to the deleterious effects of free radicals 

on cell constituents and connective tissues157. Mitochondria contain an intramitochondrial 

antioxidant network that consists of Mn-superoxide dismutase (Mn-SOD) and glutathione 

peroxidase, which work together to convert ROS to water21.  

  The role of mitochondrial dysfunction in mobility of older adults has been explored. 

Short et al. examined mitochondrial function in 146 healthy men and women aged 18-89 years22. 

Observed reductions in muscle mtDNA and increased oxidation of DNA were associated with 

impairments in mitochondrial gene transcription and protein production22. Disruptions in 

mitochondrial genetics were closely related to the observed decline in mitochondrial ATP 

production rate and this was thought to explain the 5% annual reduction in VO2max
22.  Coen et al. 

revealed that muscle mitochondrial capacity and efficiency are associated with ambulatory 

performance of older adults, thus, elucidating the importance of mitochondrial function as a 

contributor to declines in mobility158.  

What remains unclear is if mitochondrial dysfunction is a consequence of aging or due to 

the limitations of physical activity that occur with older age. Broskey et al. examined how 

aerobic fitness and an aerobic intervention influenced mitochondrial content and function in 

older adults159. Compared to age-matched sedentary older adults, chronically endurance-trained 

older adults had significantly greater mitochondrial volume density, protein expression of ETS 

complexes, oxidative capacity, and relative VO2peak
159

. Sedentary older adults that underwent a 

16-week aerobic intervention had significant improvements in relative VO2peak (+12.5%), 

mitochondrial volume density (+50.7%), and oxidative phosphorylation (+22.5%)159.  Safdar et 

al. took muscle biopsies from the vastus lateralis of young and age-matched recreationally active 

older and sedentary older men and women160. Results indicated that Mn-SOD activity was 
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preserved in recreationally active, but not sedentary older adults160. Muscle strength was directly 

associated with muscle mitochondrial oxidative capacity160. Overall, despite the associated 

effects of free radical production and accumulation on mitochondrial content and function, an 

active lifestyle appears to be a meaningful treatment for attenuating decrements in strength and 

mitochondrial abnormalities related to aging.  

 
2.4.5 Aging and Inflammation 
 
 Aging is associated with chronic low-grade inflammation that is most notably marked by 

elevated circulating plasma levels of the pro-inflammatory cytokines interleukin (IL)-6161 and 

TNF-α162. Both pro-inflammatory cytokines are stimulators of CRP, an acute phase protein 

produced in the liver in response to local or systemic disturbances related to infection, tissue 

injury, or tumor growth25. Evidence implicates inflammation in the pathogenesis of several age-

related disorders such as diabetes mellitus, dementia, osteoporosis, and atherosclerosis163. 

Furthermore, higher levels of inflammatory biomarkers are associated with both functional 

decline28,29 and increased mortality in older adults30,31.  

According to the molecular inflammation hypothesis, the link between normal 

physiological processes of aging and the development of age-related diseases is mediated by 

chronic inflammation164–166. This heightened level of systemic inflammation is thought to result 

from an impaired immune system, and an imbalance between ROS production (O2
-, H2O2, OH•, 

nitric oxide (NO), peroxynitrite (ONOO-) and the anti-oxidative systems that work to prevent 

oxidative stress (Mn-SOD, glutathione peroxidase)164–166. The source of excessive ROS 

generation is likely to be dysfunctional mitochondria, as this organelle’s deterioration is 

associated with aging processes167. The nuclear factor kappa B (NF-kB) transcription factor, a 

master regulator of inflammatory processes, is activated by ROS. NF-kB activation stimulates 
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production of pro-inflammatory molecules such as IL-1, IL-6, TNF-α, and cyclo-oxygenase 

(COX-2), which are NF-kB activators themselves168,169. During normal conditions, the activation 

of NF-kB in response to ROS is well regulated and its activation is short lived; however, in 

aging, this process is impaired and leads to the uncontrolled production of pro-inflammatory 

mediators through an auto activation loop163.  In 126 centenarians, plasma concentrations of 

TNF-α were positively correlated to concentrations of IL-6 and CRP, thus identifying an 

interplay amongst these inflammatory factors170.   

Adipose tissue is another source of IL-6 and TNF- α171. Excess adipose tissue, as seen in 

obesity, is a risk factor for the development of cardiovascular and metabolic disease. Recognized 

as a critical tissue in the inflammatory process, adipose tissue may contribute to the development 

of sarcopenia. Longitudinal studies that evaluated changes in body composition in older adults 

indicated a tendency toward gains in fat mass and loss of lean mass172,173. Results from the Trial 

of Angiotensin Converting Enzyme Inhibition and Novel Cardiovascular Risk Factors (TRAIN) 

study indicated that IL-6 and CRP were positively associated with BMI and total fat mass, but 

negatively associated with appendicular lean mass26. Similarly, high levels of TNF-α and IL-6 

were associated with increased truncal fat mass and lower appendicular muscle mass in healthy 

older adults (65-80 years)174.  Apoptosis, the programmed death of cells, has been described as a 

contributor to age-related muscle loss175. TNF-α is considered a major signaler in apoptosis and 

increased plasma levels of TNF-α has been linked to muscle fiber loss through myocyte 

apoptosis in aged rats23. Although, it is unlikely that this mechanism by itself will result in 

muscle loss176. Muscle protein degradation appears to be primarily regulated through the 

activation of the ubiquitin-proteasome (Ub) pathway24. Upregulation of the Ub-pathway is 

suggested to increase through increased TNF-α signaling that activates NF-kB177,178 . Moreover, 
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inhibition of NF-kB has been shown to suppress skeletal muscle atrophy179. Recent attention is 

been brought to calorie restriction and its anti-inflammatory effects. Calorie restriction has been 

reported to attenuate circulating levels of CRP by 40%180 and lower secretion of IL-6 from 

adipose tissue181. 

 
2.4.6 Hormonal Changes with Aging 
 
 Declines in circulating levels of growth hormone (GH), IGF-1, estrogen, and testosterone 

are associated with healthy aging19. While decrements in these hormones are expected, it is 

hypothesized that these endocrine changes are responsible for the gradual development of 

sarcopenia182, osteopenia183, and the accumulation of abdominal fat184. Furthermore, the 

hormone-induced changes in body composition are believed to be predecessors to reduced 

physical function and frailty in older adults19,185.  

GH is a polypeptide synthesized by somatotroph cells in the anterior pituitary (AP) and 

its secretion is stimulated by the hypothalamic release of GH releasing hormone (GHRH)186,187. 

GH is responsible for a number of physiological actions such as protein synthesis, organ growth, 

linear growth, carbohydrate metabolism, and lipid metabolism186. GH’s actions are mediated 

through both the direct action of the hormone on target tissue and indirect action through liver 

hepatocyte stimulated production of somatomedins, otherwise known as IGFs186,187.  Of the 

somatomedins IGFs-1, -2, and -3, the most important is IGF-1. IGF-1 exerts anabolic actions 

through binding to a receptor similar to that of insulin187. IGF-1 receptor binding stimulates 

tyrosine kinase activity and autophosphorylation, which results in phosphorylation of protein 

kinase B (Akt) and stimulation of the MAPK pathway187.  

For females, GH is considered the primary hormone responsible for building muscle188. 

In a population of healthy older and frail women, low serum levels of IGF-1 were associated 
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with poor muscle strength, slow walking speed, and difficulties with mobility tasks189. The 

anabolic role of GH has led to the exploration of GH administration as a potential treatment to 

combat age-related muscle and strength loss. In 1990, Rudman et al. were the first to report that 

administration of recombinant human GH (rhGH) in older men (61-81 years) with low plasma 

IGF-1 resulted in significant increases in lean body mass (+ 8.8%) and decreases in total adipose 

tissue mass (-14.4%)190. In adults with GH deficiency, two studies reported that 10 years of GH 

replacement partly protected against the normal age-related loss in muscle strength191,192. 

However, results for GH administration in healthy and moderately frail older adults without GH 

deficiency are mixed as some report increases in strength193 and/or lean mass194, while others do 

not195–197. In 13 older women (71 years) with serum IGF-1 levels ≤ 230 ng/mL, 26 weeks of 

subcutaneous GH supplementation (20 µg/kg) 3x/wk significantly increased lean body mass (1.0 

kg, p<0.001) but not strength (p=0.29)198. Lastly, a review by Giovannini et al. questioned the 

efficacy of GH administration as it has been associated with a high number of unwanted side 

effects such as carpal tunnel syndrome, gynecomastia, arthralgias, glucose metabolism disruption 

(hyperglycemia), and soft tissue edema, which could be detrimental to older adults199.  

In men, circulating concentrations of testosterone begin to decline around the 4th decade 

of life200. Age-related disturbances in male testosterone serum concentrations are hypothesized to 

occur within the hypothalamic-pituitary-gonadal (HPG) axis. The HPG axis refers to the effects 

of the hypothalamus, pituitary gland, and gonads as if these single endocrine glands were 

functioning as one organ. The stepwise mechanism of this axis occurs as follows: gonadotropin 

releasing hormone (GnRH) is released from the hypothalamus and travels to the anterior 

pituitary (AP) to stimulate the gonadotroph cells201,202. Once stimulated, gonadotroph cells 

release the gonadotropins follicle stimulating hormone (FSH) and luteinizing hormone 
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(LH)201,202. Normal variations in gonadotropin concentrations are dependent upon circadian 

rhythms and the pulsatile frequency and amplitude of GnRH release to the AP. Upon release, LH 

is then circulated to the leydig cells of the gonads to signal testosterone production202.  

Testosterone, like other steroid hormones, mediate actions by interacting with cytoplasmic and 

nuclear receptors located in target tissues which stimulate transcriptional and translational 

processes resulting in androgen-specific protein synthesis202.  

The physiological roles of testosterone are the initiation of sperm production, the 

development of secondary male sex characteristics, and tissue growth203.  The precise 

mechanism behind androgen mediated muscle growth is unclear; however, studies indicate that 

both young204 and old205 men are responsive to testosterone supplementation as documented by 

significant changes in lean mass and strength. According to testosterone supplementation studies, 

gains in skeletal muscle mass are hypothesized to result from improved muscle protein 

balance206 resulting from an increase in MPS207, decreased muscle protein degradation (MPD)208, 

and/or improved efficiency of amino acid reutilization209. Testosterone supplementation has been 

documented to induce hypertrophy of type I and II fibers210, as well as increase myonuclei, and 

satellite cell numbers211. 

In aging males, several changes within the hypothalamic-pituitary-gonadal axis (HPG-

axis) have been identified. Declines in the secretion of GnRH from the hypothalamus and the 

pulsatile amplitude of LH from the AP have been observed212. Leydig cells located in the testes 

are documented to be less responsive to LH with age213, which in turn affects testosterone 

production. Moreover, the age-associated declines in free testosterone which are capable of 

exerting an anabolic effect (biologically active testosterone) are greater than the decline in total 

testosterone 214. Some studies have reported an association between low levels of testosterone 
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and an increased likelihood of falling215,216.  Hyde et al. measured testosterone changes in aging 

males and concluded that 1 standard deviation decrease in total or free testosterone was 

associated with increased odds of developing frailty (odds ratio (OR) total testosterone= 1.23; 

OR free testosterone = 1.29) and lower free testosterone was a predictor of frailty (OR = 1.22) 

during a follow-up period of 4-7 years217.  

Like GH, the use of testosterone replacement therapy has been explored in an effort to 

combat age-related muscle mass and strength loss. In intermediate-frail and frail elderly men 

(73.8±6.1 years) with low to borderline-low testosterone (total testosterone ≤ 12 nmol/L or free 

testosterone ≤ 250 pmol/L), testosterone treatment (50 mg/d transdermal patch) for 6 months 

improved isometric knee extension peak torque (+ 8.6 Nm), lean body mass (+ 1.08 kg), and 

physical function218. In comparison, older men (60-80 years) with low-normal total testosterone 

(<13.7 nmol/L) that supplemented with testosterone (80 mg/d testosterone undecenoate capsules) 

for 6 months experienced increases in lean mass (+1.20 kg), but reported no benefit to functional 

mobility and strength219. While there may be some clinical benefits from testosterone 

replacement therapy in older males, there is a concern for adverse events.  A meta-analysis of 

adverse events with testosterone replacement in middle-aged to older men concluded that therapy 

was associated with a significantly higher risk of detecting prostate events and a hematocrit 

>50% compared to placebo groups220.   

While GH is recognized as the primary anabolic hormone responsible for muscle growth 

in females, estrogen has gained some attention for its potential role in skeletal muscle. According 

to the two cell theory of estrogen production, androstenedione synthesis from cholesterol is 

stimulated by LH in the theca cells221. Androstenedione is then transported to the granulosa cells 

to be aromatized and converted in to estrone221. FSH then promotes the conversion of estrone to 
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17β-estradiol in the ovaries.  The age-related decline in female fertility that gradually occurs 

throughout the fourth and fifth decade of life is called menopause. Imbalances in FSH and LH 

production during menopause decrease the amount of estrogen produced, and diminished levels 

of estrogen are associated with increased susceptibility to cardiovascular disease and 

osteoporosis222. Hormone replacement therapy (HRT) is considered a treatment option for 

women to manage the symptoms of menopause as well as its associated pathologies.  Some 

evidence suggests that HRT may be beneficial for skeletal muscle and strength in older women. 

Taffe and colleagues in 2005 reported an improvement in athletic performance and increased 

quadriceps muscle cross-sectional area (CSA) (~1 kg, p<0.05) after 1 year of HRT [oestradiol 

(2mg) + norethisterone acetate (1mg) daily] in post-menopausal women (50-75 years) compared 

to a control223. HRT was also reported to improve isometric strength of the adductor pollis in 

post-menopausal women (60 years) compared to a control group224. However, not all studies 

evaluating the effects of HRT on muscle mass and performance reported benefits. Twenty 

milligrams of oestradiol HRT for 64 weeks improved spine and hip bone mineral density (5-8%, 

p<0.05 vs controls), but did not change appendicular skeletal muscle mass in healthy post-

menopausal women (45-65 years)225. HRT did not improve muscular performance, as Armstrong 

et al. in 1996 reported no improvements in balance, walking speed, leg extensor power, or grip 

strength following 48 weeks of oral HRT in middle-aged post-menopausal women226.  

