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ABSTRACT 

Falls are a leading cause of injury, disability, and mortality among older adults, yet 

existing fall prevention strategies have not effectively reduced fall rates. Despite widespread 

recommendations promoting general physical activity and conventional balance training, falls 

and fall-related deaths continue to increase. One potential reason for this limited success is that 

conventional interventions primarily focus on proactive balance control and functional capacity, 

while most falls arise from unexpected perturbations that necessitate rapid reactive balance 

responses. Perturbation-based balance training (PBT) has emerged as a promising strategy to 

improve reactive balance control and lower fall risk, but its feasibility, effectiveness, and broader 

implementation remain insufficiently explored. Through three studies, this dissertation 

investigated key factors contributing to fall risk and balance recovery in older adults. Study 1 

examined whether habitual physical activity and conventional functional assessments can predict 

future falls in community-dwelling older adults. Results showed no significant association, 

suggesting that traditional measures may not adequately capture the neuromuscular mechanisms 

crucial for fall prevention. Study 2 explored the link between lower limb muscle quality and 

balance recovery, finding that biceps femoris muscle quality was related to improved reactive 

balance responses. This preliminary evidence underscores the potential role of muscle 

composition in assessing fall risk. Study 3 evaluated the acceptability and feasibility of a 

community-based PBT program, revealing that while older adults and healthcare providers 

regarded PBT as beneficial, cost and accessibility posed barriers to widespread adoption. 

Collectively, these findings reinforce the need for a paradigm shift in fall prevention, 

emphasizing targeted assessments and interventions that specifically enhance reactive balance 

control. Future research should focus on refining assessment tools, optimizing PBT protocols, 

and developing cost-effective methods for integrating reactive balance training into clinical and 

community settings. Addressing these gaps is essential for advancing fall prevention strategies 

and improving outcomes for older adults at risk of falls.
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CHAPTER ONE 

INTRODUCTION 

The Growing Burden of Falls  

Falls are a leading cause of morbidity and mortality among older adults, with over 14 

million adults over the age of 65 experiencing a fall each year in the United States 1. Falling once 

doubles the likelihood of future falls2, and those who have experienced multiple falls face an 

elevated risk of mortality3. Falls are responsible for over 95% of hip fractures4 and are the 

leading cause of traumatic brain injuries in the U.S.5. Approximately one in four older adults in 

the U.S. and one in three worldwide experience a fall each year 6. 

Beyond their impact on individuals, falls place a substantial strain on healthcare systems. 

In the U.S., falls result in over three million emergency department visits and more than 800,000 

hospitalizations annually6. The financial burden is significant, with medical costs ranging from 

$1,000 to $3,000 per fall, and the treatment of injurious falls requiring up to 284 additional 

healthcare worker hours at an estimated cost of over $10,000 per case7. In 2015 alone, the total 

medical cost of falls in the U.S. reached $50 billion, with Medicare and Medicaid covering the 

majority of expenses8. 

The aging population further amplifies the urgency of addressing fall prevention. In 1920, 

older adults comprised 1 in 20 Americans; by 2020, they accounted for 1 in 6, a trend that will 

continue as the population grows. The number of older adults in the U.S. is expected to increase 

by 47%, from 58 million in 2022 to 82 million by 2050, raising their share of the total population 

from 17% to 23%9. Despite increased public health efforts, fall-related deaths among older adults 
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have risen by 41% in the past decade10, underscoring the need for improved fall prevention 

strategies. 

Why Do Older Adults Fall? 

 Falls occur due to a loss of balance from which an individual cannot recover. While both 

younger and older adults experience loss of balance, older adults fall more often due to a 

diminished ability to regain balance11–18. Diminished balance control among older adults is 

generally attributed to age-related deficits in sensorimotor function19,20. Deficits may vary based 

on the individual but, in general, include declines in reaction time, proprioception, vestibular 

function, muscle quality, and visual deficits19. These general age-related declines in sensorimotor 

function result in an elevated fall risk among older adults. Many factors contribute to fall risk; 

these factors are typically categorized as either intrinsic or extrinsic risk factors.  

 Extrinsic risk factors are related to the environment in which the fall occurred. Such risk 

factors include inclement weather, poor lighting, cluttered walkways, and poor choice of 

footwear. Conversely, intrinsic risk factors are related to the individual who experienced the fall. 

Intrinsic risk factors include chronic health conditions such as Parkinson’s disease, Alzheimer’s, 

or dementia, as well as visual impairment and polypharmacy21. Individuals can address extrinsic 

factors to a certain extent (i.e., wearing appropriate footwear and ensuring lighting within their 

home). Although, in many cases, extrinsic factors cannot be addressed on a meaningful scale. 

Many intrinsic risk factors, such as polypharmacy, visual impairment, and certain chronic health 

conditions, are not modifiable. Physical activity and function have been repeatedly linked to 

retrospective fall incidence22,23 and poor or disordered balance is one of the primary causes of 
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falls in older adults24.  Accordingly, many fall prevention programs target risk factors that are 

meaningfully modifiable, such as physical activity, physical function, and balance25,26. 

Conventional Balance Training 

 Conventional Balance Training (CBT) is commonly recommended by public health 

institutions such as the Department of Health and Human Services and the American College of 

Sports Medicine. CBT generally consists of volitional static or quasi-static exercises such as 

tandem stance or walking, single leg stance, heel or toe walking, standing on progressively 

unsteady surfaces, etc., in some instances, conventional balance training may also include 

resistance training, typically focused on lower limb and trunk musculature26–29. It’s widely 

accepted that CBT can improve balance control and has been reported to reduce fall rates in 

older adults by approximately 24%29,30. However, there are some potential drawbacks to CBT 

programs that may limit their efficacy in terms of fall risk reduction. 

