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ABSTRACT 

 Falls are a major cause of mortality and morbidity among older adults. One of the 
major risk factors of falls is impaired neuromotor function, which can be addressed 
through conventional exercise programs. While beneficial for many aspects of health, 
conventional training does not appear to greatly reduce the incidence of falls. More 
recently, reactive balance training (RBT) has emerged as a task-specific exercise that is 
highly effective and efficient at reducing subsequent fall rates. However, little is known 
about the tissue-level effects that this high-impact exercise may have on the joints of 
participants. Overtraining by performing RBT at excessive volumes or intensities could 
feasibly cause damage and degradation of joint-related tissues, potentially leading to 
discomfort and even post-traumatic osteoarthritis. Such processes are driven by 
mechanisms featuring general and tissue specific signaling molecules, and also yield 
tissue-specific breakdown products. To explore the possibility of joint damage resulting 
from reactive balance training, healthy middle-aged adults performed varying amounts of 
RBT, and the resulting signaling responses were observed. It was found that RBT does 
induce a prominent biochemical response, and the nature and magnitude of the response 
appears to be influenced by the volume and intensity of training performed.  
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CHAPTER ONE 

INTRODUCTION 

Falls and Reduction of Risk Factors 

 Falls in older adults (65+ years) are a serious public health concern, leading to 

high rates of mortality and morbidity as well as placing a great economic burden on the 

healthcare system. In 2018, 32,522 deaths among individuals 65 and older resulted from 

falls, accounting for 32.3% of all fatal injuries in this population. Additionally, nonfatal 

falls in 2018 lead to an estimated 892,083 hospitalizations of 65+ year old individuals. 

(Centers for Disease Control and Prevention, 2020). The direct cost of all non-fatal falls 

among this population in 2015 was estimated to be $31.3 billion, or $9780 per reported 

nonfatal fall [1].  

 The risk factors of falls are many and varied by nature. They include factors that 

are both external (factors in the environment such as weather and ground surface) and 

internal (pre-existing medical conditions, medications, individual activity and behavior, 

and sensorimotor function) [2, 3]. In particular, it is well known that decreased 

neuromotor function, particularly in the lower limbs, is one of the stronger risk factors for 

falls [4]. Conventional balance training (CBT) programs are recommended to improve 

neuromotor function and typically involve general strengthening exercises and exercise-

based balance training such as single limb or tandem stance, standing with eyes closed 

etc. Such exercise programs have been shown to be highly beneficial by many important 

metrics, but assessments of whether such programs significantly improve balance and 
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reduce falls among participants have shown inconsistent results, especially among frail 

and high fall-risk individuals [5].  

 More recently, it has been hypothesized that increasing the task-specificity of 

training may more effectively generate improvements in balance and balance recovery 

and reduce the frequency of falls. Reactive balance training (RBT) is a task-specific 

training that aims to increase balance recovery skills by subjecting participants to an 

event that simulates the destabilization very similar to that experienced before a real-

world fall, which in turn allows subjects to practice regaining stability in a controlled 

environment. There are several ways in which destabilizing events (perturbations to 

balance) can be applied, including the release of a subject from a static forward lean, 

rapid acceleration of a treadmill belt while standing, and blocking of the foot during gait. 

Evidence from multiple studies including these three methodologies suggests that RBT is 

more effective at reducing fall-rates among older adults than conventional balance 

training alone [6].   

Statement of the Problem 

 While RBT programs are demonstrated to be both effective and efficient, an 

important consideration of RBT that has not yet been explored is the potential tissue 

damage that could result in the joints of the lower limbs from such repetitive high-impact 

exercises. It has been shown that the hip joint may experience peak loads in excess of 8 

times an individual’s body weight when recovering from a stumble with a single step and 

6.5 times body weight with a multi-step recovery [7], and loads of this magnitude have 

been shown to cause spontaneous fractures in the femurs of human cadavers [8].  Even 
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when peak loads are below the threshold of organ-level trauma, damage to the connective 

tissue of joints could feasibly result from excessive volumes of high-impact training as 

well. Both excessive peak loads and excessive cumulative loading of joint structures can 

elicit an inflammatory response leading to joint-tissue degradation and the development 

of osteoarthritis (OA) [9], and it is possible to measure this response via the 

secretion/production of general inflammatory markers as well as tissue-specific 

breakdown products. Although the efficacy and efficiency of RBT is well documented, 

there is no current study that evaluates the influence of RBT on markers of joint stress or 

trauma. 

Purpose 

The purpose of this thesis was to assess the biochemical response to performing varied 

volumes of RBT. To achieve this purpose, candidate biomarkers of acute structural 

damage to joint structures including bone, cartilage, and tendon were identified and 

compared between subjects who performed one of three different volumes of RBT at a 

fixed intensity. 

Hypothesis 

Biomarkers of damage and inflammation were hypothesized to increase proportionally 

with the volume of reactive balance training performed.  
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CHAPTER TWO 

LITERATURE REVIEW 

Falls 

 As of 2018, there were an estimated 52 million older adults (65+) living in the 

United States, and this number is projected to grow to 73 million by 2030. Roughly one 

quarter of adults in this age group experience a fall each year [10]. As stated previously, 

falls accounted for roughly one third of all fatal accidents among older adults in 2018. 

Additionally, unintentional falls were by far the leading cause of nonfatal emergency 

department visits in 2018, accounting for just under 3 million visits by 65+ year old 

Americans (Centers for Disease Control and Prevention). Total healthcare costs 

attributable to older adult falls were estimated to be $50 billion in 2015, and about 75% 

of these expenses were covered by Medicare and Medicaid [11]. These costs are 

projected to rise substantially in the coming decade as the population continues to age.  

Fall Risk Factors 

 Many factors have been associated with increased fall risk. Factors contributing to 

falls can be categorized as external or internal factors. External risk factors are aspects of 

the environment around an individual that increase the likelihood of a fall, and often are 

not feasibly modifiable. These include poor lighting, cluttered walkways, slippery 

surfaces, and weather conditions. Internal risk factors are factors specific to the 

individual, and some of these are modifiable to reduce the risk of falls. Internal risk 
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factors include chronic health conditions, neurodegenerative diseases, visual impairment, 

muscular weakness and frailty, and polypharmacy [3]. However, other factors such as 

cognitive function, balance, medications, and lower-extremity strength are risk factors 

that could potentially be addressed through intervention strategies [12]. Interventions 

such as the administration of vitamin D supplements, vision-correcting surgeries, and 

strength/ balance training have all been demonstrated to decrease the risk of falls [13].  