 
2.4.7 Physical Activity 
 

	As of now, there are no interventions or supplements that are scientifically proven to 

extend life; in the meantime, there is an accumulating body of evidence that supports the use of 

exercise and/or physical activity to prevent the development of chronic diseases that are 

otherwise linked to an increased risk of mortality.  Physical activity is defined as body movement 
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produced by the contraction of skeletal muscles that causes an increase in energy expenditure227. 

According to the Centers for Disease Control and Prevention (CDC), adults who are inactive are 

at greater risk for “early death, heart disease, stroke, type 2 diabetes, depression, and some 

cancers228.” The American College of Sports Medicine (ACSM) recognizes “that while no 

amount of physical activity can stop the aging process, regular exercise can increase life 

expectancy by limiting the development and progression of disease and disability227.” 

 Older adults are typically less physically active than young adults and with advancing age 

a number of gradual declines in functional processes such as muscular performance and VO2max 

occur4,5,229.  For older adults, these changes eventually lead to impairments in ADL, loss of 

independence, frailty, disability, and mortality. To preserve the health of the cardiovascular and 

muscular systems in aging adults, both aerobic and resistance training interventions have been 

explored. A meta-analysis of controlled clinical trials by Huang et al. investigated the magnitude 

of change in aerobic fitness in sedentary older adults receiving aerobic exercise training. Healthy 

older adults who aerobically trained at 55-60% their VO2max for approximately 3 times per week, 

30-35 minutes per bout for 16-20 weeks experienced a 3.8 mL/kg-1/min-1 improvement in 

VO2max
230. This reflects the minimum criteria set forth by ACSM which recommends that older 

adults should engage in endurance exercise for at least 30-60 minutes of moderate intensity 

exercise to total 150-300 min/wk-1 to receive the health benefits associated with endurance 

training227.  

 Declining physical activity is suggested to play a pivotal role in the reduction of muscle 

function in older adults231, as age is suggested to only account for approximately 30% of the 

variance observed in strength among adults 20-93 years of age232. For older adults, lack of 

physical activity is considered a contributing factor for the development of sarcopenia233. 
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Declines in strength and power can lead to physical function impairment and creates limitations 

for performing tasks of daily living for older adults. Resistance training has been established as 

an effective intervention for improving both strength234–236 and power237–240 in this population, 

including the frail236, and is currently recommended as the most effective intervention to counter 

sarcopenia43.  In addition to improvements in muscle function, resistance training programs have 

demonstrated to be effective in improving physical performance in older adults234,235.   

While improvements in strength and physical performance have been observed in as little 

6 weeks, it is the minimum duration recommended to induce change, suggested to result 

primarily from neuromuscular adaptation241. According to a Pyka et al., a prolonged resistance 

training program for older adults resulted in robust improvements in strength over the first 3 

months before plateauing and producing significant increases in type I and type II muscle fibers 

at 15 and 30 weeks, respectively242 . Program intensity is suggested to impact the benefits of 

resistance training as a meta-analysis of resistance exercise programs and muscular strength in 

older adults suggests that higher intensity programs ≥80% of 1RM are superior for improving 

strength compared to low and moderate intensities243.  

ACSM recommends that older adults participate in a progressive resistance training 

program for at least 2 days/wk244. If the 1RM is not measured older adults should work between 

a moderate (5-6) and vigorous (7-8) intensity on a 1-10 scale244. When an 1RM is measured, 

older adults beginning a resistance training program should work at light intensity (40-50% of 

1RM) before progressing to moderate intensity (60-70% of 1RM)244. Exercises should focus on 

using the major muscle groups by performing 8-10 exercises and completing at least 1 set per 

exercise while incorporating 10-15 repetitions per set244.  The intensity of the program should be 
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progressive in order to produce the greatest improvements in strength and minimize the chances 

of musculoskeletal injury.    

 
2.5 Improving Strength and Functional Performance in Older Adults: WBV Training 

 
Exercise interventions have been explored in an effort to provide cost-effective 

treatments for age-related declines in muscle mass, muscular strength and power, and physical 

performance. This review will first begin by summarizing the effects of resistance training and 

WBV training on the neuromuscular system, as improvements in muscular performance in the 

absence of morphological changes in muscle are attributed to exercise-induced adaptations of the 

neuromuscular system; thereby, making WBV training comparable to the first few weeks of 

resistance training. Next, the effects of WBV training on muscular performance and physical 

function in older adults will be reviewed and then followed by the anti-inflammatory effects of 

WBV training on C-reactive protein. Since there is limited research on the effects of WBV 

training on inflammation, the effects of resistance training interventions on inflammation in older 

adults were included. 

 
2.5.1 Neuromuscular Responses to Resistance Training 
 
 Alterations in the neuromuscular system contribute to the decline in muscular strength 

and power observed with aging. The ability of muscles to generate force rapidly is suggested to 

be an important characteristic for completion of ADL like walking, climbing a flight of stairs, 

and preventing falls or tripping79.  Motor neuron loss causes decreases in motor unit 

discharge/firing rate of agonist muscles, increases activation of antagonist muscles, and impairs 

motor unit synchronization.  All of these mechanisms are suspected to cause the reported decline 

in motor function112,114,245,246.  
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The gains in strength reported in the early weeks of resistance training are widely 

identified as a neural adaptation rather than from muscular hypertrophy247,248. In a study that 

evaluated the motor unit firing rates in older adults, maximal voluntary knee extensor force and 

motor unit discharge rate were assessed on two separate occasions before a 6-week resistance 

training program and after. A significant 10% increase in maximal isometric force (p=0.006) was 

accompanied by an increase in motor unit discharge by the second initial testing session249. 

Following training, motor unit discharge had increased by 49%249. Following 24 weeks of 

resistance training, older adults were reported to experience increases in maximal voluntary 

activation of agonist muscles in both isometric and dynamic leg extension actions with 

significant decreases in antagonist muscle co-activation at the onset of the program250.	After 6 

months of resistance training, Häkkinen et al. reported a significant increase in integrated 

electromyography (iEMG) activity in the leg extensors (agonist) during isometric force 

production and squat jump (p<0.05-0.01). In parallel, iEMG activity of the biceps femoris 

(antagonist) during maximal isometric leg extension significantly decreased from 31% to 24% in 

older women (p<0.05) and 24% to 21% in older men (p<0.05)251. While enlargement of the CSA 

of the leg extensors was observed, the authors reported that these changes were minimal 

compared to the change in neuromuscular activity during the training period251. Altogether, older 

adults retain the capacity to improve muscular strength through the neuromuscular adaptations 

acquired from resistance training and it is through these adaptations that improvements in 

physical function are observed. 

 
2.5.2 Neuromuscular Responses to WBV Training  
 
 WBV induced changes in muscular strength, power, and athletic performance have been 

attributed to enhanced neuromuscular responses explained by the tonic vibration reflex. Similar 
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to the stretch reflex response, the muscle’s exposure to vibration perturbs muscle spindle 

afferents and stimulates alpha motor neuron activity that lead to reflex muscle contractions of 

extrafusal muscle fibers. To support changes in neuromuscular activity during WBV, acute 

studies utilizing EMG have been conducted that compare muscle activation during exercise with 

and without vibration stimuli252–257. Krol et al. in 2011 reported significantly increased (p<0.001) 

EMG activity during static squat in the vastus lateralis (VL) and vastus medialis (VM) at 

different amplitude (2mm and 4mm) and frequency (20 Hz, 40 Hz and 60 Hz) combinations 

compared to resting supine and static squat without vibration in young females (21.8 years)257. 

Roelants and colleagues in 2006 reported significantly higher (p<0.05) EMG activity in the VL, 

VM, rectus femoris (RM), and gastrocnemius lateralis (GL) (+39.9 ± 17.5%) compared to non-

vibration controls in 15 young men (21.2 years)254. Furthermore, it was reported that the 

magnitude of vibration-induced muscle activity for the VL, VM, RM and GL was significantly 

greater during high squat, low squat, and 1-legged squat (12.6-82.4% of maximal voluntary 

contraction) than exercise without vibration254.   

The intensity of the WBV stimulus is determined by the magnitude of acceleration that is 

transferred through the participant’s feet and is manipulated by changing the frequency and 

amplitude of the vibration platform. Frequency-dependent increases in surface EMG activity 

have been reported at higher vibration frequencies (40-60 Hz) in the VL255,257, VM258, and 

soleous (SOL)259. Lienhard and colleagues in 2014 reported significant acceleration-dependent 

main effects on surface EMG activity in the SOL (p<0.01), GL (p<0.05), VM (p<0.01), RF 

(p<0.01), and VL (p<0.01) with higher EMG activity at 2mm and not 1.2 mm252. Similarly, Di 

Giminiani et al. in 2015 determined that surface EMG activity was dependent on the acceleration 

loads (20-55Hz and 0.2-1.2 mm) in the VL (p=0.0001), VM (p=0.011), and G (p=0.0001), but 
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not the RF (p=0.508) in young males (22.8 years)260. Inconsistent reports of muscle stimulation 

at set frequencies are likely dependent on the type of vibration, body position, training status, 

method of EMG measurement, and age. 

Responses to vibration may be affected by aging, as the inhibition of the stretch flex is 

reported to decrease with age261 and consequently results in greater surface EMG (sEMG) 

activity during WBV in older adults262. Lienhard et al. in 2017 reported significantly greater 

baseline sEMG activity (no vibration) in older adults in the tibialis anterior (TA) (5.3%, 

p<0.001), gastrocnemius medialis (GM) (9.1%, p<0.001), SOL (10.7%, p=0.001), VL (8.1%, 

p<0.001), VM (2.1%, P<0.010), and biceps femoris (BF) (1.7%, p=0.033)262.  Lienhard and 

colleagues suggest that the elevated resting sEMG in older adults could indicate a higher level of 

pre-activation that may result from increased muscle spindle activity and from deficits in lower 

body strength262.  In addition, age-induced reductions in motor unit recruitment thresholds might 

partly explain altered sEMG activity in older adults263. In the same study, analysis of variance 

(ANOVA) analysis revealed a greater absolute increase in muscular activity in all muscles 

except the SOL during WBV in older adults compared to young adults262.  Carlucci et al. 

reported that older women (74.2 years) showed the greatest sEMG activation at lower vibration 

frequencies in the VL (p=0.012) and VM (p=0.01) compared to young women (21.6 years)264. At 

frequencies where muscle activity was highest, older women had significantly greater muscle 

activity (p<0.05) in the VL (24%), VM (21%), and RF (19%) than the younger women264. 

Similarly, Giombini and colleagues in 2013 reported higher muscle activation in older women 

(71 years) at lower frequencies that resulted in greater acute improvements in explosive leg 

power 1 and 5 minutes after a bout of WBV265. Moreover, it was reported that the frequency 

determined to stimulate the greatest sEMG activity, also known as the optimal vibration 



47	

frequency (OVF), varied among older women when sEMG activity was measured at WBV 

frequencies ranging from 20-50 Hz (35 Hz in 6 women and 30 Hz in three women)265. Maximal 

leg press power after WBV at OVF was significantly greater than leg press power output after 

WBV at 20 Hz (p<0.05) and WBV at 50 Hz (p<0.01)265.   

In summary, acute increases in muscle activity and muscular performance can be induced 

by WBV in older adults; therefore, chronic WBV exposure might elicit neuromuscular 

adaptations comparable to the early stages of resistance training and increase functional 

performance. The effects of WBV training on muscular performance and function are discussed 

later on. 

 
2.5.3 Muscular Performance Adaptations to WBV Training in Older Adults 
 

WBV training might be an effective strategy for attenuating the effects of aging on 

skeletal muscle47. Within the past decade, researchers have begun to assess the effects of WBV 

training on muscular outcomes such as strength, power, body composition, and functionality in 

older adults68,266–276. WBV training has been reported to improve the lower body strength of 

older adults with at least 6 weeks of training 68,266–269,272,275,276.  WBV may stimulate muscle 

hypertrophy since improvements in muscle CSA (CT scan)267 and lean mass (CT scan)269 were 

reported after 10 weeks267 and 12 months of WBV training269, respectively. A WBV training 

program of shorter duration may be insufficient to elicit measureable changes in whole muscle 

growth, as Bautman et al. 2005 reported no change in lean mass after 6 weeks of WBV 

training266. Without increases in muscle mass, improvements in muscular strength may occur 

through a similar mechanism, as do strength gains acquired early on in resistance training 

programs. It is hypothesized that the vibratory stimuli from WBV training improves muscular 
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performance from increased activation of motor units and their synchronization, which leads to 

an improved neuromuscular response47,48. 

When gains in strength from WBV training were compared to control groups performing 

the same exercises without vibration, no differences in strength were observed between groups 

post intervention266,268,276. Despite no differences at testing points, ankle-plantar torque (p < 0.05) 

was significantly improved versus the exercise without vibration groups268,276. Little data exist 

that compare the effects of WBV training to resistance training on muscular adaptations in older 

adults68,269. Although, when gains in muscular strength from WBV were compared to a 

multicomponent exercise program containing a resistance training element (50-80% 1RM), the 

improvements in strength were significantly improved from baseline measures and not different 

between groups68,269; thereby, suggesting that WBV has the potential to be meaningful 

alternative to resistance training for improving strength in older adults. Currently, there is more 

evidence that suggests WBV training is more beneficial for improving muscular performance in 

older adults than exercise without vibration. What remains to be explored is the efficacy of WBV 

as an effective exercise therapy for improving muscular performance in frail older adults. 

 
2.5.4 Functional Performance Adaptations to WBV Training in Older Adults 
 

Muscular adaptations from WBV training have been reported to improve measures of 

functional performance in older adults. Common measures of functional performance for older 

adults are the timed up & go (TUG), 30-second chair stand test, sit-to-stand test (5 repetitions), 

and Tinetti test.  The TUG test is a modified version of the get up-and-go test277, measures the 

time it takes a participant to stand up from a chair, walk 3 m at preferred speed, turn around, 

walk back to the chair, and sit down278.  Several studies have reported improvements in timed up 

& go performance after WBV training266,267,270–273,275 while one reported no change274. Training 
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frequency may elicit greater improvements in functional performance after WBV training, as a 

group of community dwelling older adults who trained 3x/wk for 6 weeks were significantly 

faster in TUG than those that trained 2x/wk273. However, WBV training at the same frequency 

(3x/wk) for 6 weeks did not improve TUG performance in institutionalized older adults274.  

Compared to physical therapy alone, WBV training improved TUG more, but no differences in 

performance existed between groups after training270,275. When WBV training was compared to 

exercise without vibration, two studies reported a magnitude of change that was significantly 

greater than exercise without vibration, but no differences in performance existed between 

groups after training266,270; one study reported no change at all274. 

