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ABSTRACT 

Dissertation Title: The Effects of a Reach To Grasp Training Intervention on Balance 

Responses and Fall-Related State Anxiety  

Nesreen Alissa, PT, MS, Doctor of Philosophy, 2024 

Dissertation Research Directed by: Kelly Westlake, PhD, MSc, MSc, PT, Associate 

Professor, Department of Physical Therapy and Rehabilitation Science, Director of the 

Physical Rehabilitation Science PhD Program. 

The objective of this dissertation was to investigate the relationship of falls efficacy and 

balance confidence with fall-related state anxiety, and the effectiveness of a dual-task 

reach-to-grasp balance perturbation intervention and the relationship between balance 

confidence and intervention responsiveness in older adults. First, the relationship between 

the falls efficacy scale-international (FES-I) and activities-specific balance confidence 

(ABC) scale with psychophysiological state anxiety, measured through skin conductance 

levels (SCLs)) during trip perturbations. Subjective fall-related state anxiety was assessed 

using the Subjective Units of Distress Scale (SUDS)), comparing participants with high 

(FES-I>23) and low (FES-I<23) fall concerns. Results indicated a positive correlation 

between changes in SCL from pre- to post-perturbation with FES-I and a negative 

correlation with ABC. SUDS scores differed between groups based on FES-I 

classifications. Next, the effects of a dual-task reach-to-grasp intervention on grasp 

responses to balance perturbations were investigated. The training involved 30 

randomized walking perturbations with a handrail positioned laterally beside the 

dominant (trained) arm. Pre-training assessment included three unpredictable slip 



perturbations - two accompanied by a cognitive task and one without - with a handrail 

positioned for the trained reach to grasp response. Post-training assessments replicated 

pretest conditions and introduced two additional perturbations to evaluate the transfer and 

generalization of training effects (with the handrail on the non-dominant (untrained) side 

and without the handrail). Analyses focused on grasp accuracy (frequency of grasp 

errors) and grasp time (time from perturbation onset to handrail contact) for both the 

trained and untrained (transfer) arms. To assess generalizability, stability (i.e., distance 

from the center of mass to base of support at first foot touchdown) was calculated during 

a perturbation without a handrail. Findings showed improvements in grasp time and 

accuracy in the trained arm, with only grasp accuracy improvements transferring to the 

untrained arm. No changes were observed in stability during the no-handrail condition. 

Overall, results suggest that FES-I and ABC are indicative of fall-related state anxiety 

during balance perturbations, and that dual task reach-to-grasp training enhances 

performance in the trained arm, with some transfer to the untrained arm, but no 

generalization to stepping responses when a handrail is not present.
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 1 

CHAPTER ONE: INTRODUCTION 

INTRODUCTION TO THE RESEARCH FOCUS 

Falls are the leading cause of fatal injuries (>180,000 deaths in the past 5 years) in 

older adults over the age of 65 in the United States.1 Falls prevalence increases among 

older adults in the presence of fear of falling (FOF),2,3 which occurs in 20-85% of older 

adults.3 FOF is commonly defined as “A lasting concern about falling that leads an 

individual to avoid activities that he/she remains capable of performing”.4 Both injurious 

and non-injurious falls among older adults commonly occur while walking in the 

community (slips, trips, going up and down stairs), and in their own homes (slips, trips, 

going up and down stairs) in the bedroom, kitchen, and bathroom.5–7 Falls under these 

circumstances are sudden and unexpected, requiring quick and efficient reactive balance 

responses to maintain balance and prevent falls.  

Reactive balance is a feedback neuromuscular control process that occurs in response 

to expected and unexpected perturbations with the goal of restoring balance after a 

perturbation. There are two main reactive balance control strategies used to restore 

balance after a sudden perturbation: 1) fixed support strategies which include the ankle 

and hip strategies, and 2) change in support strategies which include the stepping and 

reaching strategies.8 Fixed support strategies are elicited when the balance perturbation 

induces relatively small movements of the center of mass (COM) that do not exceed the 

boundaries of the base of support (BOS). In these strategies, equilibrium is restored using 

torque forces generated around the ankle and hip joints. Change in support strategies are 

elicited when the balance perturbation induces relatively large movements of the COM 

that exceed the boundaries of the BOS. In these strategies, equilibrium is restored by 
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taking a step and/ or reaching out and grasping an object. These largely lower limb 

responses are often accompanied by simultaneous upper limb responses including a 

counterbalancing, protective, or reach to grasp strategy of the arms to regain 

equilibrium.9 This dissertation will focus on upper limb reactive balance strategies, 

specifically the reach to grasp strategy and how FOF interferes with this strategy in older 

adults. 