 An important concept regarding falls is that an initial loss of balance does not 

always result in a fall. Rates of balance loss (caused by tripping or slipping) are roughly 

the same across the population regardless of age, meaning that increased incidences of 

falls with aging are most likely due to a decreased ability to recover from balance loss, 

not necessarily an increased tendency to trip in the first place. Therefore, improving 

sensorimotor function to help improve balance recovery skills is an ideal intervention 

strategy for fall prevention in older adults.  

Improvement of Sensorimotor Function 

 Exercise intervention has been shown to have many health benefits in older 

adults. Regular resistance training in older adults leads to reductions in the risk of 

cardiovascular disease, cancer, diabetes, and osteoporosis [14]. Aerobic exercise has been 

shown to have similar benefits, as well as improved cognitive and immune function [15].  

However, the effects of non-specific aerobic and resistance training in terms of 

sensorimotor function and balance recovery are less clear. Such training programs clearly 

increase cardiovascular endurance and skeletal muscle strength, two well-known risk 

factors of falls, but without more task-specificity, the neural mechanisms associated with 
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balance recovery and thus fall prevention do not appear to improve at the same rate. 

Systematic reviews suggest that regular non-specific exercise reduces fall rates by 20% in 

older adults, depending on modality and participant characteristics [5, 16]. 

 Reactive balance training is emerging as a task-specific exercise with the specific 

aim of improving balance recovery and decreasing fall rates in older adults. The essence 

of RBT is to artificially destabilize the participant (often by accelerating or deaccelerating 

a treadmill belt, impeding movement of the feet while walking, releasing a participant 

from a static forward lean, or simply applying a shoving force), then allowing the 

individual to practice regaining their balance. A systematic review of eight studies on 

RBT suggested that this type of balance training may reduce fall rates by ~50% [6]. One 

experiment found that a single session of RBT reduced the fall risk of participating 

community-dwelling older adults from 34% to 15% over the following 12 months, 

suggesting that RBT is both effective and efficient at generating improved balance 

recovery in older adults over an extended period [17]. Balance training has been shown to 

reduce fall risk and improve balance in higher-risk groups such as Parkinson’s patients as 

well [18]. It is hypothesized that the task-specificity of RBT is what allows for greater 

development of the neuromuscular coordination needed for effective balance recovery 

compared to non-specific exercise [19]. 

Joint Loading and Risks Associated with RBT 

 While RBT is very promising as an intervention for coordination and balance 

recovery, it is also a high-impact activity that could potentially cause undue structural 

damage. It has been shown that in the process of recovering from stumbling, loads 
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experienced by the hip joint can easily exceed 8 times an individual’s body weight. [7]. 

Previous experiments have determined that femurs of older adults with varying strength 

and quality of bone can be fractured by loads of 5.5 to 14 times an individual’s body 

weight [8]. Understanding potential damage that may occur as a result of RBT is 

especially important because of the likelihood of diminished bone quality and reduced 

regenerative capacity of joint tissues as individuals age.  

  Further underscoring the importance of elucidating the possibility of RBT-

induced joint damage is the fact that 10% of males and 18% of females over the age of 60 

suffer from osteoarthritis, a condition that can greatly reduce quality of life [20]. Damage 

to the bone or soft tissue in joints further increases the risk of developing chronic 

osteoarthritis even after the initial injury heals (Fig. 1). It has been shown that knee 

injuries increase the risk of developing osteoarthritis by four times [20]. The potential for 

both acute and long-term joint damage and discomfort could largely offset the positive 

effects of increased balance recovery skills developed by a RBT program. Abnormalities 

in the walking gait, often caused by joint pain in the lower limbs, have been shown to be 

among of the strongest predictors of fall 

risk [12].  

 Despite the widespread impact of 

joint disease, there is still much that is 

unclear in terms of pathogenesis at the 

molecular level. A greater understanding 

of these pathophysiologies is crucial in the Figure 1. Overview of response to acute joint damage. 
Figure adapted from Punzi et al., 2016  
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context of fall prevention, not only because of the potential benefits of therapeutic 

intervention to prevent severe joint disease (a major fall risk factor), but also because of 

the need to identify signs of joint damage in order to assess optimal dosage ranges of 

high-impact training strategies such as RBT.  

Biochemical Markers of Joint Health and Disease 

 The mechanical stimulus of joint loading is transduced into biochemical responses 

in joint-associated tissues including bone, tendon/ligament, and cartilage. Bone is a 

highly dynamic tissue with constant tissue synthesis and breakdown occurring 

simultaneously. Mechanical loading of bone is the primary stimulus for increased 

proliferation and activity of osteoblasts, the chief cell type responsible for new bone 

tissue formation. Conversely, an absence of mechanical stimulation leads to rapid bone 

resorption, a process driven by osteoclasts. Excessive loading of the bone can lead to a 

fracture or microdamage, events that stimulate a healing process featuring enhanced rates 

of bone matrix turnover [21]. The subsequent breakdown of bone following trauma 

Figure 2: Overview of CTX-1 production. Bone resorption is mediated by osteoclasts and results in the liberation of 
extracellular matrix components such as type I collagen. These protein fibers are cleaved into polypeptide fragments 
such as CTX-I. 
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liberates both the mineral and organic components of bone into serum. The predominant 

extracellular matrix protein of bone is type I collagen, which is cleaved into smaller 

peptide fragments during breakdown such as C-terminal telopeptide I (CTX-I) (Fig. 2). 

Another bone-associated marker is osteopontin (OPN), a protein that is found in the 

extracellular matrix of bones as well as in serum as a soluble and multifunctional 

signaling molecule whose expression is highly upregulated at sites of inflammation (Fig. 

3). Relevant roles of OPN in the context of joint health include stimulation of osteoclast 

binding and activation and potent chemoattraction of macrophages to sites of 

inflammation [22]. In mouse models, OPN knockout and knockdown experiments have 

found that the decreased OPN signaling leads to reduced inflammatory responses and 

more effective healing at sites of connective tissue injury [23].  