Other tests such as the 30-second chair stand test, sit-to-stand test (5 repetitions), and 

Tinetti test have been used to evaluate functional performance in older adults. In nursing home 

residents and frail older adults, 30-second chair stand performance did not improve after WBV 

training266,275. Four investigations observed improvements in sit-to-stand performance after 

WBV training268,271,273,274; however,  some improvements were not different from a non-exercise 

control271 or groups performing the same exercises without vibration268,274. The Tinetti test is a 

16-item evaluation used to assess mobility in older adults and lower scores generally indicate 

poorer physical ability 279. Four studies evaluated Tinetti total scores after WBV 

training266,270,273,274. When physical therapy was complimented with WBV training, Tinetti total 

score increased significantly by 5.6 ± 3.7 points compared to a 0.3 ± 1.3 decrease in a physical 

therapy only treatment group (p < 0.05)270. After training, Tinetti test total scores were 

significantly better when training frequency was 3x/wk compared to lesser frequencies (2x/wk, 

1x/wk) and no exercise at all273. Two studies reported no improvement in Tinetti total score 

following WBV training compared to a same exercise without vibration group266,274.  
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In summary, WBV appears to be a meaningful alternative to exercise without vibration 

and beneficial complement to physical therapy for improving some measures of functional 

performance (i.e. timed up & go, sit-to-stand, Tinetti test total score). Longitudinal studies on 

aging and muscular performance have clearly demonstrated that although there are substantial 

losses in muscle mass, declines in muscular strength and power occur with greater magnitude, 

thus contributing to the gradual decline in functional performance observed in older adults. 

While the benefits of resistance training in older adults are well documented, many older adults 

do not lift weights nor do they want to; therefore, non-pharmacological alternatives to resistance 

training should be explored. For frail older adults with severe mobility impairments, WBV may 

be an alternative to other exercise training, but information is scarce.    

 
2.5.5 Inflammatory Responses to Resistance and WBV Training in Older Adults 
 

Sustained low grade inflammation has been associated with many diseases related to 

aging and sedentarism such as diabetes mellitus280, atherosclerosis281, Alzheimer’s disease282, 

and osteoporosis283. TNF-α, IL-6, and CRP are a few of the most commonly measured 

biomarkers of systemic inflammation in disease281,284. The production of CRP, an acute phase 

protein released by the liver in response to tissue injury, is regulated by the pro-inflammatory 

cytokines TNF-α and IL-6285.  Chronic inflammation, mainly IL-6 and CRP, is reported to be 

predictive of disability28, physical performance30, and mortality286 in older adults.  Furthermore, 

the level of circulating markers of inflammation are reported to be higher in older adults287. 

Associations reported between physical activity and markers of inflammation suggest that 

exercise could be a potential non-pharmacological therapy for reducing systemic 

inflammation288–290. Geffken et al. reported that older adults (N=5,888 men and women, ≥65 
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years) in the highest quartile of physical activity had a lower mean concentration of CRP (1.82 

mg/L) compared to those in the lowest quartile (CRP = 2.24 mg/L)291.   

Given the association between inflammation and physical activity, the effects of exercise 

interventions on CRP have been explored. Although much attention has been given to aerobic 

training292–295, there are several studies that have examined the effects of resistance training on 

CRP296–300. According to a review by de Salles et al., a majority of the randomized controlled 

studies that evaluated changes in inflammation with resistance training support decreases in 

CRP, especially in obese individuals and older adults 301. Higher levels of CRP are associated 

with measures of adiposity302,303 and loss of muscular strength304; therefore, body composition 

changes that lead to increased muscle mass or decreased fat mass might partly explain the effects 

of resistance training on resting measures of CRP. A randomized controlled trial that investigated 

changes in body composition and inflammation in overweight women after 1 year of moderate 

intensity resistance training reported significant increases in lean mass (p<0.05) with no change 

in fat mass, and a significant decrease in resting CRP (p<0.01)305.  After 12 months of 

progressive resistance training, reductions in CRP in older adults were associated with increases 

in skeletal muscle mass (p<0.01) and loss of total fat mass (p<0.02)306. Training induced changes 

in CRP after 12 weeks of resistance training were significantly associated with increased muscle 

thickness in 21 older women (85±4.5 years)307. In older Hispanics with type II diabetes (>55 

years), 16 weeks of strength training increased whole body lean mass and decreased resting 

CRP308. Improvements in glucose control, insulin sensitivity, and endothelial function are also 

likely to contribute to reductions in circulating concentrations of CRP following exercise 

training309.   
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Few studies have examined the effects of unloaded WBV exercise on markers of 

inflammation. An acute study by Hazell et al. in 2014 reported significant increases in IL-10 

(2.9±2.0 to 3.6±1.9 pg/mL; p<0.03), but not IL-1β or IL-6 after an acute bout of WBV in healthy 

college-aged males310. Other studies investigated alterations in inflammatory markers following 

an unloaded WBV training program in older adults and results are conflicting311–313. Circulating 

concentrations of CRP, IL-6, IL-1β, TNF-α, and IL-10 did not change following thrice weekly 

WBV training for 9 weeks in older adults (81.1 years)312. In opposition, 3x/wk of WBV training 

for 12 weeks significantly reduced soluble receptors of TNF-α (sTNFR1 and sTNFR2) in older 

adults (75 years) with osteoarthritis more so than a non-exercise control311. Similarly, 3x/wk of 

WBV training for 12 weeks significantly reduced circulating concentrations of TNF-α (7.76±0.4 

to 3.19±2.4 pg/mL), IL-6 (3.19±2.4 to 1.82±1.5 pg/mL), and CRP (18.65±1.9 to 10.76±3.2 

mg/dl) in normal to obese older adults ranging from 60-70 years313. 

 
2.6 Concluding Remarks  

 

 WBV training may be a viable method for improving muscular and functional 

performance in older adults; however, limited evidence exists for this intervention in the 

institutionalized frail population. Despite well-documented benefits of resistance training in both 

young and old adults, many older adults do not lift weights nor do they want to. WBV training is 

well tolerated by older adults and, therefore, may be a viable alternative to resistance training 

that could enhance muscular and functional performance in the frail. Based on the literature, it is 

likely that a 12-week WBV training intervention could elicit neuromuscular adaptations in this 

population that result in increases in isometric strength and functional performance. As the 

hypothesized mechanism is primarily neuromuscular, it unlikely that changes in lean mass will 
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be observed over a 12-week WBV training period; however, it is possible that total fat mass 

could be induced from increased caloric expenditure. A decrease in total fat mass may then 

reduce resistance (ohms) and increase phase angle, while reducing circulating levels of CRP. 
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CHAPTER 3 

 

RESEARCH DESIGN & METHODS 

 

 
3.1 Study Overview 

 

Prior to implementing the whole body vibration (WBV) and standard care intervention, 

older adults were recruited from long-term care units of three skilled nursing facilities in 

Tallahassee, FL to conduct a cross-sectional analysis of body composition, phase angle, strength, 

and physical function. The purpose was to determine associations amongst the aforementioned 

variables and whether there were differences in these measures between individuals who were 

grouped into pre-frail and frail categories by the FRAIL scale.   

Separately, a higher functioning subset of this population was recruited to participate in 

either 12 weeks of WBV training or 12 weeks of standard care. The WBV group was recruited 

only from Seven Hills Health & Rehabilitation Center, and the standard care group was recruited 

from Heritage Healthcare Center, Centre Pointe Health & Rehabilitation, as well as Seven Hills 

Health & Rehabilitation Center. This study examined the effects of a 12-week WBV intervention 

on body composition, strength, physical function, and inflammation in older adults living in 

skilled nursing facilities compared to a standard care alone. Testing protocols were similar for 

both investigations; however, the research design described below is specific to the WBV 

intervention.  Many of the participants recruited did not want to participate in the intervention 

study or had time conflicts, therefore, only their baseline measurements were obtained for the 

cross-sectional study comparing pre-frail and frail older adults. 
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3.2 Inclusion Criteria 

 

 Thirty-seven older adults (men and women) ≥65 years of age residing in a skilled nursing 

facility were recruited from Tallahassee, FL. There were no restrictions to socioeconomic status 

or race. All residents had a physician’s consent before participating in the study to verify the 

presence of underlying conditions that would contraindicate WBV training. Participants were 

screened during visit one of data collection and only those with a SPPB total score of ≥ 2 and ≤ 8 

were included in the intervention study. Some participants had some cognitive impairment, but 

only those residents who were capable of following instructions for the WBV training were 

permitted to participate. This study was approved by the University Institutional Review Board 

(IRB Approval Letter-Appendix A). 

 
3.3 Exclusion Criteria  

 

Residents with unstable cardiovascular disease, uncontrolled hypertension (≥160/100 

mmHg), uncontrolled diabetes (blood glucose >250 mg/dl), musculoskeletal deformity, 

symptomatic rheumatoid or osteoarthritis, neuromuscular disease, hernias, symptomatic known 

unrepaired aortic aneurysm, had been recently hospitalized with in the past 6 months due to 

myocardial infarction, stroke or fractures, or a terminal illness were excluded from the study. 

Residents with cognitive impairment, which limited their ability to participate in WBV training 

and those that were lifting weights to improve muscular strength, were not able to participate.  

 
3.4 Sample Size and Attrition 

 

 Accounting for rate of attrition (≈ 20%), a total of 24 participants were recruited for this 

study. Based on a study by Zhang et al. 2014275, significant differences in mean TUG 

performance scores were observed between a control group (30.39 ± 9.24 sec) and WBV group 
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(21.34 ± 4.42 sec). Based on these data the effect size was calculated to be 0.979. Based on an α 

level of 0.05 and 80% power the minimum number of participants per group needed was 9314.  

 
3.5 Data Collection-Visit 1 

 

 Participants were familiarized with the study through orientations held by the study 

coordinator at the skilled nursing facility. Participants might have also learned about the study 

from family members who were the legal guardian, court appointed guardian, power of attorney, 

or surrogate that attended presentations about the study. After the initial orientation, participants 

were invited to meet with the study coordinator for a more detailed orientation of the study 

where the time commitment and study protocol were explained in detail (Informed Consent-

Appendix B). During this visit, participants were given the opportunity to ask questions. If the 

volunteer was interested in participating in the study, he or she was given an informed consent 

and a physician’s consent form (Physician Consent Form-Appendix C). Informed consents were 

signed on behalf of the participant by a legal guardian, court appointed guardian, power of 

attorney, or surrogate if the participant was unable to sign on his or her own. In addition, each 

participant signed an assent form, which established his or her willingness to participate in the 

study (Assent Form-Appendix D). Once consent or assent was obtained, the participant’s 

demographic information was collected. Information about the presence of underlying illnesses 

and other medical information was reported by the participant and confirmed by the on-site 

medical records (Medical History Questionnaire-Appendix E). Once the physician’s consent was 

received, the participants were scheduled for their second visit. All data collection occurred on 

site at the skilled nursing facility. 
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3.6 Data Collection-Visit 2 

 
 Prior to all testing, participants refrained from alcohol, caffeine, and exercise for 24 

hours.	On the second visit, participants were met in a quiet room to complete a medical history 

and frailty syndrome questionnaire. Following the questionnaires several variables were 

measured that included: functional performance, grip strength, mobility, and upper body 

muscular endurance.  

 
3.6.1 Frailty Syndrome Screening 
 

Using the FRAIL scale (Frailty Questionnaire-Appendix F), frailty was assessed through 

5 domains: Fatigue, Resistance (ability to climb a flight of stairs), Ambulation (ability to walk 

one block), Illness (number of illnesses counted), and Loss of weight (weight change within 6 

months). Fatigue, resistance, and ambulation were assessed from the participants’ responses to 

questions from the SF-36 Health Survey and information from their medical history 

questionnaire.  

 
3.6.2 Depression Screening 
 
 Depression was assessed by the Geriatric Depression Scale-15 (GDS-15); it is a self-

report assessment used to identify depression in the elderly. The scale is a 15-item short form of 

the original 30-item Geriatric Depression Scale that consists of yes or no questions. Since most 

participants had vision impairments, questions were read aloud to each participant and responses 

were recorded. 

 
3.6.3 Functional Performance  
 

Participants were screened with the SPPB to determine their functional performance. 

There was no functional performance criterion for those participating in the cross-sectional 
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study. For those residents interested in participating in the intervention, a SPPB total score of ≥2 

and ≤8 out of 12 was required to participate and continue with baseline testing. Those who 

scored outside the predetermined functionality range were excluded from participation in the 

WBV and standard care intervention and thanked for their time. Participants who met the 

functionality testing inclusion criteria continued on to complete the TUG test and the 30-second 

arm curl.  

The SPPB is comprised of 3 separate tasks: repeated chair stands, balance in 3 standing 

positions, and gait speed.  A summary ordinal score of 0 to 12 (higher score indicates greater 

function) is reported based on the performance of the 3 tests. The repeated chair stands test 

required a participant to stand up straight from a chair as quickly as possible 5 times, without 

stopping in between stands. After standing up each time, the participant sat down and then stood 

up again. The participant was required to complete the test with his or her arms folded across the 

chest. Using a stopwatch, the investigator measured the time required to complete this task. 

Balance testing assessed a participant’s ability to stand in 3 different positions: semi-tandem 

stand, side-by-side stand, and tandem stand. Participants began in the semi-tandem stand by 

placing the heel of one foot by the big toe of the other foot for 10 seconds. Participants who were 

unable to perform this stance tried the side-by-side. If the participant could not hold the semi-

tandem position for 10 seconds, the side-by-side stance was performed. The side-by-side stand 

was performed with feet together, side-by-side, for 10 seconds. If the participant could perform 

the semi-tandem stand for 10 seconds, the performance in the tandem stance was assessed next. 