Compared to young adults, older adults are more likely to reach for a handrail when 

stepping responses are inhibited during external perturbations, however, older adults also 

exhibit a reduced efficiency in the execution of the reach to grasp.9 Older adults have a 

greater frequency of grasping errors, delayed reaction time, and decreased movement 

time.9–11 These impairments in the reach to grasp balance response in older adults may be 

explained by increased cognitive-motor interference with age.12–14 The reach to grasp 

reactive response depends on the ability to quickly and accurately process the available 

visuospatial information to determine the trajectory of the grasp.15–17 Therefore, older 

adults may experience age-related increases in cognitive interference from ongoing 

spatial or non-spatial working memory tasks immediately prior to a balance 

perturbation.12–14 

Impairments in the reach to grasp response exhibited by older adults may also be due 

to psychological interference such as the presence of fear or anxiety. Studies have shown 

differences in balance control strategies between fearful and non-fearful individuals,18–20 

including changes in eye and head movements,20 which may limit available visuospatial 

information. FOF may also interfere with reactive arm responses through the effects of 

anxiety on attention and working memory. Anxiety is associated with changes in the 
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functional connectivity of specific brain regions responsible for emotional regulation, the 

central response to internal and external stimuli, and attentional control (particularly the 

salience network, affective network, default mode network, and executive control 

network).21,22 The effects of anxiety on attentional control are especially concerning, 

given the importance of attentional control and attentional switching during dual motor 

and cognitive tasks. The aforementioned centrally-mediated changes in anxiety levels are 

also associated with hyperactive fear responses and heightened threat responsivity.21 

Previous data from our lab showed that the presence of FOF interferes with upper limb 

reactive balance responses. During repeated lateral perturbations, FOF in older adults 

directly correlated with shoulder abduction.23 The impaired attentional control associated 

with anxiety also interferes with motor learning ability, especially with motor tasks 

requiring attention to visuospatial details such as the location of a handrail. Therefore, 

older adults with higher levels of anxiety may exhibit reduced responsiveness to a reach 

to grasp training intervention compared to those with lower levels of anxiety. This 

indicates that FOF may not only have a detrimental effect on the reach to grasp response 

itself, but it may also interfere with the ability to train this response.  

Current methods of measuring FOF include the use of questionnaires such as the falls 

efficacy scale-international (FES-I) and the activities-specific balance confidence (ABC) 

scale, which while commonly used to measure FOF, have not been specifically validated 

for the measurement of fear. Rather, these were developed and validated to measure other 

fall-related psychological constructs. The FES-I measures self-efficacy related to falls 

which refers to an individual's belief in their ability to perform daily activities without 

falling,24 while the ABC measures balance confidence which refers to an individual’s 
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confidence in their ability to maintain stability and avoid falling during specific 

activities.25 More specifically, it is unclear whether these measures reflect fall-related 

state (during a balance perturbation) or trait (general) anxiety. The few available 

measures of fall-related state anxiety include the question “Are you afraid of falling?” 

and Likert scales of emotional distress such as the Subjective Units of Distress Scale 

(SUDS).26 However, these measures are not as widely known or used among clinicians 

compared to the FES-I and ABC. Measures of fall-related psychological constructs such 

as falls efficacy and balance confidence are effective in identifying secondary 

consequences of FOF such as activity avoidance and deconditioning,27,28 but they fail to 

capture the direct effects of FOF on reactive balance responses. Validating the use of the 

FES-I and ABC to identify older adults who are more likely to exhibit FOF or fall-related 

state anxiety during reactive balance responses would help to better determine the direct 

effects of fear on reactive balance responses. To this end, skin conductance, a measure of 

the skin’s ability to conduct electrical signals, was used to measure psychophysiological 

stress and anxiety.29 Skin conductance can be used to measure general physiological 

arousal, sympathetic activity,30 and anxiety and its link to fear learning.31 

This dissertation will address multiple gaps in our knowledge regarding the reach to 

grasp reactive balance response. We address 1) the need for validated measures of fall-

related state anxiety during reactive balance responses in older adults, and 2) the need to 

investigate whether a 3-week (2 sessions/ week) reach to grasp training intervention can 

improve the efficiency of the reach to grasp response and how fall-related anxiety may 

influence responsiveness to this intervention in older adults. 
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SPECIFIC AIMS 

Overall Objective: To investigate the relationship between falls efficacy, balance 

confidence, and fall-related state anxiety during balance perturbations in older adults, and 

to investigate the effects of a dual task reach to grasp training intervention on the reach to 

grasp response and fall-related anxiety in older adults. 

Specific Aim 1: To investigate the construct validity of the Falls Efficacy Scale-

International (FES-I) and the Activities-Specific Balance (ABC) scale for the 

measurement of fall-related state anxiety during a balance perturbation in older 

adults.  