 To understand these potential drawbacks, it is first necessary to clarify that ‘balance 

control’ is an umbrella term that can be divided into several different motor skills31, each of 

which serves its specific role during activities of daily living. The three domains of balance 

control, as described by Berg et al., include static balance control (the ability to maintain balance 

in a static position), proactive balance control (the ability to make voluntary anticipatory 

adjustments to maintain balance), and reactive control (the ability to recover from unexpected 

perturbations to balance)31. As conventional balance training programs are primarily composed 

of static voluntary balance exercises, they typically train only static and proactive balance 

control26,29. Notably, about 60% of falls experienced by older adults result from an external 

perturbation to balance such as a slip or a trip32,33. Given that the ability to generate a balance 
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recovery response following an external perturbation is governed by reactive balance control, the 

efficacy of conventional balance training may be limited by its apparent lack of specificity34,35. 

Perturbation-Based Balance Training 

  Perturbation-based balance training (PBT), also known as reactive balance training, is a 

training paradigm designed to improve reactive balance control by exposing participants to 

controlled external perturbations. Unlike conventional balance training, which primarily targets 

proactive balance control through voluntary postural adjustments, PBT aims to enhance the 

rapid, automatic responses required to recover from real-world balance disruptions such as slips 

or trips35–39. 

Studies have demonstrated that PBT can significantly reduce fall risk. Participation in 

PBT has been associated with a lower incidence of laboratory-induced falls40–42 and 

improvements in key balance recovery measures such as stepping responses and postural 

adjustments43,44. Additionally, two meta-analyses have reported that PBT reduces prospective fall 

rates by approximately 50%, nearly doubling the reduction observed with conventional balance 

training45,46. Furthermore, early findings suggest that PBT may be effective at a lower training 

dose than conventional balance training, with some studies demonstrating meaningful 

improvements in balance recovery after just one session35,47,48. 

Despite these promising outcomes, several challenges must be addressed before PBT can 

be widely implemented as a fall prevention strategy. A major limitation in the current literature is 

the heterogeneity of PBT interventions. Studies differ in the type, intensity, and volume of 

perturbations used, making it difficult to determine the optimal training parameters. This 

variability also complicates comparisons between studies and raises questions about the 
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generalizability of findings to different populations, including older adults with varying 

functional abilities. Additionally, while laboratory-based improvements in balance recovery are 

well-documented, further research is needed to determine the extent to which these gains transfer 

to real-world fall prevention. 

Another important consideration is the feasibility and acceptability of PBT. The 

unpredictable nature of perturbations may initially be physically or psychologically challenging 

for some older adults, potentially leading to anxiety or fear of falling. Although some studies 

suggest PBT may not be tolerable for all individuals49,50, there has been little direct research 

assessing older adults’ perceptions of PBT. Understanding participant experiences, including 

comfort, safety, and willingness to engage, is crucial for developing interventions that are both 

effective and widely adopted51. 

Purpose 

The purpose of this dissertation is to examine key contributors to reactive balance control 

and fall risk in community-dwelling older adults and assess the feasibility of targeted 

interventions to improve balance recovery and reduce fall risk. To achieve this, three specific 

aims were developed: (1) Investigate the relationship between habitual physical activity and 

prospective fall incidence in community-dwelling older adults, (2) Examine the role of lower 

limb muscle quality in balance recovery and reactive balance control, and (3) Evaluate the 

acceptability of a community-based perturbation-based balance training program for older adults 

in Montana. 
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Abstract 

While age-related declines in muscle quality contribute to strength and mobility 

impairments, their role in reactive balance control remains unclear. Identifying muscle quality 

measures that correlate with balance performance may enhance fall risk screening and 

intervention strategies for older adults. This study investigated the relationship between lower 

limb muscle quality and reactive balance control, focusing on Maximum Recoverable Lean 

Magnitude (MRLM) and modified Choice Stepping Reaction Time (CSRT-M) in both older and 

younger adults. Eighteen participants (underwent ultrasound assessments of muscle quality and 

thickness in the biceps femoris (BF), medial gastrocnemius (MG), and vastus lateralis (VL). 

Reactive balance control was measured using a tether-release perturbation to determine MRLM, 

and the CSRT-M was used to assess step response latency. Pearson correlations and multiple 

linear regression models were applied to evaluate the relationships between muscle quality and 

balance performance. BF muscle quality correlated with MRLM (r = -0.70) and CSRT-M (r = 

0.56), while MG quality was also associated with MRLM (r = -0.71). In the combined sample, 

BF muscle quality independently predicted MRLM (p < 0.01, R² = 0.51) and CSRT-M (p < 0.01, 

R² = 0.35). In older adults, BF muscle quality did not initially predict MRLM. However, after 

removing a high-leverage outlier, it became a significant predictor (β = -0.84, p = 0.01, R² = 

0.51). These findings suggest that BF muscle quality may be a key factor in balance recovery for 

older adults and could serve as a marker for fall risk. The results highlight the potential utility of 

ultrasound-derived muscle quality assessments in both clinical and performance settings. Future 

research should examine whether targeted hamstring interventions can improve balance 

responses and reduce fall risk in aging populations. 
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Introduction 

Falls are a leading cause of severe injury in older adults1,2, with over 25% of adults over 

65 experiencing a fall each year3. Falls contribute to high hospitalization rates4 and significant 

financial burdens5, making them a major public health concern 6. While physical activity and 

exercise offer broad health benefits, their limitations in preventing falls highlight the need for 

more targeted interventions7–9. 

Numerous factors contribute to fall risk, including balance impairment, strength deficits, 

reduced functional capacity, and declining muscle quality10. Muscle quality can be assessed 

using direct and indirect methods. Direct methods include imaging-based techniques such as 

ultrasound, computed tomography (CT), and magnetic resonance imaging (MRI), which provide 

insights into muscle composition and structural properties. For example, ultrasound-derived 

echogenicity reflects the proportion of contractile vs. non-contractile tissue, while CT and MRI 

can assess cross-sectional area and intramuscular fat infiltration11,12. In contrast, indirect methods 

rely on functional outcomes, such as strength-to-mass ratios, to estimate muscle quality. The 

Muscle Quality Index, for instance, relates muscle strength to muscle mass, offering an indirect 

assessment of muscle function13. While indirect methods highlight functional capacity, direct 

imaging methods are more efficient and provide detailed insights into muscle architecture 11,12. 