The tandem stand was performed with the heel of one foot placed in front and touching the toes 

of the other foot for 10 seconds. Gait speed was assessed using an 8-foot (2.44 meters) walk 

course. Participants began standing and then used a cane or other walking aid to walk at usual 



59	

pace for 8 feet while being timed. The timer was stopped and the test ended when the participant 

reached the 8-foot mark. Higher gait speeds received a higher score. Eight-foot gait speed was 

later converted to 4 meter gait speed because the 4-meter test is now believed to improve the 

accuracy of this measurement66. Four-meter walk velocity was calculated using the following 

equation: 

4	𝑚	𝑔𝑎𝑖𝑡	𝑠𝑝𝑒𝑒𝑑	 = 0.01 + (8	𝑓𝑡	𝑔𝑎𝑖𝑡	𝑠𝑝𝑒𝑒𝑑)(1.052) 

 
3.6.4 Isometric Handgrip Strength 
 

Next, participants completed the isometric handgrip test. Isometric handgrip strength was 

measured with a calibrated Lafayette handgrip dynamometer (Lafayette, IN). Each participant 

held the hand dynamometer at his or her side while seated. The participant was asked to inhale 

and upon exhalation squeeze the hand dynamometer with maximum effort. Three trials were 

used for each hand and trials alternated between hands. Isometric handgrip strength was recorded 

as the sum of the highest measurement from each hand. The single highest score was recorded to 

determine strength deficits for determining sarcopenia status.  

 
3.6.5 Mobility 
 

Mobility was assessed with the TUG test. Participants began the test seated in a standard 

arm chair with an easily identifiable line 3 meters (10 ft.) away on the floor. Participants wore 

comfortable shoes or treaded socks if the participant didn’t own shoes and used an assistive 

walking device. On the word “go”, the participant stood up from the chair, walked at a casual 

pace to the line marked on the floor, turned around, walked back to the chair, and then sat down. 

A stopwatch was used to time the participant. Researchers stopped timing when the participant 

sat back down.  
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3.6.6 Muscular Endurance 
 

To test muscular endurance, participants used a single dumbbell (5 lb. weight for women 

and 8 lb. weight for men) to complete as many seated biceps curls as possible during 30 seconds 

with their dominant arm.		

 
3.7 Data Collection-Visit 3 

 

 On the third visit, participants had their body composition assessed, isometric leg strength 

determined, and blood drawn for analysis of the bio-inflammatory marker CRP. Participants 

were met in their rooms on the morning of this visit having abstained from alcohol, caffeine, and 

physical activity the day before, as well as being fasted for at least 6 hours.  

 
3.7.1 Body Composition 
 

Body mass was measured using a dual ramp wheelchair scale (Rice Lake Weighing 

Systems, Rice Lake, Wisconsin) and height was measured using a wall-mounted stadiometer 

(Seca, Chino, California). Waist circumference was measured using a spring loaded tape 

measure (Northcoast Medical, Gilroy, California). Waist measurements were made at eyelevel at 

the approximate midpoint between the lower margin of the last palpable rib and the top of the 

iliac crest at the smallest area of the torso. Body composition was measured using a hand-foot 

BIA (Biodynamics Model 310e, Seattle, Washington) at a single frequency of 50 kHz. BIA 

testing was performed one time with participants laying in the supine position with socks, shoes, 

and jewelry removed. Feet were positioned approximately 12-18 inches apart and hands 

approximately 6-12 inches from the torso with palms facing down. The skin of the hand and foot 

was cleaned with alcohol and adhesive ECG tab electrodes were place on the right wrist and 

hand, and on the right ankle and foot. All electrodes were placed so that the electrode tabs were 
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facing outward and away from the body. Wrist electrodes were placed midway between the 

radius and ulna, and hand electrodes were placed about one-half inch above the third 

metacarpophalangeal joint. Ankle electrodes were placed approximately midway between the 

lateral and medial malleoli, and foot electrodes were placed approximately one inch above the 

third metatarsal. Clips attached to the analyzer were then connected to the participant’s ECG 

tabs. The participant was then asked to relax and remain motionless during the test.  

Measurements included body mass (kg) fat weight (kg), lean weight (kg), body fat %, basal 

metabolic rate (kcal/day), BMI, resistance (ohms), and reactance (ohms).  

 
3.7.2 Isometric Leg Strength 
 

Isometric leg strength was measured using a mechanical push-pull dynamometer 

(Baseline Instruments, White Plains, NY). During strength testing the participant was seated in 

the upright position with knees flexed at 90o. The dynamometer was placed on the distal tibia 

approximately 10 cm above the lateral malleolus. The researcher then stood opposite of the leg 

being tested and held the dynamometer perpendicular to the limb. Participants were instructed to 

exert maximal effort against the dynamometer, while avoiding explosive movements. 

Participants were instructed to maintain a fixed position during the entire procedure by grasping 

the edge of their bed with both hands for stabilization. All participants performed the 

measurement at least twice to help them understand the test. Measurements were repeated 3 

times on each leg in an alternating fashion. Strength was measured by the determined “break” 

point which was the measured peak force that the researcher had to apply to overcome the 

participant’s isometric contraction, indicated by a slight movement of the participant’s leg in the 

opposite direction of the voluntary contraction. The highest of the 3 measurements from each leg 

were added together to form a total strength score that was recorded as the peak isometric leg 
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strength. The average of the 3 measurements from each leg were then added together and 

recorded as the average isometric leg strength. Measurements obtained when the participant 

failed to follow protocol were considered invalid, and the test was repeated until performed 

correctly.  

 
3.7.3 C-reactive Protein 
 

Fasting blood draws were taken once from a forearm vein in the amount of 20 ml by a 

trained phlebotomist. The whole blood was allowed to clot for 30 minutes before centrifugation 

for 15 minutes at 1,500 x g. Serum was then separated into individual aliquots and frozen at        

-80oC. All blood samples were analyzed for serum levels of CRP at the conclusion of the 

intervention using commercially available ELISA kits (R&D Systems, Minneapolis, MN, 

quantitative ELISA; lot # P139810) run in duplicate according to the manufacturer’s instructions. 

The lower sensitivity limit of the assay was 0.01 ng/mL. The intra-assay coefficient of variation 

was 4.75% 

Tests conducted during visits 2 and 3 were repeated at the conclusion of the WBV and 

standard care interventions during testing visits 4 and 5. Measurements taken during visits 4 and 

5 assessed the effects of WBV and standard care on baseline measures and participants were 

scheduled to attend both visits within one week of completing their 12-week interventions.  

 

3.8 WBV Intervention Familiarization  

 

Participants in the WBV training group trained two days a week for 14 consecutive 

weeks. Prior to the start of the 12-week WBV training period, participants completed 2 weeks of 

familiarization training. During familiarization the participants were introduced to the equipment 

and shown how to perform each of the assigned exercises. During familiarization, participants 
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met with the investigator twice a week for approximately 1 hour to learn how to safely and 

properly perform the movement on the power plate without vibration.  

During familiarization WBV training participants completed 2 sets of 10 repetitions of 

partial squats performed at 150o, narrow squats and wide squats performed at 120o, as well as 

calf raises with limb weight while standing on the vibration plate without vibration stimulus. One 

to three minute rest intervals were taken between sets and exercises. Participants performed all 4 

exercises standing with legs slightly bent at the knee at the starting position of each exercise to 

prevent transmission of vibration to the head. Partial squats were performed with feet hip-width 

apart. To complete one repetition, participants bent at the knees so that the angle of the knee joint 

decreased from 180o to 150o and then returned to the starting position. Narrow squats were 

performed with feet approximately shoulder width apart. To complete one repetition, participants 

bent at the knees so that the angle of the knee joint decreased from 180o to 120o and then returned 

to the starting position. To complete a wide squat, participants followed the same protocol as the 

narrow squat, but feet were separated so that each foot was at the edge of the WBV platform 

(greater than shoulder width). If participants were unable to bend their knees to the appropriate 

angle for any of the 3 squat exercises, they were asked to squat as far as possible. Calf raises 

were performed with feet hip-width apart and feet flat on the platform. To complete one 

repetition, participants lifted their heels off the platform as high as possible and then returned to 

the starting position. WBV participants were instructed to perform the concentric contraction in 2 

seconds and complete the eccentric phase in 3 seconds for all exercises. 

The 12 weeks of WBV training was progressive and consisted of contraction speeds most 

consistent with traditional resistance training, but without weights. For weeks 1-3, participants 

completed 3 sets of 10 repetitions of partial squats, narrow squats, wide squats, and calf raises. If 
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the participant could not complete all the repetitions of the third set, the participant was allowed 

to rest and then complete the remaining repetitions. For participants who demonstrated a poor 

tolerance for the exercise volume during familiarization, an amended exercise program was 

implemented. These participants completed one dynamic repetition during the first set of each 

exercise and remained standing with knees slightly bent for the remainder of the set with 

vibration. Sets two and three consisted of standing with vibration only. Volume was increased, 

by adding one repetition to the first set of each exercise, each week except during weeks 4, 7 and 

10, when vibration intensity was increased. 

The Pro5 Airdaptive Model by PowerPlate (Performance Health Systems, Northbrook, 

IL) was used to deliver vertical vibration at an initial frequency of 25 Hz and then frequency was 

increased by 5 Hz every third week so that participants were training at 40 Hz by week 10. 

Amplitude remained at 1 mm for the WBV program’s entirety (see Figure 6.0). Each WBV 

session lasted approximately 45 minutes.  

 
 

Table 3. 12-week WBV Training Program 

       Whole body vibration (WBV); week (WK). 
 

 
3.9 Standard Care (Control Group) 

 
 For 12 weeks participants in the standard care control group were instructed to continue 

with their day-to-day activities and follow their doctors’ orders. Doctor’s orders included 

prescribed medicines, dietary supplements, and physical therapy. Participants were also 

WBV	 WK 1-3 WK 4-6 WK 7-9 WK 10-12 Exercises 

SETS	 3 3 3 3 1. Partial squat at 150• 
2. Narrow squat at 120• 
3. Wide squat at 120 • 
3.    Calf raises 
 

REPETITIONS	 10 10 10 10 

FREQUENCY	 25 30 35 40 

AMPLITUDE	 1 1 1 1 
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instructed to refrain from beginning or participating in exercise programs outside their prescribed 

physical therapy. 

 
3.10 Group Assignments 

 

This study was a non-randomized control trial. WBV intervention participants were 

recruited only from the Seven Hills Health & Rehabilitation Center. Recruitment for the WBV 

group was limited to this facility because of WBV platform availability and transportability, and 

transport of participants outside the skilled nursing facility was not allowed according to the 

facility’s policies. Group assignment was determined by the order of group recruitment. 

Participants were first recruited for the WBV group and once the group size reached n=15, to 

account for a 20% attrition rate, the recruitment and assignment of participants to the standard 

care group began. Standard care participants were recruited from Heritage Healthcare Center, 

Centre Pointe Health & Rehabilitation, and Seven Hills Health & Rehabilitation Center. While 

the participants recruited for the WBV intervention were not randomly sampled from the three 

skilled nursing facilities, we felt confident that the population of each facility was similar. To our 

understanding, the skilled nursing facilities sampled provided similar levels of healthcare and 

housed residents of equal health status. In Tallahassee, admission to a skilled nursing facility is 

random; however, factors such as rehabilitation potential, willingness to be admitted to the 

facility, payment source or insurance type, and doctor’s referral can influence admittance to the 

facility. All skilled nursing facilities offer long-term care and rehabilitation, and the greatest 

difference among the skilled nursing facilities in Tallahassee, FL is the number of beds each 

facility is certified to have.  

 

 



66	

3.11 Participant Recruitment, Retention, and Compliance 

 

 Older adults with diverse racial and ethnic backgrounds, including Asians, Hispanics, and 

African Americans who lived in a skilled nursing facility in the Tallahassee area were recruited 

through information sessions held at the skilled nursing facilities. Some residents were 

approached for recruitment based on recommendations from physical therapy and nutrition staff. 

Residents who traveled to nursing home activities such as Bingo were also targeted for 

recruitment. Since many of the residents had a power of attorney, surrogate, or court appointed 

legal guardian, several telephone calls, informational sessions, and individual meetings were 

scheduled with these individuals. In order to achieve the aims of the study, it was important that 

mechanisms were put in place to maintain participant retention throughout the entire testing and 

training period of the study. To aid in participant retention, incentives such as gift cards from 

Walmart were offered to the participants. Compliance was just as important as retention; 

therefore, WBV sessions were scheduled 3 weeks in advance and appointment cards were given 

to all participants as a reminder. If a WBV session was missed it was documented, a make-up 

session was scheduled, and a reminder for the next scheduled appointment was provided. 

 
3.12 Anticipated Risks and Solutions 

 

 Medical clearance from the participant’s primary care physician was required to verify 

that participants did not fall within the study’s exclusion criteria. Participants ceased 

participation immediately if at any point during the study they no longer met the inclusion 

criteria.	The risk of injury or adverse event was minimized by using trained technicians and by 

teaching proper techniques in testing of participants. There were minimal risks or discomforts 

with answering the enclosed questionnaires. Participants who chose not to complete the 

questionnaires were still able to participate in the study.  
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 Participants might have experienced some muscle soreness from the functionality testing, 

but the risks associated with this testing were minimal and the selected protocols have been 

previously used in other studies. Participants may have experienced fatigue and soreness during 

or after WBV training sessions. Although rare, the most common side effects of WBV training 

are erythema (redness of the skin due to increased local blood flow), headache, itching, and 

edema (swelling) of the legs. If the effects were severe, the frequency and/or the amplitude of 

WBV was reduced.  Risks were minimized by using qualified investigators to supervise testing 

and training and ensure proper procedures. The risk of a cardiovascular event during testing and 

training was minimized by careful review of the participant’s medical history. The risks of taking 

blood included pain, a bruise at the point where the blood was taken, redness and swelling at the 

vein and infection, and a rare risk of fainting. Risks were minimized, by using sterile procedures 

for drawing blood. Falls are certainly an anticipated risk in this population; therefore, all 

participants were required to wear a gait belt during transfer of one position to another, 

functionality testing, and WBV training. During WBV training, participants wore an additional 

harness around the waist that attached to the WBV training tower to prevent from falling 

backwards. In the event of an emergency, medical emergency personnel would be contacted 

immediately.  

All information obtained during the course of the study remained confidential, to the extent 

allowed by law. Confidentially was maintained by assigning each participant a code number and 

recording all data by the assigned code number. The only record with the participant’s name and 

code number were kept by the principal investigator in a locked drawer in the Department of 

Nutrition, Food and Exercise Sciences. No names, initials, or other identifying characteristics 

will be reported in publication. Data will be kept for 10 years and then destroyed. 
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3.13 Stopping Signal 

 

If any participants fell within any of the exclusion criteria during the course of the study, 

they were no longer able to participate in the study and were recommended to see their primary 

care physician immediately. 

 
3.14 Statistical Analysis 

 

 The primary aim of the cross-sectional study was to determine associations between body 

composition and measures of strength and physical function in skilled nursing facility residents 

and determine if dependent variables were different between pre-frail and frail older adults. 