 Tendon and ligament tissues are less dynamic and generally have much lower-

magnitude responses to loading compared to bone, but nonetheless do still clearly 

respond to both loading and unloading. These tissues are largely acellular and consist of a 

matrix composed primarily of type I collagen fibers. Short of excessive peak loading 

leading to rupture, cumulative stressing of connective tissues through overuse can still 

Figure 3. Roles of OPN. Relevant roles of OPN in the context of joint health include macrophage stimulation and 
recruitment, regulation of bone resorption, and initiation of osteoclast activity. 
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lead to various forms of tendinopathy. Exact mechanisms are still unclear, but consistent 

features of tendinopathy include inflammation and increased rates of matrix-tissue 

turnover, often resulting in breakdown of type I collagen fibers and replacement with 

mechanically inferior type III collagen. [24]. 

 The joint tissue tasked with absorbing the compressive forces transmitted through 

joints is cartilage, which is composed largely of type II collagen and aggrecan proteins. 

Like tendon and ligament, cartilage tissue turnover is generally very low, but it does 

indeed have the capacity to respond to healthy amounts of mechanical stimulation as well 

as characteristic responses to overloading [25]. As with other joint tissues, both excessive 

peak and cumulative loading can each damage the cartilage structure (Fig. 4). 

Compressive damage results in the destruction of the extracellular matrix and resident 

chondrocytes and activation of an inflammatory response, leading to degradation of the 

tissue. Proteases such as MMP-13 and ADAMTS 4 and 5 break down the extracellular 

matrix, yielding cartilage-specific breakdown products such as C-terminal telopeptide II, 

a cleaved fragment of type II collagen [25]. Conversely, tolerable magnitudes of 

Figure 4. Overview of CTX-II production. Damage and inflammation within the joint space can increase proteolytic 
activity and result in degradation of cartilage, yielding extracellular matrix components such as type II collagen. These 
protein fibers are cleaved into polypeptide fragments such as CTX-II.  
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mechanical stimulation of cartilage result in chondrocyte release of IL-4 and IL-10, anti-

inflammatory cytokines that reduce protease activity and other degradative signaling 

pathways [26]. 

 The specific responses of each tissue to mechanical damage vary depending on 

tissue type and severity, but there are several common biomarkers found broadly across 

the relevant damage response pathways. Tumor necrosis factor (TNF)-α and interleukin 

(IL)-1 β are common cytokines that promote inflammation and activation of various 

immune cells (Fig 5). They are known to be key early pro-inflammatory mediators at 

sites of damage, and also have been shown to have a crucial role in mediating the chronic 

inflammation that defines osteoarthritis [27].  

 Another relevant cytokine with more variable functions is IL-6, a crucial 

stimulator of pro-inflammatory pathways when secreted in response to damage or 

infection (Fig 6). In these contexts, it influences both innate and adaptive immune cell 

development and activity and can enhance the acute phase response [28, 29]. However, it 

Figure 5. Inflammatory cytokine overview. TNF-α and IL-1β are potent pro-inflammatory cytokines released at sites 
of tissue damage, among many other functions. They have been implicated as key mediators of chronic inflammation in 
arthritic joints. 
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also functions as an anti-inflammatory myokine (muscle cytokine) that is released by 

skeletal muscle during exercise, resulting in an immediate and typically transient increase 

in plasma IL-6 levels [30]. By comparison, Yik et al., found that IL-6 concentrations in 

joint tissues following traumatic mechanical compression in mice were relatively 

unchanged immediately after the injury but had increased 8.5 fold by 8 hours post-injury 

and stayed elevated for several days [31]. Thus, the time course and kinetics of changes 

in serum IL-6 concentrations can hint at the sources and subsequent effects of this 

pleiotropic signaling molecule. In addition to these functions, IL-6 is also known to be 

released by osteoblasts as a stimulatory signal for osteoclast development and increased 

bone resorption [32]. 

  

 

 

 

Figure 6. Roles of IL-6. Relevant functions of IL-6 in the context of joint health include stimulation of osteoclast 
differentiation and activity and induction of innate immune cell activity. It is also released by skeletal muscle following 
exercise where it acts as an anti-inflammatory myokine. 
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Summary  

 Falls are a serious and widespread public health concern that place a severe 

burden on the older population and U.S. healthcare system. The frequency and impact of 

falls is expected to grow over the coming decades as the population of industrialized 

countries ages. Risk factors for falls include age and aging-associated conditions such as 

lower body weakness, poor balance, poor vision, and joint degradation. Traditionally, 

non-specific exercise programs have been recommended to counter many of the negative 

processes associated with aging. Conventional balance training programs lead to robust 

and widespread health benefits in older adults, but have not been shown to substantially 

decrease unintentional fall rates. More recently, a task-specific exercise called reactive 

balance training has been shown to be highly effective at increasing balance-recovery 

skills and thus decreasing fall rates in older adults. The principle behind this training type 

is to artificially simulate a slip or trip event, then allow the participant to practice 

regaining their balance. However, while effective, this activity can create very high 

mechanical loads in the joints of the lower limb. The goal was to determine whether loads 

of high magnitude could potentially cause undue structural damage and/or joint pain, 

both of which are strong risk factors of falls themselves. Thus, it is important to 

understand the risk of such side effects of this training type before recommending it as an 

intervention in older adults to reduce falls.  
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Abstract: Falls are a major cause of mortality and morbidity among older adults. One of 
the major risk factors of falls is impaired neuromotor function, which can be addressed 
through conventional exercise programs. While beneficial for many aspects of health, 
conventional training does not appear to greatly reduce the incidence of falls. More 
recently, reactive balance training (RBT) has emerged as a task-specific exercise that is 
highly effective and efficient at reducing subsequent fall rates. However, little is known 
about the tissue-level effects that this high-impact exercise may have on the joints of 
participants. One way to assess joint health is by examining the expression of biomarkers 
associated with tissue-turnover and damage. To explore this problem, healthy middle-
aged adults performed varying amounts of RBT, and the resulting biomarker responses 
were observed. Dependent variables were margin of stability, step length and time, 
change in momentum between heel strike and maximum knee joint flexion of the 
stepping leg, and osteopontin and IL-6 responses measured in serum. In general, 
increases in RBT volume was associated with marked increases in IL-6 and variable 
decreases in OPN. This strongly suggests that RBT induces a meaningful biochemical 
response and the nature and magnitude of the response appears to be influenced by the 
volume and intensity of training performed. 
 