Reactive balance control, the ability to regain balance after an external perturbation, is a 

critical determinant of fall risk. Carty et al. (2015) demonstrated that reactive stepping behavior 

during a tether-release balance task was predictive of future falls in older adults 14. Specifically, 

older adults with a greater Maximum Recoverable Lean Magnitude (MRLM), the greatest lean 

angle from which they can recover balance in a single step, were less likely to experience a fall  
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in the following year. Further research from the same group demonstrated that muscle 

force and power are essential for balance recovery15 and that hamstring function plays a key role 

in maintaining stability after a perturbation16. 

While direct assessments of reactive balance control, such as the tether-release method, 

are effective, they can be time-intensive and physically demanding, limiting their feasibility in 

clinical and research settings 17. Despite the established link between lower limb function, 

balance recovery, and fall risk, identifying simple, non-invasive fall risk markers remains a 

challenge. Advances in B-mode ultrasound imaging present a promising tool for muscle quality 

assessment, yet its relationship with reactive balance control remains unexplored. This study 

aimed to address this gap by examining how ultrasound-derived lower limb muscle quality 

relates to key reactive balance measures in younger and older adults Specifically, we examined 

whether muscle quality in the biceps femoris (BF), medial gastrocnemius (MG), and vastus 

lateralis (VL) was associated with MRLM and modified Choice Stepping Reaction Time (CSRT-

M), two measures of reactive balance control. 

Methods 

Participants 

Eighteen participants, 12 older adults (age: 65 ± 4.1 years; height: 1.75 ± 0.096 m; 

weight: 81 ± 17 kg; 8 female) and six younger adults (age: 25 ± 3.4 years; height: 1.79 ± 0.9 m; 

weight: 79 ± 12 kg; 3 female), were recruited from the local community via word of mouth. 

Table 1 provides an overview of participant characteristics. Older adults were eligible if they 

were between 60 and 85 years old, living independently, and able to walk without assistance for 

at least 15 minutes. Younger adults were excluded if they were outside the 18–35 age range or  
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unable to walk unassisted for the same duration. All participants were free from severe 

neurological or musculoskeletal conditions. This study was approved by the Montana State 

University Institutional Review Board, and written informed consent was obtained from all 

participants before participation. 

Muscle Quality Assessment 

Muscle quality was assessed using a Telemed ArtUs Portable Ultrasound (Vilnius, 

Lithuania) with a 7.5 MHz linear transducer. Images were acquired from the dominant leg at 

standardized anatomical landmarks for the vastus lateralis (VL), biceps femoris (BF), and medial 

gastrocnemius (MG). VL images were taken at the midpoint between the greater trochanter and 

lateral epicondyle with the participant supine. BF images were obtained at the same anatomical 

midpoint with the participant prone. MG images were taken at a site two-thirds of the distance 

from the medial epicondyle to the medial malleolus, also in the prone position. 

Grayscale analysis was performed using Simple Muscle Architecture Analysis18 in 

ImageJ19,20 to calculate echo intensity values on a 0–255 scale, where lower values indicate 

better muscle quality. Images were acquired and analyzed by a researcher with over 100 hours of 

experience in ultrasound imaging and analysis. 

Balance Control Assessments 

Maximum Recoverable Lean Magnitude. The tether-release balance perturbation protocol 

followed previously published methods21. Participants stood shoulder-width apart and leaned 

forward while maintaining a flat-footed stance. A linear force transducer (ADInstruments, 

Dunedin, New Zealand) recorded the load applied by the safety harness attached to an 

inextensible cable. The cable was released at a randomized interval (2–10 s) after the desired 
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lean force was achieved. Participants were instructed not to anticipate release and to regain 

balance with a single step. Ground reaction forces were monitored in real-time using AMTI 

Optima force plates (Watertown, MA), sampling at 1000 Hz. The largest lean magnitude from 

which participants successfully recovered balance with a single step was recorded as their 

MRLM. 

Choice Stepping Reaction Time - Modified. The 

CSRT-M is a valid and reliable measure of stepping ability 

in older adults22. Participants stood on a 6-box testing mat 

(Figure 2), with two start boxes and four target boxes. At a 

randomized verbal cue (e.g., “front right” or “side left”), 

participants stepped into the specified box and then returned 

to the start. After eight practice trials, participants completed 

twelve timed trials, and the total completion time was 

recorded as their CSRT-M score.  

  

Figure 2. CSRT-M mat. The 

white boxes are the start boxes, 

and the gray boxes are the target 

boxes. Dimensions are in cm. 

Figure 1. Example sequence of a participant completing the tether release balance recovery task 

while kinematic and kinetic data are recorded 
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Statistical Analysis 

Descriptive statistics (means ± SDs) were computed for participant demographics, 

muscle quality, and balance recovery metrics. Analyses of variance (ANOVA) were used to 

compare age group differences where appropriate. Multiple linear regression models were used 

to evaluate the predictive value of VL, BF, and MG muscle quality on MRLM and CSRT-M 

time, both independently and in combination. Older participants unable to complete the MRLM 

assessment (n = 2) were excluded from MRLM-related analyses. A subgroup analysis was 

conducted to examine these relationships in older adults only. To assess model robustness, 

diagnostic tests were performed to identify influential data points and potential outliers. Cook’s 

Distance (4/n threshold) was used to identify influential observations, as values exceeding this 

threshold suggest a disproportionate impact on the model. Leverage values were also assessed, 

with observations exceeding 2–3 times the average leverage flagged as potential outliers. Model 

fit was assessed using R², and statistical significance was set at p < 0.05. All analyses were  

performed in R Statistical Software (version 4.3.0). 

Results 

Comparison of Older and Younger Participants 

Younger and older participants did not significantly differ in terms of height or weight. 

However, younger participants exhibited significantly greater muscle quality and thickness in the 

biceps femoris and medial gastrocnemius compared to their older counterparts. Additionally, 

younger participants demonstrated a significantly higher MRLM (24° ± 2.1° vs. 18° ± 3.9°, p < 

0.01) and faster CSRT-M (23 ± 2.8 s vs. 31 ± 8.3 s, p < 0.01). Seven of the twelve older 
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participants were classified as being at elevated risk of falling, based on the established CSRT-M 

cutoff of 30 seconds 22–24. 