Pearson product-moment correlations were used to evaluate relationships between these 

variables. One-way analysis of variance (ANOVA) was used determine if older adults who were 

determined to be frail by the FRAIL scale had poorer values of body composition, phase angle, 

strength and physical function compared to pre-frail older adults. Outliers were identified by 

SPSS as measurements greater than 1.5 box lengths from the interquartile range and were 

removed prior to data analyses.	Normality was verified with the Shapiro-Wilk’s Test. 

Homogeneity of variances was assessed with the Levene’s test.  

A subset of higher functioning adults from the preliminary study’s sample population was 

then used to investigate the effects of WBV training on body composition, strength, functionality 

and inflammation in a non-randomized controlled standardized care group. Descriptive statistics 

were calculated for all variables and included means and standard deviations. One-way analysis 

of variance (ANOVA) was used to analyze baseline data between the WBV and standard care 

groups. Homogeneity of variances was assessed with the Levene’s test. Dependent variables 

were analyzed using a 2 x 2 factorial ANOVA (group x time) with repeated measures on the last 

factor. If sphericity was violated, then the Greenhouse-Geisser test was used. When a significant 
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group-by-time interaction and/or time effect was identified, between-groups and within-group 

comparisons were performed using independent and paired t-tests. Pearson product moment 

correlations were performed to evaluate relationships on selected dependent measures. 

Significance was accepted at p < 0.05. The Statistical Package for the Social Sciences (v21) 

software packages (SPSS, Chicago, IL) was used to analyze the data. 
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CHAPTER 4 

 

RESULTS 

 

  
4.1 Cross-sectional Study  

 

A total of 55 older adults were contacted to be a part of this study, 50 consented to 

participate, and 38 older adults participated and were included in the results for the cross-

sectional study. Those who participated all received their physician’s approval. Seventeen older 

adults did not participate due to the following reasons: loss of interest (n=5), research personnel 

could not contact power of attorney (n=5), pacemaker (n=1), Parkinson’s disease (n=1), less than 

65 years of age (n=1), poor cognitive function (n=2), leg amputation (n=1), and body 

disfigurement due to significant weight loss (n=1).  

Tables1-4 present the participants’ characteristics and the body composition, strength and 

physical function of the 38 pre-frail and frail older adults.  In general, the sample was very 

representative of the skilled nursing home population (Table 1). Females made up 79% of this 

sample population (n=30) with 21% of participants being African American (n=8). The average 

number of diseases reported was 4.6 ± 1.5 and ranged from 2 to 6 diseases. 

 
 

Table 4. Characteristics of Participants (N=38) 

Variables Mean ± SD Range 

Age (years) 80 ± 6 69 – 94 
Weight (kg) 74.3 ± 18.1 38.8 – 111.6 
Height (cm) 164.0 ± 8.6 147.3 – 182.9 
BMI (kg/m2) 27.5 ± 6.6 15.3 – 44.1 

BMI: body mass index. 
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Table 2 presents the characteristics of the pre-frail and frail groups. The frail group was 

slightly older than the pre-frail, but this was not statistically significant (p=0.237). BMI 

classification ranged from underweight to class III obesity. The number of reported diseases was 

not different between pre-frail and frail groups. 

 
 
Table 5. Characteristics of Pre-frail and Frail Participants (N=38)  

Variables Pre-frail (n=12) Frail (n=26) 

Age (years) 78 ± 6 81 ± 6 
Weight (kg) 79.6 ± 17.6 71.8 ± 18.1 
Height (cm) 167.2 ± 7.2 162.5 ± 8.9 
BMI (kg/m2) 28.2 ± 5.9 27.2 ± 7.0 
Morbidities 4.5 ± 1.4 4.6 ± 1.6 

Values are means ± SD. BMI: body mass index. 
 

 
Table 3 presents the measures of body composition for the pre-frail and frail groups. The 

FRAIL scale identified differences in fat mass between groups with frail participants having 

significantly lower fat mass (p= 0.036) than pre-frail participants; however, no other differences 

in measures of body composition were identified by the FRAIL scale. Sixteen participants 

(Female:15) fell below the SMI for men and women (Males: < 8.87 kg/m2; Females: <6.42 

kg/m2).  

 
 

Table 6. Body Composition Measures in Pre-frail and Frail Participants (N=38)  

Variables Pre-frail (n=12) Frail (n=26) 

Fat Mass (kg) 29.3 ± 9.1 23.1 ± 7.4* 
Lean Mass (kg) 47.7 ± 5.9 46.4 ± 11.8 
Body Fat (%) 36.9 ± 7.9 34.8 ± 8.0 
Basal Metabolic Rate (kcals) 1452 ± 178 1406 ± 360 
Phase Angle (degrees) 5.86 ± 0.57 5.70 ± 0.47 
SMI (kg/m2) 7.26 ± 1.68 7.17 ± 1.89 

Values are means ± SD. SMI: skeletal muscle index. * p < 0.05, significantly different from pre-
frail group. 
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Table 4 presents the measures of physical function, strength, and depression in the pre-

frail and frail groups. The FRAIL scale identified the pre-frail group to be significantly stronger 

(p=0.009) and less depressed (p=0.006) than the frail group. Descriptive statistics showed the 

frail group to have weaker grip strength and lower total function performance (SPPB) than the 

pre-frail group, but these differences did not reach significance (p>0.05). Sarcopenia was 

identified in 5 pre-frail participants (41.6%) and in 11 frail participants (42.3%). Of the 22 non-

sarcopenic participants, each had at least one deficit in gait speed (<0.8 m/s), function (SPPB 

total: ≤ 8), or grip strength (Male: < 30 kg; Female: < 20 kg). The number of falls reported 

within the last 6 months was not different between groups and ranged from 0 to 5 falls. Frail 

participants responded with significantly more (p=0.006) ‘depressive’ answers (4.7 ± 3.3) from 

the GDS-15 than pre-frail participants (1.7 ± 1.5). According to the mean GDS-15 score, frail 

participants suffered from mild depression (5-8 depressive answers) while responses by pre-frail 

participants reflected	minimal to no depressive symptoms (0-4 depressive answers). 

 
 

Table 7. Measures of Physical Function, Strength, and Depression in Pre-frail and Frail 
Participants (N=38)  

Variables Pre-frail (n=12) Frail (n=26) 

SPPB total 4 ± 2 3 ± 2† 
Isometric HG (kg)  21.5 ± 4.7 18.0 ± 5.5¥ 
Isometric KE (kg)  25.7 ± 7.2 19.4 ± 6.3* 
4 m gait speed (m/s) 0.42 ± 0.17 0.31 ± 0.18 
30-sec arm curl 12 ± 4 10 ± 4 
GDS-15 score 1.7 ± 1.5 4.7 ± 3.3* 

Values are means ± SD. Handgrip for pre-frail (n=11). SPPB: short physical  
performance battery; HG: handgrip; KE: knee extension; GDS: geriatric depression scale.   
*p < 0.05, significantly different from pre-frail 
¥ p = 0.069, significantly different from pre-frail  
† p = 0.095, significantly different from pre-frail  
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 Correlations were completed on the entire sample of 38 participants. Some of the 

variables have different sample sizes where outliers were identified and removed for analyses: 

phase angle (n=36), lean mass (n=35), SMI (n=37), handgrip (n=37), and fat mass (n=36). Age 

was negatively associated with body weight (r=-0.501, p=0.001), BMI (r=-0.493, p=0.002), fat 

mass (r=-0.498, p=0.002), lean mass (r=-0.343, p=0.043), phase angle (r=-0.385, p=0.021), and 

arm curl performance (r=-0.381, p=0.018). Phase angle was positively associated with fat mass (r= 

0.431, p=0.011). Lean mass (r=0.407, p=0.015) and SMI (r=0.495, p=0.002) were positively 

correlated with single highest grip strength. SMI was also positively associated with average 

isometric knee extension strength (r=0.434, p=0.007). Grip strength was positively associated with 

average isometric knee extension strength (r=0.378, p=0.021) and arm curl performance (r=0.469, 

p=0.003), and negatively associated with depression (r= -0.353, p=0.032). 

 
4.2 WBV and Standard Care Interventions 

 

A total of 37 older adults were interested in participating in the non-randomized 

controlled clinical trial; however, only 30 older adults consented and received a physician’s 

approval to participate. Due to loss of interest and physical function below the inclusion criteria, 

only 25 older adults were assigned to either a WBV training group or standard care group. 

Participants assigned to WBV training were all recruited from the one facility that housed the 

WBV platform. Standard care group participants were recruited from all three participating skilled 

nursing facilities. For the standard care group 6 participants were recruited from Seven Hills, 6 

from Heritage and 2 from Centre Pointe. By the study’s completion 20 participants had finished 

the study. Figure 7 presents a diagram showing the flow of participants through the intervention. 

All WBV participants (n=10) completed the 24 WBV training sessions.   
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Figure 4. Participant Flow Through Study. POA: power of attorney; WBVT: whole body 
vibration training. Medical exclusions included epilepsy, dialysis, advanced dementia, and 
underlying lung cancer. 
 

 
Table 5 presents the participants’ characteristics at baseline for the WBV and standard 

care groups. The mean age of participants who completed the intervention was 82.4 ± 5.2 years 

(73-94 years). BMI classification ranged from underweight to stage 3 obesity (15.3-38.2 kg/m2). 

Hypertension, depression, cognitive impairment, and diabetes mellitus were the most frequent 

medical conditions reported. The number of participants treated with polypharmacy (>5 drugs) 

was n=19. All participants required an assistive device for ambulation. Primary assistive 

ambulatory devices included wheelchair (n=9), rollator (n=10), and basic folding walker (n=1).  

Length of stay at the skilled nursing facility was not different between groups. There were no 
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differences in baseline clinical characteristics between the two groups (Table 5). Females made up 

80% (n=16) of the sample population with 25% of participants being African American (n=4).   

 
 

Table 8. Clinical Characteristics at Baseline of the WBV and Control Groups (N=20) 

Variables WBV (n=10) CON (n=10) 

Age (years) 81.3 ± 4.4 83.5 ± 5.9 
Height (cm) 166.6 ± 7.4 165.4 ± 9.6 
Weight (kg) 68.6 ± 13.7 71.9 ± 17.6 
Pre-frail 4 1 
Frail 6 9 
Sarcopenia 6 3 
Sarcopenic obesity 3 1 
Falls 2 (0-5) 1 (0-5) 
Length of stay (months) 12 (2-36) 22 (4-50) 
GDS-15 score  3 (0-8) 4 (1-10) 
Morbidities 4 (3-8) 5 (3-8) 
Medications 16.2 ± 7.3 13.2 ± 4.4 
Alzheimer’s or dementia 
Angina pectoris or heart attack 
Depression 
Arthritis 
Diabetes Mellitus 
Hypertension 
Osteoporosis 
Stroke 
Kidney disease 

60% 
20% 
80% 
40% 
60% 
90% 
40% 
30% 
20% 

40% 
30% 
70% 
60% 
50% 
80% 
50% 
30% 
30% 

Values are means ± SD. Values in parentheses are ranges. Medication number includes any 
medicine prescribed by the primary physician including daily medications and those taken as 
needed. GDS: geriatric depression scale.  

 
 

Table 6 presents the rest times and rates of perceived exertion throughout the WBV 

intervention. There was a decrease in RPE from the first 3 weeks of WBV training                   

(WK 1-3: 12.6 ± 2.2 units) to the last 3 weeks of WBV training (WK 10-12:11.6 ± 2.6 units) that 

was approaching significance (p=0.069).  Rest time between sets and exercises significantly 

decreased (p=0.046) from the first 3 weeks of WBV training (117 ± 16 sec) to the last 3 weeks of 

WBV training (109 ± 16 sec). Volume was calculated as the product of repetitions and sets. WBV 
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participants (n=8) completed 2880 repetitions of lower body exercise using body weight only. 

Participants assigned to the amended WBV exercise program (n=2) completed 87% less dynamic 

volume than the other participants by completing 384 repetitions. All WBV training participants 

(n=10) were exposed to 50 seconds of vibration per set with a 12 weeks total of 240 minutes of 

vertical vibration stimulus. 

 
 

Table 9. Rest Time, Rate of Perceived Exertion, and Volume During WBV Training (n=10) 

WBV Training Rest (seconds) RPE 
Volume (repetitions) 

n=8 n=2 

Weeks 1-3 117 ± 16 12.6 ± 2.2 720 24 
Weeks 4-6 112 ± 15 12.1 ± 2.8 720 72 
Weeks 7-9 107 ± 19 11.8 ± 2.6 720 120 

Weeks 10-12 109 ± 16* 11.6 ± 2.6† 720 168 
RPE: rate of perceived exertion. *Significantly different from weeks 1-3 (p < 0.05). 
† p = 0.069, significantly different from weeks 1-3. 

 
 

 There were no differences in baseline characteristics between the two groups in body 

composition measurements measured by anthropometry and BIA (Table 7). Baseline 

measurements of SMI determined that 9 participants (Females:8) were below the BIA threshold 

for low lean mass (Males: < 8.87 kg/m2; Females:< 6.42 kg/m2).  Waist circumference (WC) 

measurements identified central obesity in 10 females (WC > 88 cm) and 3 males (WC > 102 

cm). According to the number of depressive responses of the GDS-15, it was determined that 

depression range from normal (0-4) to mild (5-8) in the WBV group and from normal to 

moderate (9-11) in the standard care group. The mean number of depressive responses for the 

WBV and standard care group were 2.6 ± 2.9 and 4.1 ± 3.0, respectively. Group averages 

reflected minimal to no depressive symptoms and groups were not different from each other at 

baseline indicating that medicines prescribed for depression were effective and/or participants 
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were not depressed. There was no change (p>0.05) in GDS-15 responses in the WBV (2.9 ± 3.1) 

or standard care group (3.8 ± 3.6) by the study’s completion. 

After the 12-wk intervention there were no significant group-by-time interactions for any 

of the body composition measures. There was a statistically significant effect of time on body 

weight (F1,18=8.869, p=0.008, η2=0.330) and BMI (F1,18, p=0.014, η2=0.293). There was a 

significant increase in body weight (p=0.022) and BMI (p=0.028) in the standard care group; 

however, body weight and BMI were not different between groups post-intervention (p>0.05). In 

the WBV group, phase angle improved in 7 participants after WBV training (5.0 ± 2.6%) and 

decreased in 3 participants (3.9 ± 2.6%). In the standard care group, phase angle declined in 6 

participants (7.5 ± 5.7%) and increased in 4 participants (4.75 ± 3.46%). It is uncertain how much 

change in phase angle is considered clinically significant. 