 
Key Words: balance recovery, reactive balance training, older adults, joint health  
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Introduction: 

 Falls in older adults (65+ years) are a serious public health concern, leading to 

high rates of mortality and morbidity as well as placing a great economic burden on the 

healthcare system. In 2020, 36,509 deaths were a direct result of falls, and nonfatal falls 

lead to an estimated 920,000 hospitalizations among individuals 65 and older (Centers for 

Disease Control and Prevention, 2022). The direct cost of all non-fatal falls among this 

population in 2015 was estimated to be $31.3 billion, or $9780 per reported nonfatal fall 

[1]. Among the strongest risk factors for falls are lower extremity weakness and impaired 

sensorimotor function, both of which can be influenced with exercise training [12]. 

 There are numerous documented benefits of exercise training throughout the 

lifespan, including exercises prescribed to reduce both fall incidence and prospective risk 

of future falls. Conventional balance training (CBT) programs are recommended to 

improve neuromotor function and typically involve general strengthening exercises and 

exercise-based balance training. These activities induce many beneficial adaptations, 

including the improvement of lower extremity strength and coordination. However, 

general exercise does not appear to markedly reduce fall risk [5].  More recently, it has 

been hypothesized that increasing the task-specificity of training may more effectively 

generate improvements in balance and balance-recovery and reduce the frequency of 

falls. Reactive balance training (RBT) is a task-specific training that aims to increase 

balance recovery skills by subjecting participants to a perturbation event that simulates 

the destabilization like that experienced before a real-world fall, then allowing subjects to 

practice regaining stability in a controlled environment. Perturbations can be achieved in 
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one of three reported ways: the release of a subject from a static forward lean, rapid 

acceleration of a treadmill belt while standing, and blocking of the foot during gait. 

Evidence from multiple studies including these three methodologies suggests that RBT is 

effective at reducing fall-rates among older adults by ~50% over a time course of up to 

12 months [6]. 

 While RBT efficacy is well-established, the potential effect of this training on the 

health of lower limb joints is less clear. For example, it has been shown that the hip joint 

may experience loads in excess of 8 times an individual’s body weight (BW) when 

recovering from a stumble with a single step and 6.5 BW when recovering balance using 

multiple steps such as when training on a treadmill [7]. Importantly, joint contact loads 

over 7 BW have been shown to be capable of causing spontaneous fractures in the 

femoral neck [8]. While there are no reports in the literature of bone fracture resulting 

from RBT, it stands to reason that mechanical stresses of this magnitude may also 

damage joint-associated tissues including cartilage, tendon, and ligament, leading to 

potential degradation of these structures accompanied by increased markers/symptoms of 

inflammation/damage [25]. Injuries below the level of traumatic fracture such as 

microfractures of the subchondral bone can also occur, and the subsequent response can 

lead to joint discomfort and the development of osteoarthritis (OA), themselves strong 

risk factors for falls.  

The initial response following tissue damage is mediated by various pro-

inflammatory cytokines. One general inflammatory cytokine that is upregulated 

following joint damage is IL-6, a pleiotropic mediator in many different pro- and anti-
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inflammatory signaling cascades. IL-6 has been shown to be transiently and significantly 

elevated following traumatic compression of joints in mice, with peak expression being 

observed 8 hours post-injury in the joint tissues [31]. This interleukin acts as an anti-

inflammatory myokine immediately following exercise, but has pro-inflammatory and 

immunostimulatory effects in many other pathways. The exposure of damage-associated 

molecular patterns (DAMPS) following mechanical disruption of joint tissue leads to 

increased expression of such cytokines and subsequent immune cell infiltration into the 

damaged areas. These immune cells then break down the damaged tissue fragments, 

yielding tissue-specific breakdown products. In the absence of a fracture, 

mechanotransduction of force into chemical stimuli in bone still stimulates similar 

remodeling processes defined by increased rates of tissue turnover. A more tissue-

specific but still multifunctional biomarker is osteopontin (OPN). OPN is a protein that is 

found both in the extracellular matrix of bone and as a soluble signaling molecule in 

serum. It has been shown to have a wide variety of functions, including helping to anchor 

and activate osteoclasts on the surface of bone, serving as a potent chemoattractant for 

macrophages, and influencing differentiation of innate and adaptive immune cells (Lund 

[22] et al., 2009).  

 Considering the growing need for effective fall-prevention strategies, the efficacy 

of RBT, and the potential tissue damage that could result from excessive volumes or 

intensities of high-impact exercise, there is a clear need to investigate the biochemical 

responses induced by repetitive high-impact exercises such as RBT within the joints of 

the lower limbs. Therefore, the purpose of this study was to assess the response of lower 
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limb joint tissues following RBT. To achieve this, we examined the levels of targeted 

biomarkers associated with joint damage, tissue turnover, and inflammation to identify 

RBT volumes that maximize balance recovery performance while minimizing the risk of 

joint damage. 

Methods 

 Overview: This study utilized a randomized, parallel research design to compare 

biomarker responses after performing varying volumes of RBT. Subjects were randomly 

assigned to perform 10, 20, or 30 repetitions of balance recovery at a constant intensity, 

then the resulting biomarkers were analyzed in serum samples. 

 Participants and Preparation: Individuals recruited for participation were 

healthy adults aged 40-65 with no history of lower limb joint injury or disease. Subjects 

in this age range were chosen to minimize the risk of adverse events, as the goal of this 

experiment was to induce joint loads at the upper limit of what may be experienced 

during RBT. Nine subjects (7f, 2m) met these criteria and participated in the study. 

Participants visited the lab on three occasions. Subjects were instructed to maintain 

normal activity levels but avoid strenuous activity and NSAID use for the 7 days leading 

up to the first visit through the 24 hours following the first visit. The first visit included 

sample collection and movement analysis, and the second and third visits included only 

sample collection. All participants met the inclusion criteria of the study and completed 

the informed consent process. The study was approved by the Institutional Review Board 

of Montana State University, protocol #DP050521 
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 Blood Sample Collection: Standard procedures for collection of blood from a 

forearm vein were used to collect blood. Blood was collected twice during the initial 

visit: once immediately before training to establish baseline biomarker concentrations, 

then immediately following (<10 minutes) 

completion of the assigned RBT. A third 

blood sample was then drawn 8 hours after 

completion of the training, +/- 15 minutes 

after completion of the training. Collected 

blood samples were allowed to clot and then 

serum was stored at -80 degrees C until the 

time of analysis (Fig. 7).  