Correlational analyses across the full sample revealed significant relationships between 

muscle quality and balance control metrics. BF muscle quality was moderately to strongly 

correlated with CSRT-M (r = 0.56), MRLM (r = -0.70), and step execution time during balance 

recovery (r = 0.64). MG muscle quality was also significantly correlated with MRLM (r = -0.71). 

However, vastus lateralis (VL) muscle quality was not notably correlated with any balance 

control measures. 

Multiple linear regression analyses revealed that, among all participants, biceps femoris 

muscle quality was an independent predictor of MRLM (p < 0.01, R² = 0.51) and CSRT-M (p < 

0.01, R² = 0.35), while medial gastrocnemius muscle quality independently predicted MRLM (p 

< 0.01, R² = 0.31). 

Table 1. Participant Characteristics 

Older Younger Test 

Demographics 

Female (%) 8 (67%) 3 (50%) na 

Age (years) 65 ± 4.1 25 ± 3.4 na 

Height (cm) 175 ± 9.6 179 ± 9 F=0.622 

Weight (kg) 81 ± 17 79 ± 12 F=0.057 

Measures of balance 

CSRT (s) 31 ± 8.3 23 ± 2.8 F=11.918*** 

CSRT (high risk) 7 (58%) 0 X²=4.129** 

MRLM (º) 18 ± 3.9 24 ± 2.1 F=13.62*** 

Muscle measures 

Biceps Femoris 

   Quality (au) 44 ± 4.6 34 ± 1.7 F=27.138*** 

   Thickness (mm) 24 ± 2.4 27 ± 2.4 F=3.932* 

Vastus lateralis 

   Quality (au) 39 ± 7.4 34 ± 2.7 F=5.155** 

   Thickness (mm) 24 ± 3.8 23 ± 2.4 F=0.182 

Medial Gastrocnemius 

   Quality (au) 45 ± 5 38 ± 1.7 F=10.161*** 

   Thickness (mm) 14 ± 1.8 17 ± 1.8 F=7.201** 

Statistical significance markers: * p<0.1; ** p<0.05; *** p<0.01. TUG: timed up and go, CSRT: choice step 

reaction test, MRLM: maximum recoverable lean magnitude. Muscle quality is reported on a scale from 0-

255 arbitrary units where lower values indicate superior quality. 
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Analysis of older participants 

Among older adults, neither BF nor MG muscle quality significantly predicted MRLM or 

CSRT-M in initial models. However, diagnostic analyses revealed a single influential data point 

with a Cook’s Distance of 2.3 (threshold = 0.36) and a leverage value of 0.49 (threshold = 0.36). 

Upon removing this outlier, BF muscle quality emerged as a significant predictor of MRLM (β= 

-0.84, t = -4.16, p = 0.01, R2 = 0.51), suggesting that higher BF muscle quality may contribute to

improved balance recovery capacity in older adults 

Discussion 

This study examined the relationship between lower-limb muscle quality and reactive 

balance control in younger and older adults, with a specific focus on the biceps femoris (BF), 

vastus lateralis (VL), and medial gastrocnemius (MG). As expected, significant differences in 

muscle quality and balance performance were observed between age groups. More importantly, 

biceps femoris muscle quality was strongly associated with maximum recoverable lean 

magnitude (MRLM) and choice stepping reaction time-modified (CSRT-M). In older adults 

Figure 3. Biceps femoris muscle quality (arbitrary units) vs Maximum Recoverable Lean 

Magnitude (degrees), Figure 3A includes the outlier, and figure 3B depicts the relationship with 

the outlier removed. 

A B 
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specifically, BF muscle quality became a significant predictor of MRLM after removing a single 

influential data point. These findings suggest that muscle quality, particularly in the biceps 

femoris, may play a critical role in balance recovery and fall risk reduction in aging populations. 

Muscle Quality and Balance Control 

Consistent with previous research, younger participants exhibited significantly higher 

muscle quality in both the biceps femoris and medial gastrocnemius compared to their older 

counterparts. Age-related declines in muscle quality are largely attributed to increased 

intramuscular fat infiltration, reductions in contractile tissue, and impaired neuromuscular 

function25–27. While younger participants also had greater muscle thickness, the observed 

correlations suggest that muscle quality, rather than strength or cross-sectional area, could be a 

stronger determinant of balance performance. This aligns with prior findings indicating that 

muscular power and neuromuscular efficiency are more relevant to fall prevention than muscle 

mass alone15. 

In the full sample, BF muscle quality was significantly correlated with both MRLM (r = -

0.70) and CSRT-M (r = 0.56). The negative correlation between BF muscle quality and MRLM 

suggests that individuals with lower muscle quality have a reduced capacity for balance recovery. 

This is particularly relevant given that lower MRLM values are associated with increased fall 

risk14. Similarly, the positive correlation between BF muscle quality and CSRT-M suggests that 

poorer BF muscle quality may be linked to longer reaction times for initiating a reactive step. 

Notably, MG muscle quality was also correlated with MRLM (r = -0.71) but did not predict 

CSRT-M, suggesting that the BF may play a greater role in balance recovery step execution.  
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The Predictive Value of Muscle Quality in Older Adults  

Among older adults, initial regression models did not identify a significant relationship 

between muscle quality and balance control metrics. However, after identifying and removing a 

single influential data point with high Cook’s Distance (2.3) and leverage (0.49), BF muscle 

quality became a significant predictor of MRLM (β = -0.84, t = -4.16, p = 0.01, R² = 0.51). This 

finding suggests that, despite interindividual variability, muscle quality in the BF may play a key 

role in balance recovery for older adults. The predictive strength of BF muscle quality for 

MRLM further reinforces its role in dynamic stability and the ability to control the trunk during 

balance recovery. These results align with prior studies demonstrating that age-related declines in 

lower-limb muscle function contribute to impaired balance control28–30. 

Practical Implications 

The findings of this study have several implications for fall prevention strategies in older 

adults. First, ultrasound-derived measures of muscle quality may be valuable as a non-invasive 

screening tool for identifying individuals at greater risk of balance deficits. If validated in larger 

samples, biceps femoris muscle quality assessments could help guide targeted interventions 

aimed at improving reactive balance control. 