 
 

Table 10. Body Composition Measurements (N=20) 

 WBV (n=10) CON (n=10) 

Variables PRE  POST  PRE  POST  

Weight (kg) a 68.6 ± 13.6 69.4 ± 13.6 71.9 ± 17.6 73.9 ± 17.7* 
BMI (kg/m2) a 24.7 ± 4.6 25.0 ± 4.5 26.4 ± 6.6 27.1 ± 6.4* 
Waist circumference (cm) 93.3 ± 13.7 92.8 ± 13.1 93.3 ± 15.8 94.4 ± 16.0 
Lean mass (kg) 44.2 ± 8.8 44.8 ± 8.3 47.5 ± 12.5 47.7 ± 13.1 
Fat mass (kg) 24.3 ± 6.7 24.8 ± 6.7 24.8 ± 10.9 26.2 ± 11.5 
BF % 35.3 ± 5.0 35.4 ± 4.7 34.1 ± 9.5 35.2 ± 10.5 
SMI (kg/m2) 6.71 ± 1.61 6.73 ± 1.45 7.34 ± 2.03 7.29 ± 2.21 
Phase angle (degrees) 5.86 ± 0.50 5.98 ± 0.43 5.69 ± 0.74 5.54 ± 0.79 

Values are means ± SD. BMI: body mass index; BF%: body fat percentage; SMI: skeletal muscle 
index. *Significantly different from baseline (p < 0.05). a significant time effect (p < 0.05). 

 
 

Table 8 presents the data for strength and physical function. There were no differences in 

baseline functionality between WBV and standard care. All participants recorded deficits in both 

gait speed (<0.8 m/s) and functional performance (SPPB: ≤ 8 units). Approximately 55% of 
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participants recorded deficits in gait speed, functional performance, and handgrip strength (Males: 

< 30 kg; Females: < 20). SPPB scores indicated mobility limitations that ranged from moderate to 

severe (SPPB ≤ 9). Baseline measurements of gait speed were below the cut-off point for 

predicting adverse health outcomes (< 0.8 m/s) with 85% of participants recording a gait speed 

less than 0.6 m/s. Approximately 45% of participants were above the TUG cut-off point (>30 

seconds) to predict functional dependence in frail older adults. 

There was a significant group-by-time interaction (F1,18=5.434, p=0.032, η2=0.232) and 

time effect (F1,18=4.778, p=0.042, η2=0.210) for isometric knee extension strength. WBV training 

significantly improved isometric knee extension strength (p=0.003) from baseline; however, 

strength was not different between groups post-intervention (p>0.05). 

There was a significant group-by-time interaction for SPPB performance (F1,18=4.84, 

p=0.041, η2 = 0.212). Total SPPB score improved by 15.6% following 12 weeks of WBV 

training.  When evaluating the pre to post difference for WBV the SPPB was significant at  

p=0.089. The magnitude of change in SPPB performance was significantly greater (p=0.041) in 

the WBV group (∆ SPPB=+0.7 units) than the standard care group (∆ SPPB=-0.4 units). 

Figures 8 and 9 present the percent change in isometric knee extension strength in each 

group. WBV training resulted in leg strength improvements that ranged from <+1% to +79%. The 

standard care group recorded declines in leg strength that ranged from <- 2% to -44% (n=5) and 

increased leg strength that ranged from <+2% to +51%. Figures 10 and 11 present the individual 

changes in SPPB performance for each group. The majority of WBV participants either 

maintained (n=4) or improved (n=5) functional performance. Most standard care participants 

either maintained (n=4) or experienced functional decline (n=4). 
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Table 11. Strength and Physical Function Measurements (N=20) 

 WBV (n=10) CON (n=10) 

Variables PRE  POST  PRE  POST  

Isometric HG (kg)  39.9 ± 9.2 38.8 ± 9.5 33.9 ± 10.4 35.2 ± 11.4 
Isometric KE (kg) a,b 22.3 ± 4.0 29.0 ± 4.5* 23.8 ± 6.3 23.6 ± 9.6 
SPPB total (units) a 4.5 ± 2.3 5.2 ± 2.1¥ 4.1 ± 1.9 3.7 ± 2.3 
4 m gait speed (m/s) 0.48 ± 0.18 0.52 ± 0.21 0.38 ± 0.12  0.39 ± 0.15 
TUG (sec) 27.41 ± 9.42 26.06 ± 9.76 32.7 ± 16.04 33.79 ± 15.16 
30-second arm curl 13 ± 3 14 ± 3† 10 ± 5 9 ± 4 

Values are means ± SD. Isometric HG was the sum of the highest measurement from each hand. 
Isometric KE was the sum of mean measurements from each leg. HG: handgrip; KE: knee 
extension; SPPB: short physical performance battery; TUG: timed up-and-go. TUG (n=9 per 
group). a significant group-by-time interaction (p < 0.05).b significant time effect (p < 0.05). 

* p < 0.050, significantly different from baseline. 
† p = 0.070, significantly different from baseline  
¥ p = 0.089, significantly different from baseline 

 
 

 
 
Figure 5. Effects of WBV Training on Isometric Knee Extension Strength in Pre-frail and 

Frail Older Adults. Each bar represents one participant. WBV: whole body vibration; KE: knee 
extension. 
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Figure 6. Effects of Standard Care on Isometric Knee Extension Strength in Pre-frail and 

Frail Older Adults. Each bar represents one participant. 
 
 

 

Figure 7. Effects of WBV Training on SPPB Performance in Pre-frail and Frail Older 

Adults. ∆ SPPB from 7 to 8 units: n=2. SPPB: short physical performance battery. 
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Figure 8. Effects of Standard Care on SPPB Performance in Pre-frail and Frail Older 

Adults. No change in SPPB at 2 units: n=2. SPPB: short physical performance battery. 
 
 

ELISA results were interpreted using a standard curve. The same assay lot (P139810) 

was used to determine pre- and post-intervention resting serum concentrations of CRP. Baseline 

concentrations of CRP ranged from 0.02 to 6.88 mg/L with a mean serum concentration of 2.81 ± 

2.22 mg/L (N=20). The number of participants determined to have a high concentration (> 3.0 

mg/L) of CRP was n=8. CRP concentrations were not different between the WBV (3.25 ± 2.06 

mg/L) and standard care group (2.36 ± 2.38 mg/L). Post-intervention analysis revealed no 

significant changes in resting CRP in the WBV (3.43 ± 1.67 mg/L) or standard care group (2.48 ± 

2.30 mg/L). Baseline measurements of CRP did not correlate with fat mass or changes in phase 

angle, isometric knee extension strength, or SPPB (p>0.05). 

The two participants in the WBV group that completed 87% less dynamic volume were 

compared to the 8 participants that completed 2,880 repetitions. After participants were separated 

into low and high exercise volume groups, independent t-tests determined there was no 
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significant difference between groups for improvements in isometric knee extension strength or 

SPPB (p>0.05).  Low volume participants showed similar improvements in strength and 

functional performance as those who in the high volume group. Dynamic exercise volume did 

not correlate with changes in isometric knee extension strength or SPPB (p>0.05).  
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CHAPTER FIVE 

 

DISCUSSION 

 

 
5.1 Cross-sectional Study 

 

Prior to implementing an exercise intervention, older adults were recruited from the long-

term care units of three skilled nursing facilities in Tallahassee, FL to conduct a cross-sectional 

analysis of body composition, phase angle, strength, and physical function.  

 Aim One was to determine relationships between body composition (i.e. body mass, 

lean mass, fat mass, and phase angle) and measures of strength and physical function. It was 

hypothesized that lower body mass, lean mass, SMI, and phase angle would be associated with 

lower strength (upper and lower body) and physical function. It was also hypothesized that 

higher fat mass would be associated with lower strength and physical function. Our results 

identified several relationships between body composition, strength, and physical function in our 

sample population. In support of our hypothesis, skilled nursing home residents who had greater 

lean mass (r=0.407, p=0.015) and SMI (r=0.495, p=0.002) had higher grip strength, and older 

adults with greater SMI also had greater isometric knee extension strength (r=0.434, p=0.007). 

While our study did not identify relationships between phase angle, strength and physical 

function, others have found significant relationships in comparable clinical populations. Norman 

and colleagues reported significant correlations between phase angle and handgrip strength 

(r=0.411, p<0.0001), knee extension strength (r=0.373, p<0.0001), and Barthel’s Index 

(performance of ADL) (r=0.395, p<0.0001) in 112 nursing home residents (79.1-91.4 years)17. In 

a cross-sectional study conducted using ambulatory rehabilitation residents (N=215), those in the 

highest functional quartile had significantly higher phase angles for maximal quadriceps strength 
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and daily function (Functional Independence Measure) than the lower three quartiles (p≤0.04)16.  

Residents in the fourth quartile of TUG performance (slowest) had significantly lower phase 

angle (p≤0.001) than residents in the first quartile (fastest)16. 

Our study did not find an association between slower gait speed and body composition 

like Fujita et al.in 2015315. When Japanese elderly were separated into groups of normal and high 

percent body fat (male: ≥ 25%, female ≥ 30%) and normal and slow gait speed (male: ≤ 1.163 

m/s, female: ≤ 1.250 m/s), slower gait speed was more prevalent in the high percent body fat 

group (male: 18.3 vs 34.3%, p=0.02; female: 19.5 vs 35.7%, p=0.002), and higher percent body 

fat was associated with slower gait speed (male: odds ratio (OR)=2.4, p=0.02; female: OR=2.2, 

p= 0.03)315. While our first hypothesis was driven by evidence that suggested relationships 

existed between phase angle, body composition, strength, and physical function in older adults, 

our data do not entirely support our first hypothesis. We attribute differences between our study 

and others to our small sample size, as those who reported associations between phase angle and 

strength and function used sample sizes that ranged from hundreds to thousands of participants.  

Beyond our first aim, other notable relationships were identified. Age was negatively 

associated with phase angle (r=-0.385, p=0.021). Gonzalez and colleagues identified age as the 

greatest predictor of phase angle in men and women followed by fat-free mass in healthy 

participants316.  Likewise, several cross-sectional studies have reported negative associations 

between age and phase angle14,15,85. A moderate correlation was revealed between phase angle 

and fat mass suggesting that greater fat mass was positively associated with a larger phase angle 

(r=0.431, p=0.011).  This may be unique to our study as others reported negative associations 

between phase angle and percent body fat85,317. Although, some evidence indicates that fat can be 

protective in older populations. In a longitudinal study conducted by Toss et al., 921 older adults 
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(≥65 years) underwent DXA assessments and were then followed for approximately 9 years to 

monitor mortality events318. Greater fat mass was reported to be protective of mortality risk in 

women, while a U-shaped association appeared for men indicating that very low and very high 

fat mass increased mortality risk in men318. Furthermore, results from the Frailty in Brazilian 

Older People Study (FIBRA-BR) suggest that being overweight (OR=0.48; 95% CI: 0.4-0.58) 

can protect older adults from pre-frailty and frailty syndrome and that being obese increased risk 

of pre-frailty (OR=1.26; 95% CI: 1.09-1.51)319.  

In this study, 42.1% of participants were found to be sarcopenic, as determined by the 

presence of low skeletal muscle mass (SMI: male < 8.87 kg/m2, female < 6.42 kg/m2) and poor 

strength (HG: male < 30 kg, female < 20 kg) and/or function (SPPB total ≤ 8; 4-m gait speed     

< 0.8 m/s). When grouped by frailty status, sarcopenia was identified in 5 pre-frail participants 

(41.6%) and in 11 frail participants (42.3%). Since frailty is considered a multicomponent 

syndrome, it was not surprising to identify frail participants without sarcopenia. Of the 22 non-

sarcopenic participants, all participants had at least one deficit in gait speed (<0.8 m/s), function 

(SPPB total: < 8), or grip strength (male: < 30 kg; female: < 20 kg). Others have reported that 

sarcopenia may lead to frailty, but that not all who are sarcopenic are frail320. Sarcopenia has 

been reported to be twice as common as frailty321; however, our study identified approximately 

26% more cases of frailty syndrome than sarcopenia. A likely explanation is that our sample 

population is specific to skilled nursing facilities where over 70% of the residents were female. 

Females are two times more likely to become frail than males, and the prevalence of frailty has 

been reported to increase with age; although not significant, our frail group was slightly older 

than the pre-frail (p>0.05). In African American participants, sarcopenia was identified in 37.5% 

and frailty syndrome in 50%. All sarcopenic African Americans were determined to be pre-frail.  
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Calculated phase angles were similar to those reported by Dittmar14 and Barbosa-Silva 

and colleagues85 in apparently healthy older adults. The phase angle of our female participants 

was higher (4.2 vs 5.8°) than older females (83 years) from an acute geriatric hospital unit322. 

Our mean phase angle (n=36) was also greater than a group of hospitalized frail older adults (4.6 

vs 5.8°) from the United Kingdom63. Despite a 75% prevalence of frailty in the clinical trial, the 

mean phase angle of our sample population was outside Willhelm-Leen et al.’s phase angle 

range associated with higher odds of frailty (2.7-5.4°)13. Higher phase angles in older adults who 

are multimorbid have been attributed to dehydration322. In healthy adults greater than 70 years of 

age, variations in reference phase angles have been attributed to differences of individual 

population groups (Swiss vs. Italian vs. American) and differences in the BIA analyzer15,63,85,323.  

Aim Two was to determine if there were differences in body composition (i.e. body 

mass, lean mass, fat mass, and phase angle) and measures of strength and physical function 

between pre-frail and frail older adults. We hypothesized that pre-frail older adults would have 

significantly greater lean mass, SMI, phase angle, strength, physical function and less fat mass 

than frail older adults. Our results indicated there were no differences in body composition 

between groups, except for fat mass. The FRAIL scale identified fat mass to be significantly 

greater in pre-frail participants compared to the frail (p=0.036). The FRAIL scale successfully 

identified differences in strength and physical function between pre-frail and frail participants. 