 Balance Recovery Training: Participants performed a reactive balance training 

session using the tether-release method. They were fitted with a climbing harness as 

shown in Figure 8. A detachable tether was attached to the posterior of the harness at 

waist-height. Subjects were leaned forward with their body weight firmly pressed into the 

harness, pulling against the tether. The length of the tether was adjusted so that the lean 

angle was approximately 25 degrees for all participants when leaning forward with their 

feet planted at a designated start point. This angle was measured by hand by placing a 

one-meter measuring stick instrumented with an inclinometer in line with subjects’ 

ankles, knees, hips, and shoulders; subjects were instructed to keep these joints parallel to 

each other in the leaned position. Lean angle was verified after the 1st, 10th, and 20th 

recovery to correct for shifting of the harness or anchor points during recovery. Actual 

Figure 7. Timeline of sample collection. Blood was 
collected immediately before the training to serve as a 
baseline, then immediately following and again at 8 
hours following completion of training. 
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lean angle measured from motion capture data could not be observed until after data 

processing. With subjects in the forward-leaned position, the tether was then released 

after a random time interval between 2 and 10 seconds, causing the subject to fall forward 

and attempt to regain stability. An additional safety rope anchored from above was also 

attached to the harness at shoulder level to prevent participants from hitting the ground if 

balance recovery failed. The safety rope had sufficient slack to not interfere with their 

motion while attempting to recover balance. Participants were specifically instructed to 

recover their balance in a single rapid step using whichever foot they preferred, and they 

performed the training barefoot to eliminate potential variability in force transmission 

through the lower limbs. A failed recovery was classified by either being unable to 

recover without the support of the over-head safety rope or the need to take a second 

additional recovery step (Fig. 8). Participants were randomly assigned to perform either 

10 (n=3), 20 (n=2) or 30 (n=4) repetitions of this recovery exercise.  

A C 

B 

Figure 8. Example of the tether-release protocol. a) Participant set up during prior to release b) Participant 
prior to release and c) Participant during recovery. 
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 The movements of the participant were recorded using 17 inertial motion sensors 

(Xsens Technologies B.V.) attached to participants’ bony landmarks recording at 60 Hz.  

Two force plates (Advanced Mechanical Technologies, Inc.) simultaneously recorded 

ground reaction forces at 100 Hz. The first plate was located beneath the participants feet 

during the static forward lean and the second plate was located directly in front of the 

first to record the ground reaction forces associated with the stepping foot. This also 

ensured a constant landing surface among all participants.    

Motion Capture Analysis: Actual lean angles for 

each participant were measured to verify the 

consistency of recovery intensity. Specific events 

during balance recovery were identified as follows: 

Heel strike (HS) was identified as the moment that 

the lowest point of the stepping foot re-established 

contact with the ground, and knee joint maximum 

(KJM) was identified as the point after heel strike 

at which the greatest knee flexion angle was 

calculated by inverse kinematics for the stepping 

leg. The velocities of the participants’ velocity-

adjusted centers of mass (XCoM) were also 

recorded at each time point and normalized to body 

weight, allowing momenta and margins of stability 

(MoS) to be estimated for each subject’s trial (Fig. 

Figure 9. Motion capture schematic. 
XCoM corresponds to the velocity-adjusted 
center of mass during balance recovery. BoS 
denotes the anterior edge of the base of 
support underneath the participant. MoS 
corresponds to the distance between XCoM 
and BoS. Figure adapted from Barrett et al., 
2012. 
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9)[33]. The relative change in momentum was calculated for each participant by 

measuring the change in velocity HS and KJM. The margin of stability achieved when 

recovering balance refers to the minimum distance between an individual’s velocity-

adjusted center of mass and the anterior border of their base of support (BoS). This 

border was calculated to be the anterior-most point of their stepping foot when planted.  

 Biomarker Assays: IL-6 and OPN were measured in serum from each blood 

collection point. Invitrogen high-sensitivity sandwich ELISA kits were used to calculate 

concentrations of each target biomarker according to manufacturer’s instructions. All 

baseline and 8 hours-post trial serum samples were run in triplicate, the immediate post-

trial serum samples were run in duplicate. All assays were read using a Biotek Epoch 

Microplate Spectrophotometer at 450nm per the kit manufacturer’s instructions. Results 

from assays with poor standard curves (>15% variance) or sample concentrations below 

detection threshold were disregarded. Mean CVs of the IL-6 and OPN assays were 7.05% 

and 5.07%, respectively. 

RESULTS 

 Kinematics: Average lean angles between groups were reported to verify the 

consistency of recovery intensity (Fig. 10).  The overall average lean angle that 

participants were released from was 27.8 degrees, with specific averages of 26.1, 30.7, 

and 27.8 degrees for the 10, 20, and 30 repetition groups, respectively. The average 

margin of stability decreased by roughly 0.3% per trial as subjects completed more  
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Figure 10. Average Lean Angle by Group. The average lean angle among all participants verified after data 
collection was 27.8 degrees, with specific average release angles of 26.1, 30.7, and 27.8 degrees for the 10, 20, and 30 
repetition groups, respectively.   

y = -0.0033x + 0.3186
R² = 0.7756

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 5 10 15 20 25 30

M
ar

gi
n 

of
 S

ta
bi

lit
y 

(m
)

Trial

Figure 11. Mean margin of stability by trial number. Average margin of stability among all participants decreased 
linearly with more balance recoveries. 
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repetitions (Fig.11). This translates to subjects’ centers of mass being an average of ~10 

cm closer to their anterior boundary of support after 30 trials. A similar trend was 

observed with the length of the recovery step, with the average decrease in step length 

being about one third of the decrease in margin of stability (Fig. 12). Average velocities 

of participants’ centers of mass at the time of heel strike were very similar throughout the 

training and did not differ between groups, but center of mass velocities at KJM were 

much more variable between groups (Fig. 13). The 20 repetition group still had an 

average velocity of 0.63 m/sec at this point in the recovery motion, while the 10 and 30 

repetition groups had average center of mass velocities of 0.22 and 0.40 m/sec, 

respectively. By measuring the peak forward velocity of each participant’s center of mass 

during recovery, changes in forward momentum between heel strike and knee joint  
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Figure 12. Mean step length by trial number. Average length of the recovery step taken by participants decreased 
linearly with more balance recoveries. 
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Figure 13. Mean CoM velocity at KJM by group. The average velocity of participants’ centers of mass at the time of 
maximum knee joint flexion during the recovery was highest in the 20 repetition group and lowest in the 30 repetition 
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maximum were able to be calculated for each trial (Fig. 14). It is notable that the average 

relative changes in momentum experienced by individuals in the 20-repetion group were 

considerably lower than the changes experienced by subjects in the 10 and especially 30 

repetition group. 