Additionally, these results highlight the importance of incorporating comprehensive 

lower limb training, including comprehensive and reactive hamstring training in fall prevention 

programs. Given the biceps femoris’ role in decelerating forward momentum and facilitating 

rapid stepping responses, exercises that improve neuromuscular function in this muscle group, 

such as eccentric hamstring training, reactive stepping drills, and perturbation-based balance 

training, may enhance dynamic stability in older adults. Future studies should explore whether 



25 

 

improvements in biceps femoris muscle quality translate to better reactive stepping ability and 

reduced fall risk. 

Considerations and Future Directions 

Several limitations should be acknowledged when interpreting these findings. The small 

sample size and homogeneity of participants limit the generalizability of the regression models, 

particularly in the older adult subset. As such, caution should be exercised when applying these 

results to broader aging populations. Additionally, while ultrasound imaging provides a reliable 

measure of muscle quality, it does not directly assess neuromuscular activation patterns during 

balance tasks. Future studies should replicate these findings in larger, more diverse samples, 

including individuals with varying functional capacities, and integrate electromyography and 

biomechanical analyses to further understand the mechanisms linking muscle quality to reactive 

stepping performance. While biceps femoris muscle quality emerged as a strong predictor of 

MRLM after outlier removal, further research is needed to confirm this finding in larger, more 

diverse cohorts. Longitudinal studies should also investigate whether age-related declines in BF 

muscle quality predict increased fall risk over time.  

Conclusion 

This study provides preliminary evidence that biceps femoris muscle quality may be 

linked to reactive balance control in older adults. After adjusting for a single influential data 

point, BF muscle quality emerged as a significant predictor of MRLM, suggesting a potential 

role in dynamic stability and fall risk. While promising, further research is needed to confirm its 

relevance in aging populations.   
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CHAPTER FIVE 

CONCLUSION 

Falls represent a major health concern for older adults, leading to a substantial financial 

and logistical burden on the healthcare system1,3–8. Prominent organizations such as the U.S. 

Department of Health and Human Services (HHS) and the American College of Sports Medicine 

(ACSM) recognize falls as a key challenge facing aging populations and recommend increasing 

physical activity and general exercise as a primary strategy for fall prevention. However, despite 

these recommendations, fall and fall-related death rates among older adults in the U.S. have 

continued to rise over the past decade10. The increasing incidence of falls suggests that current 

fall prevention paradigms are insufficient, highlighting the need for a more targeted and effective 

approach. 

One potential explanation for the limited success29,52 of general physical activity in 

reducing fall risk is that it does not directly train the balance recovery mechanisms most relevant 

to preventing falls. Falls often occur due to sudden, unexpected disruptions in stability, such as 

slips, trips, or stumbles, which require rapid and effective reactive balance responses. However, 

most conventional assessments of fall risk focus on functional measures that capture voluntary or 

proactive movements rather than reactive balance control. As a result, the current tools used to 

predict fall risk and design interventions may not adequately address the underlying mechanisms 

of fall recovery. 

More specifically, functional capacity and muscle quality appear to be key components 

that contribute to an individual’s ability to respond to balance challenges. Evidence suggests that 

muscle quality, rather than just strength or cross-sectional area, plays an important role in 
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balance recovery, particularly in muscles responsible for rapid postural adjustments. The 

hamstrings, for example, appear to be heavily involved in stabilizing the body during recovery 

from a forward loss of balance. Emerging research indicates that lower limb muscle quality, 

particularly in the biceps femoris, may be an important factor influencing an individual’s ability 

to recover balance effectively. Given that muscle function plays a critical role in balance 

recovery, identifying accessible methods to assess muscle quality could improve fall risk 

screening and intervention strategies. Until recently, assessment of muscle quality was limited to 

isokinetic dynamometry or complex forms of medical imaging such as MRI, but recent advances 

in standard B-mode ultrasound may provide a more accessible screening tool for identifying 

individuals at greater fall risk. 

Since general physical activity and conventional balance training have not effectively 

reduced fall risk in community-dwelling older adults, interventions targeting reactive balance 

control are needed. Perturbation-Based Balance Training (PBT), which exposes individuals to 

controlled balance disruptions to improve recovery responses, has emerged as a promising 

approach. Unlike conventional balance training, which primarily targets proactive balance 

control through voluntary movements, PBT specifically trains the rapid, involuntary responses 

required to recover from unexpected loss of stability. However, despite growing evidence 

supporting its effectiveness, PBT has not yet been widely adopted in community or clinical 

settings. For PBT to be implemented on a broad scale, it is critical to assess whether older adults 

and healthcare providers view it as acceptable and feasible. 

These gaps informed the overarching aims of this dissertation: to examine key 

contributors to reactive balance control and fall risk in older adults, as well as to assess the 
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feasibility of targeted interventions aimed at improving balance recovery and reducing fall risk. 

To address these aims, three studies were conducted. Study 1 examined the relationship between 

habitual physical activity and prospective fall incidence in community-dwelling older adults. The 

findings indicated that general activity levels and functional assessments did not predict future 

falls, suggesting that traditional assessment tools may fail to capture critical components of fall 

risk, particularly reactive balance control. Study 2 investigated the role of lower limb muscle 

quality in balance recovery. Results demonstrated that biceps femoris muscle quality was a 

significant predictor of Maximum Recoverable Lean Magnitude (MRLM) and Choice Stepping 

Reaction Time (CSRT-M), suggesting that hamstring muscle quality plays a key role in balance 

recovery. Study 3 evaluated the acceptability and feasibility of a community-based perturbation-

based balance training (PBT) program among older adults and practitioners. Participants 

generally viewed PBT as an acceptable and practical intervention, reinforcing the potential for 

real-world implementation. 

Together, these studies highlight the need for a paradigm shift in fall prevention—away 

from traditional assessments and interventions that focus on general activity or proactive balance 

training and toward a more targeted approach that accounts for muscle quality, reactive balance 

control, and the feasibility of emerging interventions like PBT. The following sections will 

integrate these findings, discuss their theoretical and practical implications, and outline future 

research directions. 