Frail participants had significantly weaker leg strength (p=0.009) and differences in grip strength 

and physical function were approaching significance with the frail group having poorer total 

physical function and upper body strength. Since the FRAIL scale failed to identify differences 

between groups for phase angle and measures of lean mass, we rejected our second hypothesis.  
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We believe the lack of differences in body composition, strength, and physical function 

were a consequence to the subjectivity of the FRAIL scale. Unlike Fried’s frailty criteria, the 

FRAIL scale utilizes self-reported deficits of strength, endurance, and fatigue to determine 

deficits contributing to frailty syndrome. According to our observations, it seemed as if many 

residents could not identify with their health-related physical limitations. For example, when 

some wheelchair dependent participants were asked if their current health status limited their 

ability to climb a flight of stairs or walk one block, many responded confidently that their health 

status caused no limitation, despite their poor strength and physical function scores, and 

dependence on an assistive ambulatory device. It could be inferred that the accuracy of self-

reported physical function deficits was compromised by cognitive impairment, and in turn, the 

number of participants determined to suffer from frailty syndrome was likely underreported.  

Our study differs from others using the FRAIL scale because we were interested in 

differences between frailty states in skilled nursing homes residents rather than the validity of the 

FRAIL scale or its predictive ability of poor health outcomes and mortality101,103,217.  Rockwood 

and colleagues reported that the level of dementia in older adults corresponded with the degree 

of frailty99. In fact, Vogel and colleagues reported that insight and awareness are impaired in 

those with mild cognitive impairment and Alzheimer’s disease324. In studies that assess cognitive 

deficits in clinical populations, the term anosognosia has been used to describe someone’s 

unawareness of deficits or imperceptions of disease. Frailty assessments may be more accurate if 

clinical screening tools consisting primarily of objective measurements were utilized with older 

adults suffering from mild to severe cognitive impairment. Consequently, the use of objective 

measurements defeats the purpose of the FRAIL scale, which was to simplify frailty assessment 
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so that it could be conveniently used within the clinical setting with minimal time and cost to the 

clinician and patient.   

It was also found that the frail group suffered from mild depression according to the 

GDS-15 scores. This study found that there was a positive correlation between depression and 

the number of falls. Depression and falls are common conditions reported in the clinical setting 

in older adults. Many older adults insist on using wheelchairs or remaining seated because of the 

fear of falling. Older adults who have fallen often develop an increased fear of falling, which 

leads to a fear-driven restriction of activities and subsequent impairment of balance and 

mobility325,326.  Excessive fear of falling is often associated with depression and can exacerbate 

the risk of falls in older adults as well327. A 2010 meta-analysis of 17 studies evaluating risk 

factors for falls in older adults reported a 1.63 odds ratio (95% CI: 1.36-1.94, p<0.0001) for the 

association of falls and depression328. 

 
5.2 WBV and Standard Care Intervention 

 

Next, a higher functioning subset of this population was recruited to participate in either 

the WBV or a standard care control group. The purpose of the study was to examine and 

compare the effects of 12 weeks of WBV training to standard care on measures of body 

composition, strength, physical function, and inflammation in older adults living in a skilled 

nursing facility. Participants were recruited from the long-term care units within three skilled 

nursing facilities in Tallahassee, FL. Each WBV training participant included in the statistical 

analysis completed all 24 WBV sessions.  

Aim One was to determine the extent to which 12 weeks of WBV training would 

improve body composition (i.e. body mass, waist circumference, lean mass, fat mass, phase 
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angle) in older adults compared to standard care.	To test this aim, body composition was 

measured using anthropometry and BIA before and after training. It was hypothesized that WBV 

training would decrease fat mass, body mass, and waist circumference, and increase phase angle, 

but lean mass would remain unchanged compared to no changes in the standard care group. 

Following 12 weeks of WBV training there were no changes in body mass, waist circumference, 

fat mass or lean mass. Standard care resulted in an increase in body mass and BMI. Therefore, 

we rejected our hypothesis. 

The rational for our hypothesis was that 12 weeks of WBV training in a sedentary 

population would result in an overall increase in energy expenditure and concomitant decreases 

in fat mass, body mass, and waist circumference, assuming that dietary habits remained 

unchanged. Bates-Jensen et al. in 2004 reported that the average time spent in bed across a 

sample population of 15 nursing homes was 17 hours per day with a proportion of residents 

spending as many as 22 hours in bed329. In the present study, 12 weeks of WBV training induced 

no changes in body composition or phase angle. Despite having the ability to walk, many of our 

participants chose to remain seated instead of ambulating with a walker because of fear of 

falling, orthopedic limitations, and/or health complications or the skilled nursing facility 

restricting their use of a walker for safety. While day-to-day physical activity was not measured 

in the present study, it is likely that limited physical activity from prolonged sitting or lying in 

bed contributed to the increase in body weight and BMI observed in the standard care group. 

Interestingly, changes in body mass were not supported by changes in fat mass or lean mass. 

Unfortunately, many WBV training studies focus primarily on outcomes such as strength, 

balance, function, and risk of falling in older adults, but there are a few that have measured 

changes in body composition. 
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Baseline age and BMI were similar to other WBV training studies using institutionalized 

non-frail 266,330 and frail older adults331, and frail outpatients275. Although a shorter training 

duration, Bautman et al. reported no significant changes in body mass, waist-hip ratio, or skeletal 

muscle mass in 10 nursing home residents (76.3 years) following 6 weeks of WBV training (30-

50 Hz, 2-5 mm) consisting of static lower limb exercises266. Similarly, Alvarez-Barbosa et al. 

reported no change in body mass or body fat % in nursing home residents (80-95 years) 

following 8 weeks of lower limb dynamic WBV training (30-35 mm, 4 mm)330. Conversely, in a 

slightly older group of community-dwelling females (79.3 years), WBV training (20-40 mm, 2-4 

mm) for 10 weeks consisting of unloaded static and dynamic exercises significantly increased 

CSA (CT scan) of the vastus medialis (+8.7%) and biceps femoris (+15.5%), respectively267. 

This WBV-induced muscle growth is greater than the reported increase in right leg muscle mass 

(+3.4%, CT scan) following 12-months of WBV training (35-40 Hz, 2.5-5 mm) in community-

dwelling older men (67 years)269.  

Differences in training frequency, intensity and measurement technique might explain 

why there were no changes in body composition in the WBV group. Training studies that 

reported changes in body composition trained at a minimum frequency of 3x/wk and trained 

longer at higher intensities (≥ 30 Hz, ≥ 2 mm)267,269,273. CT and MRI are considered the gold 

standards for measuring and separating fat and other soft tissues from muscle mass in reasearch8.  

While BIA prediction equations of SM mass have been shown to correlate with MRI predictions, 

BIA measurements in diseased older adults with altered hydration status (e.g. electrolyte 

imbalances, dehydration, peripheral edema) are likely to be less accurate8,82.   

It was hypothesized that a decrease in fat mass would result in an increase in phase angle; 

however, fat mass and phase angle did not change following 12 weeks of WBV training. We had 
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mainly developed our hypothesis based on negative correlations between phase angle and 

percent fat mass reported by Baumgartner et al.317 and Barbosa-Silva et al.85. Although fat mass 

was not lost, we believe that our rationale did not consider several other factors believed to 

influence phase angle. Phase angle can be influenced by age, gender, body mass, body fluid 

distribution, as well as individual variability in cell size and permeability, and intracellular 

composition14,85,317,332. Age is reported to mainly affect reactance and phase angle14, and phase 

angle reportedly declines with age in several cross-sectional studies14,15,85. Narrow phase angles 

in older adults are believed to reflect losses in muscle mass and intracellular water volume that 

are compounded by increased extracellular water volume14. Since phase angle is positively 

associated with reactance by definition317, and reactance increases with increased body cell 

mass14,15,85, it might be that a significant loss in fat mass would have an opposite effect on phase 

angle, as phase angle positively correlated with fat mass in our cross-sectional analysis              

(r=-0.498, p=0.002). 

Increased cell number, as seen in growth of adolescence to adulthood and higher BMIs 

(increased fat and/or muscle cells), has been positively associated with increased reactance and 

increased phase angle15,85. At higher BMIs, positive correlations with phase angle disappeared in 

obese participants at 35 kg/m2 and an inverse relationship emerged in participants with a BMI 

>40 kg/m2 15. The inverse relationship observed in stage three obesity is more in line with our 

rationale considering the physiological disruptions reported with increased adiposity (e.g. 

increased secretion and concentration of pro-inflammatory cytokines). In ambulatory 

rehabilitation patients (N=215), those with CRP values less than 10 mg/L had higher mean phase 

angles than those with CRP values greater than 10 mg/L (5.0 vs. 4.6°, p = 0.005)16. Serum CRP 

in our 20 participants did not correlate with fat mass or changes in phase angle, isometric knee 
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extension strength, or SPPB (p>0.05). Resistance is reported to be inversely proportional to body 

fluid volume and electrolyte content84. Increased adiposity is reported to decrease the volume of 

intracellular water in fat-free tissue and increase extracellular fluid volume14,317,333. Dittmar et al. 

reported that obese participants had lower resistance values than normal-weight participants at a 

given phase angle thereby indicating higher hydration status due to extracellular fluid retention14. 

Fluid overload has been suggested to cause decreases in phase angle in severe obesity, as low 

phase angle prevalence was higher in women (19%) with a BMI of 40-64 kg/m2 compared to 

those in a BMI group of 30-35 kg/m2 (5%)334.  Aside from muscle loss, many older adults might 

experience a higher extracellular water volume from morbidities causing peripheral edema such 

as congestive heart failure or varicose veins14. Changes in phase angle might also be explained 

by changes in the electrical properties of tissues as a consequence of aging15. There is still much 

we do not know or understand about phase angle, and the true clinical value of phase angle 

remains uncertain.  

 To our knowledge, there is only one study that assessed the effects of WBV training on 

phase angle in older adults. Santos et al. assessed the effects of a resistance training program (12 

weeks), detraining (12 weeks), and retraining (12 weeks) on body composition and phase angle 

in untrained older women (68.7 years). Training significantly (p<0.05) increased appendicular 

lean soft tissue (+5.3%) and phase angle (+3.5%), and decreased extracellular fluid (ECF) to 

intracellular fluid (ICF) ratio (ECF/ICF=-3.5%). Detraining resulted in significant changes in 

total body water (-4.2%), ICF (-3.4%), ECF (-4.8%), ECF/ICF (+5.1%), resistance (+6.9%), and 

phase angle (-7.6%). Retraining resulted in significant increases in reactance (+3.3%) and phase 

angle (+2.9%). Overall, resistance training appeared to have a positive effect on phase angle 

without concurrent changes in body composition. It is likely that changes in phase angle were 
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related to changes in compartmental fluid volume. However, it is unclear why no change in 

phase angle was observed following 12 weeks of WBV training if changes in lean mass or fat 

mass are not required.  

In summary, our data do not support our hypothesis that 12 weeks of WBV training 

would cause decreases in fat mass, waist circumference, and body mass, and increase phase 

angle; however, our hypothesis that lean mass would remain unchanged was supported. For the 

standard care group, our data do not support our hypothesis that body composition would remain 

unchanged, as both body mass and BMI increased from baseline measurements; therefore, we 

rejected hypothesis one. 

Aim Two was to determine the extent to which 12 weeks of WBV training would 

improve isometric handgrip and knee extension strength in older adults compared to standard 

care. To test this aim, isometric handgrip and knee extension strength were measured using a 

handgrip dynamometer and mechanical push-pull dynamometer, respectively. It was 

hypothesized that WBV training would improve isometric knee extension strength compared to 

no change in the standard care group. It was hypothesized that isometric handgrip strength would 

not change in either group. Isometric handgrip strength did not change in either group by the 

study’s completion. Compared to baseline measurements, isometric knee extension strength 

improved by 33.7±28.7% following 12 weeks of WBV training (p=0.003). Our reported 

improvement in average isometric leg strength is similar to the 38.8% improvement in maximal 

isometric leg press strength reported in 26 older women (79 years) following 10 weeks of WBV 

training consisting of unloaded static and dynamic exercises targeting muscles of the lower 

body267. WBV interventions of longer durations that utilized unloaded static and dynamic lower 

body exercises reported smaller magnitudes of change in strength compared to the present study. 
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Six months of WBV training improved maximal isometric leg strength in institutionalized older 

women (80.3 years) by approximately 15%272, but 12 months of WBV training only improved 

isometric leg strength by 9.8% in older men (67.3 years)269 and 9.4% in community-dwelling 

older adults (>60 years)68. In contrast, gains in strength of greater magnitude have been reported 

in the oldest of old following a resistance training program. A classic study by Fiatarone et al. 

reported an average 174% improvement of knee extensor strength measured by a standard 

weight-and-pulley system in 10 frail institutionalized nonagenarians following 8 weeks of high 

intensity resistance training335. Large improvements in 1RM (74±49%) were reported in frail 

older adults (82.8 years) recuperating from an acute illness after a 10-week progressive 

resistance training program 336. Initial training status has been identified as a factor that affects 

the exercise training response337. Someone who has low strength at the beginning of a resistance 

training program has considerably larger room for improvement compared to someone with 

substantially greater strength (e.g. sedentary adults vs trained athlete). It could be inferred that 

the initial training status of the residents is a reflection of their poor health status and physical 

function; therefore, participants in the present study had more room for improvement. 

 To understand why our finding in isometric knee extension strength was different from 

others, we looked at the individual changes in strength of each WBV training participant. The 

change in percent improvement ranged from 0.39% to 79%. Figure 8 displays the individual 

changes in isometric leg strength in the WBV training group. Individual heterogeneity in 

response to exercise training has been previously reported in healthy adults338; however, the 

heterogeneous disease status in frail older adults can complicate things further. A mechanical 

push-pull dynamometer was used to determine isometric leg strength in this study because of its 

portability and convenience, but this tool may not be the best choice for this population. Several 
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participants reported discomfort in their legs during strength testing, which might have interfered 

with detecting the true change in strength following the exercise intervention. Increased leg 

sensitivity resulting from previous leg injury, leg edema, neuropathy, peripheral artery disease, 

or varicose veins might explain why two participants experienced improvements in strength less 

than 1%.  

Changes in isometric knee extension strength in the standard care group ranged from            

-43.69% to +51.40%. Continued chronic leg disuse and/or change in health status are likely 

contributors to declines in isometric leg strength. The environment of nursing facilities tends to 

foster inactivity, as much of the residents’ interactions either occurs by bedside or in common 

areas near the resident’s nursing home wing339. The general level of productivity in rehabilitation 

units can produce a false sense of high physical activity, as much of the movement is related to 

the activities of staff members and not the residents340.  

One limitation to our study is that we did not have access to physical therapy logs for all 

standard care participants to report with accuracy if the participant was prescribed physical 

therapy during the intervention and, if so, the frequency, type, and duration of the therapy 

received. Skilled nursing home residents can be prescribed physical therapy for a number of 

reasons that include recent hospitalization, fall, or general decline in health or functional status. 