 Biomarkers: It was observed that serum IL-6 levels were increased ~20-30% 

compared to baseline in all but one participant immediately following training (Fig. 15). 

Concentrations were significantly higher at 8 hours post-training, with the 10, 20, and 30 

repetition groups showing average increases of 82%, 18%, and 114% compared to 

baseline, respectively. Serum osteopontin concentrations were generally decreased at 

both time points regardless of training volume, though the decreases were markedly 

smaller in the 30 repetition group and two of the four subjects who completed 30 trials 

actually showed slight increases in serum OPN concentrations in the 8 hours post-training 

serum sample (Fig. 16). 
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Figure 15. Mean serum IL-6 change by group. IL-6 was slightly increased immediately following RBT and 
substantially increased at 8 hours following training in the 10 and 30 repetition groups. IL-6 was not markedly 
increased at either time point following RBT in the 20 repetition group. 
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DISCUSSION 

 To the best of our knowledge, this was the first study to observe the biochemical 

response of joint tissues to varying volumes of reactive balance training. The observed 

responses strongly suggest relationships between the volume and intensity of reactive 

balance training performed and the subsequent concentrations of target biomarkers.  

 We first evaluated the dynamic balance recovery capability of participants 

throughout all trials using a previously described metric known as the Margin of Stability 

(MoS) [33]. A higher MoS means that an individual regaining their balance was further 

away from the edge of their base of support, and thus is more stable. We observed a 

linear decrease in average MoS, which implies that participants became less stable as 
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Figure 16. Mean serum OPN change by group. OPN decreased on average at all time points for all three groups, 
though the decrease in the 30 repetition group was markedly smaller than the other two groups. 
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they completed more balance recoveries. However, Hsiao et al. have also shown that 

healthy younger adults performing RBT demonstrate gradual decreases in step length and 

MoS with more recoveries, and they assert that this decrease is attributable to participants 

learning to recover more efficiently and achieving the same outcome (a successful 

balance recovery) with less effort (a smaller recovery step) [34]. As such, we are 

confident that all participants performed the task at a similar level throughout all 

repetitions, regardless of grouping.  

 The variable of interest in this study was the volume of reactive balance training 

performed, with intensity of the training being held constant by targeting a 25 degree lean 

angle for all participants. However, the average changes in forward momentum were 

much lower in magnitude for the participants in the 20 trial group compared to the 10 and 

30 trial groups. This suggests that the intensity of the training may have been relatively 

lower for the subjects who completed 20 balance recoveries. It is possible that an 

unintended consequence of randomization lead to meaningful differences in this group 

when compared to others. For example, substantial differences in height or weight could 

influence the stepping response of participants. However, we found no difference in 

participant characteristics between groups. A further possible explanation for this could 

have been that these subjects were inadvertently released from a smaller lean angle, but 

the 20-repetition group was on average released from the highest angle among all three 

groups. Another explanation could have been that these individuals responded more 

“effectively” by extending at the trunk and maintaining a more upright posture upon loss 

of balance, a position associated with more effective recovery of balance[35]. This action 
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would result in smaller center of mass velocities in the horizontal direction at the time of 

heel strike during the recovery step, but this was not observed either; average center of 

mass velocities at heel strike were nearly identical for each group. The most likely 

explanation based on available data is that the individuals in this group did not 

completely arrest their forward motion by the time their knee joint had reached maximum 

flexion, but rather “rolled-through” this point and brought their trailing foot forward to 

where their stepping foot was, rather than reversing the direction of their momentum and 

returning their stepping foot to its original position. This action would result their forward 

motion being dissipated over a greater time interval, a subsequently lower peak in force 

being transmitted through the joints, and is supported by the observation that the 20 

repetition group had greater forward velocities at the point of maximum knee joint 

flexion than the other groups.  

 Interleukin-6 is a common mediator in various inflammatory pathways with 

pleiotropic effects. It is often elevated immediately following skeletal muscle activity, 

where it acts as an anti-inflammatory myokine. [29] While slight elevations in IL-6 

compared to baseline were generally observed immediately following the trial, its highest 

concentrations were consistently measured 8 hours post-trial, suggesting that it likely 

originated from a source other than skeletal muscle. [30] The average changes in 

momentum being far greater for individuals in the 10 and 30 trial groups suggest that IL-

6 responses may be more related to the peak loads experienced during RBT rather than 

cumulative loads, as IL-6 concentrations markedly increased in these two groups but 

were relatively unchanged in the 20 repetition group. By reducing their velocities over a 
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longer period, the individuals in this group likely experienced lower peak forces 

transmitted through the knee and hip joints, resulting in a smaller stimulus to structural 

tissues and subsequently different biochemical response.  

 Osteopontin is a matrix protein found in bone as well as other tissues throughout 

the body, where it is implicated in many signaling pathways mediating the activity of 

osteoclasts and other cells of the myeloid lineage. [22] The average levels of osteopontin 

in the serum of individuals who did 10 or 20 perturbation trials decreased by 20-50% 

compared to baseline, but this decrease was not observed in the individuals who 

completed 30 trials. One function of osteopontin is to anchor osteoclast cells to the bone 

matrix, which increases levels of bone resorption. However, OPN also functions as a 

chemotactic agent for macrophages [22]. Specifically, it has been shown to enhance 

macrophage recruitment into the joint space in models of osteoarthritis. A possible 

explanation for the marked decreases in OPN are the anti-inflammatory cytokines such as 

IL-4 and IL-10 secreted by chondrocytes following moderate mechanical stimulation of 

cartilage [25]. It is well-established that moderate physical exercise can help attenuate 

inflammation-related symptoms of osteoarthritis [26]. Completing 10 or 20 repetitions of 

balance recovery at tolerable intensities could very feasibly have provided optimum 

levels of stimulation for chondrocytes to mount an adaptive, anti-inflammatory response 

that could reduce levels of downstream pro-inflammatory signals such as OPN (Fig. 17). 