  



47 

 

Summary of Key Findings 

Physical Activity and Future Falls  

 Chapter One examined the relationship between habitual physical activity and 

prospective fall incidence in a cohort of 104 community-dwelling older adults. The findings 

indicated no significant association between baseline measures of physical activity, physical 

function, or lower limb strength and future fall incidence. This result aligns with previous 

research suggesting that low-intensity habitual activities, such as leisure activities 53 or walking29, 

as well as low amounts of moderate physical activity 25, are insufficient on their own to 

meaningfully reduce fall risk. While some exercise-based interventions, particularly those 

incorporating multi-component exercise programs, have demonstrated efficacy in fall 

prevention29, the steady increase in fall rates among older adults suggests that the effectiveness 

of these conventional approaches may be limited compared to higher-intensity, task-specific 

interventions such as perturbation-based balance training. 

 Notably, clinical assessments of physical function, including the Timed-Up and Go54, 

Short-Form 36 Questionnaire55, or the Modified Baecke Physical Activity Questionnaire56, did 

not differ between older adults who fell and those who did not. This finding suggests that 

traditional assessments of physical activity and function may not capture the key mechanisms 

underlying fall risk, particularly reactive balance control. Given that the majority of falls occur 

due to unexpected perturbations, conventional assessments and interventions may overlook 

critical elements of balance recovery. These results highlight the need for more targeted 

assessment tools and intervention strategies that specifically address reactive balance responses 

rather than relying solely on general measures of physical activity or physical function. 
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Muscle Quality and Reactive Balance Control 

Given the need for more precise assessments of balance control, Chapter Two examined 

the relationship between lower limb muscle quality and reactive balance control. Standard B-

mode ultrasound images of the biceps femoris, vastus lateralis, and medial gastrocnemius were 

collected from eighteen participants (12 older adults, 6 younger adults). Reactive balance control 

was assessed using Maximum Recoverable Lean Magnitude (MRLM)12 and Modified Choice 

Stepping Reaction Time (CSRT-M) 57. After identifying and removing a single influential data 

point, biceps femoris muscle quality emerged as a significant predictor of MRLM in older adults, 

reinforcing the growing evidence that muscle composition plays a key role in fall prevention. 

These findings align with previous research demonstrating that age-related declines in 

lower limb muscle quality contribute to impaired balance control in older adults58–60. 

Additionally, prior studies have highlighted the importance of muscular power 61, and 

specifically the role of the biceps femoris62, in balance recovery, particularly in response to 

forward loss of balance. 

These results support the theory that reactive balance control is a distinct quality that 

requires specialized assessment and training to improve. Furthermore, it suggests that biceps 

femoris muscle quality may serve as a valuable marker of fall risk in older adults. The findings 

also highlight the potential of B-mode ultrasound as a targeted fall risk screening tool, offering a 

more precise alternative to conventional balance assessments such as the Timed Up and Go or 

general physical activity measures. 
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The Acceptability of PBT 

Having established that specific methods are required to assess and improve balance 

control in older adults, Chapter Three evaluated the acceptability of Perturbation-Based Balance 

Training (PBT) among both community-dwelling older adults (n = 19) who participated in the 

training and local healthcare practitioners (n = 3) involved in delivering the program. Semi-

structured interviews based on the Theoretical Framework of Acceptability51 were conducted 

with both groups before and after participation to assess their perceptions of PBT as a fall 

prevention intervention.  

Overall, the PBT program was found to be acceptable to both older adults and healthcare 

practitioners. One key factor influencing acceptability was the type of equipment used to deliver 

the training. Prior studies have implemented high-tech perturbation treadmills that incorporate 

virtual reality 49, which has been reported as a facilitator of acceptability. However, in this study, 

a lower-cost, portable treadmill was used to improve accessibility. While the low-tech nature of 

the treadmill was not directly cited as a barrier to participation, some practical limitations related 

to portability, such as the treadmill deck height and lack of a display, were noted by participants. 

Importantly, the unpredictable nature of the perturbations—a potential concern for 

acceptability—was not perceived as a significant barrier by older adults. 

From an implementation perspective, healthcare providers identified cost as a major 

barrier to real-world adoption of PBT. While the treadmill used in this study was less expensive 

than other perturbation devices, its price still posed a challenge for widespread community-based 

implementation. Several healthcare providers inquired about alternative, lower-cost methods of 

delivering PBT, such as manually induced perturbations63. Although manual PBT has the 

potential to be more financially feasible, its effectiveness compared to mechanical PBT remains 
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unclear34. This distinction presents an important avenue for future research, as determining 

whether manual perturbations provide the same benefits as treadmill-based PBT will be critical 

for scaling the intervention to broader community and clinical settings.  

Specificity is King: Why General Methods Aren’t More Effective 

Despite widespread recommendations for general physical activity and conventional 

balance training as fall prevention strategies26,29,64, the continued rise in fall incidence suggests 

that these interventions may not address the most critical components of fall risk35. While general 

physical activity and exercise-based interventions offer numerous health benefits, their 

effectiveness in reducing fall rates is limited25,28,29,52. A key reason for this limitation is that they 

fail to adequately train the neuromuscular mechanisms required for effective balance recovery65. 

To fully understand why this is the case, it is necessary to examine the underlying components of 

balance control and the specific demands associated with fall recovery. 

Understanding Balance Control 

Balance is not a singular quality but a foundational system that supports various daily 

activities. Tasks such as sitting on a sofa, carrying a child, hanging a picture, or navigating a 

crowded street require distinct control of muscle tone and postural control. Importantly, balance 

cannot be separated from the task being performed or the environment in which it occurs66. As 

such, balance serves as the foundation for voluntary motor skills67. 

Under normal circumstances, balance is maintained by controlling both gravitational 

forces (to sustain posture) and acceleration forces (to maintain equilibrium)67. Acceleration 

forces may arise internally (as a result of self-initiated movement) or externally (due to an 
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unexpected perturbation such as a slip, trip, or push). The ability to control these forces is what 

determines stability across different movement scenarios. 