Hypothesis 1: The FES-I and ABC will significantly correlate with a validated measure 

of physiological fall-related state anxiety (skin conductance levels) during unpredictable 

balance perturbations in older adults.  

Specific Aim 2: To investigate the effects of a 3-week, 6-session unpredictable reach 

to grasp balance perturbation intervention in improving the reach to grasp response 

in older adults.  

Hypothesis 2a: Following training, the reach to grasp accuracy will increase and grasp 

time will decrease in the trained (task-specificity) and untrained arm (transfer).  

Hypothesis 2b: Following training, stability at first foot touchdown will decrease in the 

absence of a handrail (generalization). 

Hypothesis 2c: Pre-training balance confidence (assessed by the ABC scale) will 

positively correlate with the change in reach to grasp time from pre- to post-training. 
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ORGANIZATION OF DISSERTATION 

This dissertation includes seven chapters beginning with the current chapter, 

which summarizes the research problem and provides an overview of the aims. The 

second chapter consists of a systematic review of the literature regarding upper limb 

response strategies during reactive balance responses. Chapter three addresses specific 

aim 1, which involves an investigation of the relationship between FES-I and ABC with a 

validated measure of fall-related state anxiety during reactive balance responses (SCL). 

Chapter four addresses specific aim 2, which involves an investigation of the effects of a 

dual task reach to grasp training intervention on the efficiency and stability of the reach 

to grasp response, interlimb transfer, and generalization to the stepping response, as well 

as the relationship between balance confidence and responsiveness to the reach to grasp 

intervention. Chapter five summarizes the findings of the specific aims of this 

dissertation and ties them together. Chapter six presents potential future directions for the 

results of this dissertation, including the need to clarify the role of fall-related anxiety and 

balance confidence on training responsiveness. 
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CHAPTER TWO: A SYSTEMATIC REVIEW OF UPPER EXTREMITY 

RESPONSES DURING REACTIVE BALANCE PERTURBATIONS IN AGING1 

ABSTRACT 

Background: Balance responses to perturbations often involve the arms in an attempt to 

either restore balance or protect against impact. Although a majority of research has been 

dedicated to understanding age-related changes in lower limb balance responses, there is 

a growing body of evidence supporting age-related changes in arm responses. This 

systematic review aimed to summarize differences in arm responses between older and 

younger adults under conditions requiring counterbalancing, reaching to grasping, and 

protection against impact. 

Methods: Following a systematic review and critical appraisal of the literature, data 

regarding the arm response in studies comparing young and older adults was extracted. 

The resulting articles were also assessed for quality to determine risk of bias. 

Results: Fifteen high quality studies were identified. The majority of these studies 

reported delayed onsets in muscle activation, differences in arm movement strategies, 

delayed movement timing, increased impact forces, and greater grasp errors in older 

compared to young adults. These differences were also identified under varied visual and 

cognitive conditions. 

Conclusions: The studies included in this review demonstrate age-related differences in 

arm responses regardless of the direction and nature of the perturbation. These 

 

1 Alissa N, Akinlosotu RY, Shipper AG, Wheeler LA, Westlake KP. A systematic review of upper 
extremity responses during reactive balance perturbations in aging. Gait Posture. 2020;82:138-146. 
doi:10.1016/j.gaitpost.2020.08.134 
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differences could provide insight into developing more targeted rehabilitation and fall 

prevention strategies. More research is needed to assess whether the identified age-related 

differences are a necessary compensation or a contributory factor to balance impairments 

and fall risk in older adults. 

INTRODUCTION 

Falls are the leading cause of accidental death among adults over age 65, while 

nonfatal falls frequently lead to fractures, traumatic brain injury, reduced levels of 

activity, fear of falling, and reduced quality of life.32 Imbalances resulting in falls are due 

to both intrinsic (e.g. dizziness, fatigue, or postural hypotension33–35) and extrinsic (e.g. 

surface contamination, footwear, uneven and/or challenging surfaces7,36) factors. The 

reactive balance responses to unexpected perturbations introduce time critical challenges 

that are dependent upon intact sensorimotor and biomechanical control mechanisms to 

either restore balance or protect against impact. Although a considerable amount of 

research has been focused on understanding lower extremity responses to balance 

perturbations,37,38 the upper extremities also play a key role in whole body fall 

prevention.39 

With an intact postural control system, including appropriate upper extremity 

responses, falls in young, healthy adults from a standing height rarely involve serious 

trauma.40,41 In fact, wrist fractures are much more likely to occur in young adults 

compared to a higher incidence of head trauma in older adults, suggesting age-related 

differences in protective arm use.42 An observational study in a nursing home setting 

reported that over a third of older adults sustained head impact due to a fall, and an 

alarming 75 % of this group was unsuccessful in the attempt to use the arm to prevent 



 

 9 

impact.43 Among community dwelling older adults, those who fell and sustained a hip 

fracture were also less likely to grab a stable object to break the fall,41 again suggesting 

the critical nature of this response when intact. 