The lack of a significant OPN decrease among any of the 30 trial participants would then 

suggest that some combination of the volume and intensity experienced by this group 

may have surpassed this “healthy” threshold of stimulation and begun to induce a less 
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adaptive, more pro-inflammatory response. Dynamic loading of the bones of the lower 

limbs for 30 repetitions at relatively high intensities could also stimulate increased bone 

tissue turnover, further countering the decreased OPN following healthy cartilage 

stimulation.  

 Either of these potential explanations for OPN fluctuations measured in this study 

fit with the observation that unlike IL-6, OPN responses may be affected by both 

intensity and cumulative volume of joint loading experienced in RBT. In the 20 and 30 

trial groups, changes in OPN were essentially the exact inverse of changes in IL-6, with 

the 20 repetition group having the greatest observed decreases in OPN at either time 

point. Despite the subjects in the 10 repetition group experiencing higher magnitude 

changes in momentum compared to the 20 repetition group, their average OPN levels 

also decreased considerably, especially by 8 hours post-trial. These findings confirm the 

need to explore the responses of joint tissues more deeply in response to reactive balance 

training, and also to individuate the effects of differing volumes and intensities of 

training.  

Figure 17. Potential anti-inflammatory mechanism. Chondrocytes in cartilage stimulated by tolerable compression 
release anti-inflammatory cytokines such as IL-4 and IL-10. These anti-inflammatory signals decrease immune cell 
activity and related degradative processes and may be responsible for the observed decreases in OPN following RBT. 
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 There are several considerations required when evaluating the results of this 

study. Firstly, there were a low number of subjects which both limit the number of 

comparisons and the generalizability of the results. However, we are confident that the 

consistency and robustness of the IL-6 response very strongly suggests that this training 

modality does elicit a biologically significant signaling cascade. Secondly, the 

participants in this study were also relatively young compared to the target population 

most likely to be prescribed RBT, and were also screened for any joint-related diseases or 

injury. Thus, the biochemical responses of joint associated tissues to repetitive high 

loading in individuals with older and/or less healthy lower limb joints could differ, 

though it is unlikely that the responses will be significantly lower in magnitude. Third, 

several markers were not able to be accurately measured in this experiment, which limits 

the ability to confirm the primary results of IL-6 and OPN. It is important in future 

studies of this nature to successfully assess these downstream indicators of various 

processes because they allow for more accurate, less equivocal assessment of the 

magnitude and nature of responses to training. Lastly, and perhaps the most important 

consideration in analyzing biomarker response to acute mechanical stimuli is the need to 

differentiate between a healthy adaptive response and a pathological injury-related 

response. Common biomarkers are found on both ends of this spectrum of skeletal and 

connective tissue responses to mechanical loading [25], so other factors including the 

time courses of biomarker concentration changes and baseline joint health of the 

participant must be considered when assessing optimal amounts of reactive balance 

training. In isolation, the results observed from this experiment do not allow this 
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differentiation to be made accurately. However, the difference in osteopontin response 

following 30 trials vs. 20 or fewer does suggest that there may be a physiologically 

relevant turning point beyond ~20 repetitions of balance recovery, though the intensity of 

the perturbations is also very plausibly a factor in the biochemical response of joint 

tissues.  

 In conclusion, the results of this experiment suggest that reactive balance training 

elicits a biochemical response from the joint tissues of participants, and that the nature 

and magnitude of this response is possibly related to training volume, intensity, or both. 

These findings highlight the need to elucidate specific mechanisms underlying such 

responses and further explore the optimum volume and intensity of reactive balance 

training to prescribe to older individuals to optimize the positive learning effect without 

causing inadvertent structural damage. 
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CHAPTER FOUR 

 

CONCLUSION 

 The results observed in this exploration strongly suggest that reactive balance 

training elicits a relevant biochemical response in individuals who perform this training, 

and that the magnitude and nature of the response may be related to training volume, 

intensity, or both. The specific purpose of the experiment was to observe the effects of 

differing training volumes on the biochemical response, but it appears that training 

intensity may have inadvertently differed between groups as well. The trends in 

biomarker responses, specifically IL-6 seemed to be much more closely related to 

average changes in momentum (an estimator of intensity) rather than the number of trials 

performed. This suggests that the intensity of the perturbation may also be a relevant 

factor in the subsequent biochemical response, even if the intensity is still well below 

thresholds of traumatic injury.  

 Discussion about the effects of volume versus intensity on biomarker responses 

naturally lead to questions regarding whether increased volume or increased intensity of 

training is more important in producing the desired outcome from this training, which is 

an increased ability to recover balance following a trip or slip. Balance recovery 

performance was assessed in this experiment by calculating margins of stability. In this 

study the participants displayed decreased margins of stability as the training went on, 

suggesting worsening balance recovery performance. However, this trend is likely not 

informative of the actual learning effects of training as this cohort was very stable to 
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begin with and retained high margins of stability (>20 cm) even after 30 trials. A more 

plausible explanation is that they were approaching the minimal effort expenditure 

needed to maintain balance, evidenced by the shortening of average step lengths as more 

repetitions were completed. Hsiao et al. have shown that healthy younger adults 

performing RBT demonstrate gradual decreases in step length and MoS with more 

recoveries, and they assert that this decrease is attributable to participants learning to 

recover more efficiently and achieving the same outcome (a successful balance recovery) 

with less effort (a smaller recovery step) [34]. Furthermore, out of a total of 190 balance 

recovery attempts in the study, there were only two instances of an individual being 

unable to recover balance, and in both instances the individual did not go forward over 

their anterior border of support, but instead fell laterally. The aim of this experiment was 

not to assess learning during RBT, so generalizable conclusions about balance recovery 

performance cannot be drawn with data collected. Using the tether-release method, a 

better indicator of balance recovery ability is the maximum recoverable lean angle 

(MRLA), or the greatest angle that an individual can be released from while still reliably 

recovering their balance. It is also necessary to consider that there are other methods to 

train reactive balance ability, such as the treadmill acceleration method. More work is 

needed to compare the effectiveness of these different methods at improving balance 

recovery skills, as well as the differing mechanical stresses experienced during each.  

 Another consideration is that the responses in individuals 65 and older could be 

very different from the responses of healthy individuals aged 40 to 65 that participated in 

this study, both in terms of the biochemical response of the joint tissues to repetitive 
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loading and in the learning adaptations to reactive balance training. Individuals younger 

and healthier than the typical target population for reactive balance training were chosen 

for this preliminary study to minimize the risk of participant injury, given that the 

objective of the study was to explore the possibility of inadvertent harm resulting from 

RBT. An additional consideration in this decision was that the approval process and data 

collection took place in the Spring and Summer of 2021, when SARS-CoV-2 vaccine 

availability was still limited and the Delta variant became widespread, further adding to 

risks that most seriously applied to older individuals.  