The demands placed on the balance control system depend on task complexity and 

environmental constraints. For example, standing quietly in a controlled setting requires little 

active engagement from the balance control system, whereas walking on an icy sidewalk or 

recovering from a sudden trip places far greater demands on equilibrium maintenance and 

reactive control mechanisms. 

Key Subsystems of Balance Control 

Several subsystems contribute to balance control, with static, dynamic, proactive, and 

reactive balance being particularly relevant31,68. Static Balance Control refers to maintaining a 

stable posture when no external forces challenge equilibrium, such as quietly standing or sitting. 

Dynamic Balance Control involves maintaining stability while moving, such as walking or 

running, and is closely linked to proactive balance control. Proactive (Anticipatory) Balance 

Control allows individuals to predict and prepare for expected perturbations. For example, 

transitioning from sitting to standing, adjusting posture while walking up an incline, or preparing 

for an impact while carrying a heavy object all require anticipatory adjustments. These 

mechanisms help maintain stability before a disturbance occurs. Reactive Balance Control 

governs the ability to restore stability after an unexpected perturbation has occurred31,68. It is 

engaged when postural equilibrium is disrupted beyond what proactive mechanisms can manage, 

such as when encountering a sudden slip or trip. Reactive mechanisms determine how effectively 

an individual can recover from balance loss.  
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Importantly, reactive balance control differs from proactive balance control because it 

requires rapid, reflexive responses to unanticipated challenges. In contrast, proactive balance 

adjustments are planned and voluntary. If proactive balance control fails to prevent instability, 

reactive control must compensate to prevent a fall68. 

Where Conventional Balance Training Falls Short 

Current recommendations from the American College of Sports Medicine (ACSM) 

outline several key principles for balance training in this population26. These include: (1) 

progressively reducing the base of support through increasingly challenging postures, such 

as transitioning from a two-legged stance to a semi-tandem, tandem, and ultimately single-

leg stance; (2) incorporating dynamic movements that shift the center of gravity, such as 

tandem walking or executing controlled turns; (3) targeting postural muscle groups with 

exercises like heel and toe stands; and (4) reducing sensory input, for example, by practicing 

balance tasks with eyes closed. Similarly, the U.S. Department of Health and Human 

Services (HHS) recommends balance-focused activities such as walking in different 

directions (e.g., backward or sideways), yoga, tai chi, and water-based exercise programs as 

effective methods for improving stability and reducing fall risk64.  

A common theme among these conventional recommendations is that they are almost 

entirely static or quasistatic exercises that train proactive balance control, which governs 

anticipation of a predicted postural disturbance (i.e., changing from double to single limb support 

while standing)69. Conversely, the ability to recover from unexpected losses of balance is 

governed by reactive balance control (i.e., compensation for an unanticipated postural 

disturbance)69. Notably, the majority of falls in older adults occur as a result of an unexpected 
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loss of balance such as an overground slip, trip, or stumble32,33 and are therefore governed by 

reactive balance control69. Furthermore, balance performance is task specific70, meaning 

improvements in proactive balance control do not also improve reactive balance ability65. Rather 

specific balance recovery training is needed to improve reactive balance control71. 

Perturbation-Based Balance Training  

Perturbation-based Balance Training (PBT) is a newer method of fall prevention72. 

PBT utilizes repeated, unexpected, external perturbations (disruptions to balance) to trigger 

rapid reactions to recover postural stability72,73. Unlike conventional programs, the goal of 

PBT is to improve reactive balance control by training the ability to recover balance in 

destabilizing situations that mimic real-world losses of balance34,72. There are two key 

criteria for PBT programs: (1) training should involve external perturbations that induce a 

sudden motor response (i.e., perturbations should be unpredictable) and (2) perturbations 

should be intense enough to induce a loss of balance that would lead to a fall without 

execution of a sufficient motor response such as a step (i.e., the perturbations must be 

relatively large in magnitude)34,72. Perturbations may be applied during a variety of tasks 

ranging from standing or walking to activities of daily living. PBT is always conducted with 

the use of a safety harness and fall catch system, so participants can practice balance 

recovery in a manner that is simultaneously highly specific to the real world but safe and 

controlled, without the potential consequences of falling in the real world 72. In terms of 

improvements in reactive balance control and fall risk reduction, PBT has been highly 

effective thus far34,41,47,48,72,74–76.  
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A recent systematic review and meta-analysis found that older adults who participate 

in PBT programs experience a 40% reduction in fall rate when compared to those who 

participated in conventional balance training programs73. Notably, PBT is very potent and 

requires a lower training dose than conventional programs. For instance, Pai and Bhatt 

reported a 50% reduction in prospective fall incidence after a single session of PBT 41. 

Meanwhile, Lurie et al. demonstrated that, for older adults who were referred to physical 

therapy for high fall risk, PBT resulted in a 57% lower risk of injurious falls than 

conventional balance training programs75. 

Implications and Future Directions 

The existing literature on the efficacy of PBT aligns with the findings of this dissertation, 

further illustrating that fall risk in older adults is not a singular issue but rather a 

multidimensional problem requiring targeted assessment and intervention. The results of Chapter 

One demonstrated that habitual physical activity and conventional measures of physical function 

do not adequately predict falls, highlighting the need for more specific assessments of balance 

control. Chapter Two indicated that muscle quality, particularly in the biceps femoris, plays a 

key role in balance recovery, suggesting that neuromuscular factors may contribute to fall risk 

beyond what traditional assessments capture. Taken together, these findings reinforce the need 

for interventions like PBT, which specifically train the neuromuscular responses required for 

reactive balance recovery rather than relying on general physical activity or proactive balance 

training alone. 
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There remain several barriers to widespread adoption of PBT, including concerns 

regarding the acceptability of its unpredictable and intense nature among older adults, as well as 

the feasibility of implementing PBT outside of research settings. Chapter Three addressed these 

concerns and demonstrated that both older adults and healthcare practitioners found PBT 

acceptable, a finding that has been supported by additional research since its initial publication77. 

However, the financial feasibility of acquiring the equipment necessary to administer mechanical 

perturbations was identified as a substantial barrier by healthcare practitioners. 