Physical therapy sessions can last as long as 1 hour and can occur as many as 5 times per week. 

Common areas of focus during physical therapy sessions include gait training, balance, bed 

mobility, transfer safety, pain management, patient education, and strength. Physical therapy 

with a lower body strength component can include the use of body weight, therapy bands, small 

ankle weights less than 5 pounds, and/or a recumbent cycle. Rehabilitation services in nursing 

facilities tend to utilize low-intensity therapeutic exercises and use few forms of resistance for a 
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given exercise 341. We only know for certain that one standard care participant was receiving 

physical therapy that overlapped with her participation in the study and her isometric leg strength 

increased by approximately 38% by the study’s completion. Since it is unlikely that standard 

care participants who experienced an increase in leg strength participated in a structured 

resistance training program independently, there is a strong possibility these participants were 

engaging in physical therapy at some point during the study. In summary, our data do support 

our hypothesis that isometric handgrip strength would not change in either group and isometric 

knee extension strength would increase with WBV training; therefore, we accepted hypothesis 

two. 

One limitation to our study was that we did not have an exercise control group that 

performed the same exercises without WBV. Some may argue that the improvements in strength 

and functional performance in our study were attributed to the volume of lower body exercises; 

however, the participants (Male: n=1; Female: n=1) that performed 87% less dynamic volume 

showed similar improvements in strength and functional performance as those who completed all 

2,880 repetitions. For example, the female participant had an improvement in isometric leg 

strength that was less than 1%, but experienced a 23% improvement in TUG performance that 

was comparable to 30% and 39% improvements in TUG by participants in the higher volume 

program. When the WBV participants were separated into a low and high exercise volume 

groups, independent t-tests determined there was no significant difference between groups for 

improvements in isometric knee extension strength or SPPB (p>0.05).  

Two studies reported differences in functional performance when WBV training was 

compared to a non-vibration exercise group performing the same exercises266,276. Rees et al. 

reported that vibration significantly improved ankle plantar strength (18% vs. 5%, p<0.01) and 
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power (20.4% vs. 5.1%, p<0.01) more than exercise without vibration in healthy older adults 

(73.7 years) that performed static and dynamic lower limb exercises 3x/wk for 8 weeks276. In 

institutionalized older adults (77.5 years), training-induced changes in TUG (p=0.028), Tinetti 

balance (p=0.001) and Tinetti total score performance (p=0.002) were better in the WBV training 

group compared to a control group that completed the same lower limb static exercises 3x/wk for 

6 weeks266. While balance did not significantly change within the WBV group (p>0.05), Tinetti 

balance and Tinetti total score worsened in the exercise control group (p=0.008 for Tinetti 

balance and p=0.004)266. In opposition, Sitja-Rabert et al. reported that a 6-week WBV exercise 

program consisting of static and dynamic exercises provided similar improvements in Tinetti 

test, TUG, and 5 sit-to-stand performances as exercise without WBV in institutionalized older 

adults (82 years)274. 

Aim Three was to determine the extent to which 12 weeks of WBV training would 

improve functional performance in older adults compared to standard care.	To test this aim, 

functional performance was measured using the short physical performance battery (SPPB), 30-

second arm curl test, TUG test, and 4-meter gait speed before and after training. It was 

hypothesized that WBV training would improve SPPB, TUG, and 4-meter gait speed compared 

to no changes in the standard care group. Thirty-second arm curl would not change in the two 

groups. Compared to baseline measurements, 12 weeks of WBV training did not significantly 

improve SPPB, TUG, or 4-meter gait speed in pre-frail and frail older adults. Our results were 

similar to a study by Sievӓnen et al. who reported that 10 weeks of twice weekly WBV training 

failed to significantly improve SPPB score and TUG performance in a group of frail 

institutionalized older adults (84 years) with low functional performance (mean SPPB total= 
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3.7); however, considerable improvements in SPPB performance were reported in some 

participants331.   

A one point change in SPPB score is recognized as a substantial change in physical 

performance in older adults342. In our study, meaningful changes in SPPB performance were 

apparent and moving in the direction of significance (p=0.089). Post-intervention measurements 

indicated that five participants improved their SPPB score by at least one point, while four 

participants maintained their functional performance, and a single participant declined. In the 

standard care group SPPB score declined in four participants, remained unchanged in four 

participants, and increased in two participants. A change in SPPB score of 0.5 units has been 

reported to be statistically meaningful;342 however, the SPPB is a functional performance test 

that utilizes integers to score performance , thus a meaningful change less than one point cannot 

be detected in an individual, but could be used to assess average change in groups343. Using this 

estimate of change we concluded there was a small meaningful change in SPPB performance in 

the WBV group (∆SPPB= +0.7) and no change in the standard care group (∆SPPB= -0.4).   

Our results do not corroborate the results of others that favored the use of WBV training 

in institutionalized older adults over a shorter duration266,270,272,275; although, training frequency 

might explain the differences in results. Our study utilized a training frequency of 2x/wk, while 

studies that reported significant improvements in TUG performance in institutionalized older 

adults trained at least 3 times per week266,270,272,275.  A dose response to WBV training has been 

previously reported in older adults, as Furness et al. reported that WBV training 3x/wk for 6 

weeks significantly improved quantifiers of neuromuscular performance such as the 5-chairs 

stands test, TUG (-9.7%, p<0.05), and Tinetti test more so than training 2x/wk273. However, it is 

inconclusive that training 3x/wk improves functional performance, as Sitja-Rabert et al. reported 
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no improvement in TUG performance (p=0.559) following 6 weeks of thrice weekly WBV 

training in nursing home residents274. 

There was a non-significant improvement in 30-second arm curl performance in the 

WBV training group (12.8%; p>0.05). This slight improvement could be attributed to upper 

body limb use during exercise sessions. Participants were required to rest for a minimum of 1 

minute between sets and exercises, and it was during this transition period that participants were 

encouraged to sit and stand from a chair with the use their arms to complete transfers 

independently. Intended as a safety precaution, participants were also required to use their hands 

to grasp the handlebars of the WBV platform tower during exercise. In both instances it could be 

inferred that participants used their upper body to compensate for their poor leg strength and 

balance during training, and this might have contributed to the slight improvement in upper body 

muscular endurance and maintenance of isometric grip strength (-3.8%, p>0.05). Although our 

data do support an improvement in SPPB score following WBV training, the group change in 

SPPB score was not statistically significant from baseline or different from the standard care 

group after training. Contrary to our hypothesis, TUG performance did not change with WBV 

training and functional performance was not different between groups after the intervention; 

therefore, we rejected hypothesis three. 

Aim Four was to determine the extent to which 12 weeks of WBV training would 

improve inflammation, as measured by C-reactive protein (CRP) in older adults compared to 

standard care. To test this aim, serum levels of CRP were measured using an enzyme-linked 

immunosorbent assay (ELISA) before and after training. It was hypothesized that WBV training 

would reduce serum levels of CRP compared to no change in the standard care group. CRP has 

been associated with increased truncal fat mass and BMI, and adipose tissue secretions of pro-
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inflammatory cytokines (IL-6 and TNF-α) are known stimulators of CRP production by the liver 

344. Our rationale was that a WBV exercise-induced loss of fat mass would lower the secretion of 

pro-inflammatory cytokines and, in turn, reduce circulating levels of CRP. Our baseline 

measurements were similar to older adults (>55 years) with high cardiovascular disease risk 

profiles [2.5 mg/L (1.0-5.0 mg/L)] from the TRAIN study (N=243)345. Serum CRP at baseline 

was similar to other studies sampling older adults suffering from type 2 diabetes306 and older 

adults with depression and mild cognitive impairment346. Walston and colleagues measured CRP 

in community dwelling older adults (N=4,735) and screened them for frailty syndrome using 

Fried’s frailty criteria105. Our baseline measurements of CRP were most similar to older adults 

that Walston et al. classified as non-frail (2.7 ± 4.0 mg/L) and intermediately frail (3.7 ± 6.5 

mg/L) and were lower than those determined to be frail (5.5 ± 9.8 mg/L)105. A limitation to our 

study was that we did not exclude participants consuming anti-inflammatory medicines. Aspirin 

and HMG-COA reductase inhibitors (statins) are commonly prescribed geriatric medications that 

are reported to reduce CRP as much as 29% and 50%, respectively347. Angiotensin converting 

enzyme (ACE) inhibitors, angiotensin receptor blockers, and antidiabetic agents have proven to 

reduce circulating levels of CRP as well347. 

At the study’s conclusion neither the WBV training or standard care group experienced a 

significant change in resting serum CRP (p>0.05). Few studies have assessed the anti-

inflammatory effects of WBV training in older adults and those that have did so in younger 

healthier older adults with conflicting results reported311–313. Our results were similar those of 

Cristi and colleagues who reported no change in CRP (western blot analysis) in community-

dwelling older adults (81.1 years) that completed WBV training 3x/wk for 9 weeks312. In 

opposition, WBV training for 12 weeks significantly reduced soluble receptors of TNF-α 
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(sTNFR1 and sTNFR2) in older adults (75 years) with osteoarthritis more so than a non-exercise 

control311. The lack of scientific literature detailing the anti-inflammatory effects of WBV training 

makes comparisons to our study difficult. In reference to our scientific rationale, the absence of 

WBV-induced changes in body composition is our strongest argument as to why we failed to 

record a reduction in CRP. Secondly, it is possible that anti-inflammatory medicines may have 

lowered CRP enough to impair observable changes related to the exercise intervention. In 

summary, our data do not support our hypothesis that 12 weeks of WBV training would reduce 

resting serum levels of CRP; therefore, we rejected hypothesis four. 

There were no adverse events associated with the WBV training. Unwanted side effects 

such as itchy nose, headache, and lower limb soreness were commonly reported. Post-exercise 

headache and leg soreness were reported to the nurse for subsequent treatment. WBV training 

was well tolerated by this group of pre-frail and frail older adults, even at higher frequencies of 

35-40 Hz; intolerance to vibration frequencies as low as 18 Hz has been previously reported in 

frail institutionalized older adults using a side-alternating vibration device (Galileo Med M Plus, 

Novotec GmbH, Pforzheim, Germany)331. The mean reported RPE in our WBV group was 

slightly lower than a group of healthy older adults (66-85 years) that performed static and 

dynamic WBV training for 8 weeks268. However, the tolerance to WBV training does not out-

weigh the challenge of incorporating this intervention into a skilled nursing facility. The 

heterogeneity of medical conditions, diseases, disabilities, and treatments in skilled nursing 

facility residents makes WBV therapy difficult to implement331. Skilled nursing facilities house 

large target populations for strength and physical function therapies, but the high prevalence of 

contraindications to WBV such as hip or knee implant, cardiac pacemaker, and deep vein 

thrombosis dramatically reduces the population size for this treatment.  
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The height of the vibration plate (≈25 cm) poses another challenge for frail older adults. 

Most of this population suffers from severe muscle weakness, poor vision and balance, and 

impaired walking mechanics, which compromises safe transfer on and off the vibration plate 

between sets and exercises. As a precautionary measure, we built a transfer platform that 

resembled a small staircase that allowed participants to gradually climb to the height of the 

vibration plate with the assistance of an investigator. During exercise the transform platform 

served as a rest area where a chair was available for participants to sit and rest between sets and 

exercises without leaving the vibration plate; this minimized the time required by investigators to 

prepare participants for the next set, thereby maintaining the exercise intensity. 

 
5.3 Limitations and Future Directions 

 

 There are several limitations to this study that should be discussed. First, the sample size 

of our study was small and produced a number of statistically non-significant results that may 

have clinical significance. It is possible that with a larger sample size that we might have 

detected more notable changes in our dependent variables. As we mentioned before, the 

frequency and duration of our study may have been too short to elicit the most beneficial effect 

of WBV training in pre-frail and frail skilled nursing home residents. Despite exercise stimulus 

strength, our ability to detect accurate changes in isometric leg strength was limited by use of the 

mechanical push-pull dynamometer in this sample population. We believe the mechanical push-

pull dynamometer is not the tool of choice for leg strength measurement in frail older adults. The 

prevalence of health complications that increase lower limb sensitivity and cause discomfort 

during strength testing likely impaired participants’ capacity to give full effort at the time of 

measurement. Next, the mechanisms underlying WBV training on the musculoskeletal system 

are still not entirely understood and this study did not include EMG analysis or detailed 
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molecular measurement, so it is not possible to directly discuss the mechanisms of WBV training 

on muscular strength and related functional performance improvements in frailty syndrome. 

Another limitation to our study was the lack of individualization of the WBV training program. 

Using EMG analysis, the optimal training frequency could be determined and utilized to elicit 

the greatest neuromuscular response so that strength and functional performance gains are 

optimized in each participant. Moreover, the several contraindications to WBV training narrow 

the sample size of older adults with health complications for experimental intervention. WBV 

contraindications such as hip and/or knee replacement should be reevaluated to truly assess the 

risk of WBV, as it seems that the guidelines set forth are not specific to WBV training. A 

comprehensive assessment of these risk factors could improve research recruitment pools so that 

larger samples sizes are more attainable and a more accurate representation of frail older adults 

can be included. Future studies on frail older adults should include larger sample sizes, utilize a 

higher training frequency, individualize training programs to optimize WBV-induced changes in 

strength and performance, and include measurements that can better explain the mechanism of 

WBV in older adults.   

 
5.4 Conclusion 

 

Resistance training is well-documented to be an effective therapy for counteracting 

sarcopenia in older adults, thus its practice is hypothesized to be an effective therapy for frailty 

syndrome. Despite the recognized benefits of resistance training, many older adults do not lift 

weights because of the fear of injury or exertion. WBV exercise may be an alternative to 

resistance training, as improvements in strength and functional performance attributed to 

unloaded WBV exercise are neuromuscular adaptations similar to those acquired in the early 

weeks of a weightlifting program. Several contraindications to WBV make this exercise therapy 
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difficult to implement in such a medically complex population. However, this study 

demonstrated that WBV exercise training in pre-frail and frail skilled nursing home residents 

was well tolerated and occurred without adverse health complications. In pre-frail and frail older 

adults, WBV training 2x/wk for 12 weeks improved leg strength and functional performance, but 

was not sufficient enough to elicit changes in body composition or phase angle. WBVT 

interventions of longer frequency and duration could demonstrate to be useful for greater 

improvements in strength and functional performance.  
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