 It is important to consider that a biochemical response in isolation, especially a 

response of pleiotropic signaling molecules measured in serum, does not necessarily 

mean that the response is maladaptive. This reinforces the need to accurately identify 

more biomarkers that are further downstream in hypothesized signaling cascades and are 

less variable in terms of source and function, such as the breakdown products of type I 

and II cartilage that were targeted but unable to be accurately measured. Although they 

were not able to be accurately analyzed in this experiment, in future sample collections it 

may also be necessary to collect samples targeting tissue-breakdown products certainly 

beyond 8 hours and perhaps beyond 24 hours post-stimulus to allow adequate time for 

osteoclast or protease activity to generate measurable levels of products.   

 The context surrounding changes observed in IL-6 and OPN concentrations 

supports the notion that reactive balance training is not an insignificant mechanical event 

for the joints of the lower limbs and could very conceivably cause harm to these 

structures if conducted in excessive volumes and/or at excessive intensities. While OPN 
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does have widely variable roles, that most of them are related to bone-metabolism or 

immune cell activation give more significance to the different OPN responses between 

the 30 trial group versus the 20 and 10 trial groups. It is both a product and stimulator of 

macrophages at sites of acute and chronic tissue damage, so the lack of an OPN decrease 

after 30 trials could be interpreted as evidence that this group sustained meaningfully 

larger amounts of tissue disruption to the point of offsetting the anti-inflammatory 

chondrocyte signaling that lead to OPN decreases in the 10 and 20 repetition groups. This 

explanation assumes that the reduction in inflammatory signals in cartilage does indeed 

lead to reduced OPN signaling, and is contingent upon this signaling cascade reaching 

outside of the local joint space into circulation for OPN levels to be affected in serum. 

The fact that multiple individuals who did 30 repetitions mentioned feeling fatigued 

during their last 10 trials correlates with the distinct average response observed in this 

group. It be relevant to collect subjective data from participants as they complete training, 

including rates of perceived exertion, fatigue, and discomfort in joints, as these may be 

correlated with the tissue responses and inform optimal training loads for each individual. 

Future experiments could partially verify this explanation by also testing for the presence 

of anti-inflammatory signals like IL-4 or IL-10 in serum and observing how these levels 

correlate with OPN and subsequent cartilage breakdown products.  

 IL-6 is an even more difficult pleiotropic molecule to assess in terms of specific 

functions in response to a single stimulus because of the massive number of pathways it 

is involved in. Pathways relevant to this experiment include the recruitment of leukocytes 

to sites of inflammation, induction of synovial fibroblast proliferation, and osteoclast 
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formation and activation. The idea of these processes causing or being caused by 

increased IL-6 signaling would corroborate with the proposed explanation for observed 

OPN responses. Despite the unknown specific mechanism, the consistent elevation of IL-

6 at 8 hours post-training in all subjects strongly suggests that it is related to the 

mechanical stimulation of structural joint tissues rather than skeletal muscle. Given the 

poor vascularization of cartilage, it also may be unlikely that IL-6 produced in damaged 

articular surfaces could end up in systemic circulation. Products made by cells within the 

joint space are typically only found in systemic circulation when the compressive forces 

in the joint are high enough to damage both the articular surface and subchondral bone, 

leading to bleeding and immune cell infiltration into the joint space [36]. Given that 

damage of this magnitude would likely cause high levels of discomfort that were not 

reported by any participants during the trial, the current available results suggest that the 

increased levels of IL-6 may be specifically released from skeletal tissue. Products 

produced by the skeleton can very easily relocate into serum due to its high vascularity, 

and the process for skeletal tissue remodeling following loading involves bone-resorbing 

osteoclasts, cells whose development and activity can be induced by IL-6 [32].  

 The motivation behind this study was to explore the possible maladaptive, 

damage-related biomarker responses resulting from RBT, but it should also be considered 

that the mechanical loading experienced during RBT can serve as a stimulus for healthy 

adaptation and maintenance of structural tissues. It is very well established that tolerable 

levels of physical activity are beneficial for bone, cartilage, and other connective tissues 

[25, 37]. Various mechanosensory mechanisms in these tissues translate mechanical 
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stimuli into biochemical signals that can ultimately improve or maintain the structural 

capabilities of each tissue. As mentioned previously, compression of cartilage induces 

signaling pathways that favor the maintenance of the extracellular matrix by 

downregulating inflammation and protease activity. Loading induced by RBT could 

potentially help to improve joint health and attenuate symptoms related to inflammation. 

In healthy bone, mechanical loading results in remodeling of the extracellular structure to 

produce a tissue formation that is more effectively oriented to withstand mechanical 

loading. This remodeling process necessarily involves degeneration of existing tissue by 

osteoclasts even when the goal is to ultimately increase the amount of load-bearing tissue. 

Considering this, it is entirely possible that an observed increase in IL-6 following RBT 

could be part of an adaptive remodeling process. Though the capacity for new bone 

synthesis is diminished with age, the response to tolerable skeletal loading is still 

beneficial and protects against excessive bone resorption [25], suggesting another 

possible benefit of RBT beyond increased balance recovery abilities. While also 

beneficial, this protective response would hypothetically involve decreased IL-6 signaling 

and subsequent osteoclast activation rather than increases as part of a larger remodeling 

process. These opposing hypothetical interpretations of IL-6 responses in the context of 

skeletal health highlight the opportunity to obtain a more nuanced understanding of 

differing tissue-level adaptations with age by observing biochemical responses to RBT in 

other populations.  

 The findings in this experiment underscore the need to look further into 

optimizing both volume and intensities of training in the populations of interest to 
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minimize potential harm while maximizing the learning effects of RBT. The observations 

made point to several paths for further exploration. To more accurately determine the 

specific end-effects of RBT-induced signaling cascades, a future experiment should be 

sure to identify downstream biomarkers that more clearly indicate tissue responses. More 

work is also needed to discern between the effects of volume and intensity of RBT on 

both the biochemical response of tissues and on balance recovery performance. Further 

explorations are warranted consisting of older subjects who are more representative of the 

target populations for these training modalities so that the results can more confidently be 

translated into training recommendations for the general older adult population. 
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