Therapist-applied or “manual” perturbations have emerged as a logical alternative that 

can be more easily implemented in clinical and community settings72,78. Compared to other PBT 

methods, manual perturbation training requires minimal equipment, primarily a safety harness 

and basic exercise tools that are already widely available in most community fitness and 

rehabilitation centers78. This makes manual PBT a highly attractive option for broader 

implementation. Although manual PBT has been successfully integrated into clinical settings for 

populations such as older adults with chronic stroke79,80, Parkinson’s disease81,82, and spinal cord 

injury 83, its application for otherwise healthy, community-dwelling older adults remains largely 

unstudied73. This is particularly notable given that key training variables such as perturbation 

magnitude, timing, and dosage are critical to the success of PBT72. Unlike mechanical 

perturbations, which can precisely control these variables, manual perturbations may be less 

predictable and more difficult to standardize72. While this does not necessarily negate manual 

PBT’s potential effectiveness, it does raise important questions regarding its ability to elicit 

comparable adaptations in reactive balance control. 
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Despite these challenges, manual PBT remains one of the most practical and scalable 

solutions for community-based fall prevention. Given its potential accessibility and cost-

effectiveness, future research should prioritize determining whether manual perturbations can 

achieve comparable outcomes to mechanical PBT methods. Investigating the relative efficacy of 

low-tech PBT approaches is not only warranted—it is essential for integrating PBT into real-

world fall prevention efforts. As falls continue to rise despite conventional interventions, 

ensuring that reactive balance training is both effective and widely accessible should be a key 

focus of future research. 

Strengths and Limitations 

Strengths 

This dissertation provides new insights into fall risk, balance control, and exercise 

interventions by addressing critical gaps in assessment and intervention strategies. Study 1 

reinforces that habitual physical activity and conventional assessments do not reliably predict fall 

risk. While prior research has suggested that structured exercise programs may reduce fall 

incidence, the findings of Study 1 reinforce that general activity levels alone are not sufficient, 

emphasizing the need for more specific assessments that capture reactive balance control rather 

than static or proactive balance measures. This provides further support for shifting fall risk 

screening away from broad functional tests and toward assessments that better reflect real-world 

balance challenges. 

Study 2 explored the role of lower limb muscle quality in balance recovery, providing 

preliminary evidence that biceps femoris muscle quality may be associated with reactive balance 

control. While the study had a small sample size, it adds to the growing recognition that muscle 
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quality, rather than just strength or mass, could be an important factor in balance recovery 

strategies. Additionally, this study suggests that B-mode ultrasound could serve as a practical 

tool for assessing muscle composition in the context of fall risk; however, further research is 

needed to determine its reliability and applicability in clinical or community-based settings. 

Study 3 makes an important practical contribution by assessing the acceptability and 

feasibility of PBT among older adults and healthcare providers. While PBT has been well-

documented as an effective method for improving reactive balance control, limited research has 

directly examined its real-world implementation potential. This study provides valuable insights 

into perceived barriers and facilitators, reinforcing that PBT is acceptable to both practitioners 

and participants but that cost and accessibility remain challenges. These findings lay the 

groundwork for future studies aimed at developing lower-cost or more scalable PBT delivery 

methods that can be implemented in community settings. 

Finally, this dissertation integrates both quantitative and qualitative methodologies, 

allowing for a comprehensive evaluation of fall risk assessment, neuromuscular factors in 

balance recovery, and practical considerations for intervention adoption. The combination of 

objective balance measures (MRLM, CSRT-M) with participant and practitioner perspectives 

provides a well-rounded approach to understanding not only what interventions are effective but 

also how they might be feasibly implemented in clinical or community settings. 

Limitations  

Despite its contributions, this dissertation has several limitations that should be 

acknowledged. A key limitation is the small sample size in Study 2 (n = 18), limiting 

generalizability. While the findings provide valuable insights, larger studies are needed to 
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confirm the relationship between muscle quality and balance recovery ability and improve the 

generalizability of the results. Additionally, the cross-sectional nature of the studies limits causal 

inferences. A longitudinal approach would allow for better assessment of how changes in muscle 

quality and balance control impact fall risk over time. 

While promising, B-mode ultrasound has inherent limitations in assessing muscle quality. 

It provides structural information but does not capture real-time neuromuscular activation 

patterns during balance recovery, which may be an important factor in reactive balance control. 

Similarly, MRLM and CSRT-M, though widely used, do not fully replicate real-world fall 

scenarios, as most falls occur under dynamic, multidirectional conditions that are difficult to 

simulate in a controlled laboratory setting. 

While Study 3 demonstrated acceptability and feasibility for PBT, it relied on a self-

selected sample of participants, which may introduce bias. Additionally, barriers to 

implementation, including the cost of perturbation treadmills and accessibility in community 

settings, remain unresolved. Manual PBT is a feasible alternative, but its effectiveness compared 

to mechanical PBT remains unclear. Future research should compare manual and mechanical 

PBT interventions to determine whether low-tech, cost-effective solutions can provide similar 

benefits in improving reactive balance control and reducing fall risk. 

Conclusion 

Falls are a leading cause of injury and mortality among older adults, yet current fall 

prevention strategies have not effectively reduced fall rates. This dissertation's findings reinforce 

that conventional assessments and interventions, which primarily focus on general physical 
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activity and proactive balance control, fail to address the critical neuromuscular mechanisms 

required for fall recovery. 

Study 1 established that habitual physical activity and traditional functional assessments 

do not reliably predict future falls, highlighting the need for more specific balance screening 

tools. Study 2 provided preliminary evidence that lower limb muscle quality, particularly in the 

biceps femoris, may be a key factor in reactive balance control. Study 3 demonstrated that while 

perturbation-based balance training is a promising intervention for improving reactive balance, 

practical barriers such as cost and accessibility must be addressed for widespread adoption. 

These findings highlight the need for specificity in fall prevention. Future research should 

refine assessment tools, develop cost-effective PBT interventions, and explore manual 

perturbation training for broader implementation. Closing these gaps is crucial for reducing fall 

risk in older adults. 
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