Rapid arm movements after balance and gait perturbations have been shown to act 

simultaneously and in a coordinated manner with lower extremity reactions.44,45 These 

responses have been characterized as counterbalancing, protective, or reach to grasp 

during perturbations from both static standing positions and while walking.45–47 In a 

counterbalancing role, the arms can prevent a fall occurrence by halting or reversing fall 

direction. For example, following a trip, arm movements are generated in the forward and 

upward direction, serving to reduce the center of mass (COM) angular momentum in the 

trip direction.48 Similarly, arm elevation strategies following a slip help to shift the COM 

forward to restore an upright position.46 In a protective role, the arms serve to arrest a fall 

and ultimately dampen or prevent impact at the head or other joints. In these situations, 

the arms must not only generate enough force to prevent collapse, they must also be able 

to move quickly with precise spatial accuracy and appropriate joint positions and 

velocity.49–52 Reach to grasp responses to a nearby handrail or support surface, such as 

may occur in confined bathroom spaces or on stairs, provide a further means to prevent 

falls and related injuries.14,53 Age related differences in the use of these three different 

strategies have been reported. Whereas young adults tend to demonstrate a 

counterbalancing motion in response to a perturbation, older adults tend to move the arms 

in a protective direction.39 In addition, older adults tend to rely on a reach to grasp 

response more frequently than young adults when a handrail is present.54  
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The above-mentioned studies, as well as others, point to the importance of the upper 

extremities in the generation of whole-body or grasping responses to restore balance or as 

the last line of defense against fall-related injuries. As a result, any age-related limitations 

in upper extremity responses to unanticipated perturbations may limit the effectiveness of 

balance control and should be appropriately assessed and incorporated into balance 

rehabilitation and fall prevention interventions. Therefore, in order to better understand 

age-related differences in upper extremity responses to reactive balance perturbations, we 

aimed to review and discuss similarities and discrepancies in currently available 

literature. 

METHODS 

 Search Strategies  

PubMed, Embase (Excerpta Medica Database), Cochrane Library, CINAHL 

(Cumulative Index to Nursing and Allied Health Literature) and google were searched 

between March 1, 2019 and March 27, 2019. All searches were performed in English. 

Keywords included “arm” or "upper extremity" or "upper limb" AND "balance recovery" 

or "trip recovery" or "protective response" or "postural response" or "compensatory 

balance control" or "compensatory reaction" or "fall arrest" or "balance perturbation" or 

"balance reaction" OR "reach to grasp" or "reach grasp" or “reach and grasp” or 

“compensatory arm movement” or “protective arm movement" or "grasping reaction" or 

"arm activation" or "arm reaction" AND “accidental falls” or “postural balance” or “fall” 

or “slip” or “balance” or “trip” or “perturbation” or “stability”. 
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Study Selection 

The search strategy retrieved a total of 665 articles with 231 articles between 

1809 and 2019 in pubmed, 258 articles between 1974 and 2019 in Embase, 114 articles 

from Cochrane Central Register of Controlled Trials (Wiley), and 62 articles between 

1937 and 2019 in CINAHL. Following deduplication, 390 articles remained. The 

PRISMA flow diagram is depicted in Figure. 1. 

 

Figure 1. PRISMA flow diagram of search results and identification of appropriate 
articles to be included in the review 

 

Two independent reviewers [authors R.A. and K.W.] determined eligibility of the 

390 studies. K.W. has experience with writing systematic reviews, N.A., R.A., and K.W. 

have conducted experimental research related to the review topic, and each reviewer 

consulted with the librarian and co-author, A.S. throughout the review process. Any 

conflicts in determination of study eligibility were resolved through discussion between 
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the reviewers. Criteria included (1) studies comparing age related differences between 

healthy older and younger adults (2) studies that focused on reactive arm balance 

responses where balance perturbations during stance or gait were induced unexpectedly 

and/or unpredictably. Studies were excluded if they were not written in English and if 

study participants had neurological deficits, fractures, or any other medical condition that 

could impede their natural response to sudden loss of balance. Following abstract and 

title review, 21 studies were selected for full text review. After hand-searching the 

reference lists of these studies to identify studies that were not captured by the search 

strategy, 5 studies were added. Therefore, a total of 26 studies were moved forward to 

full text review after which 11 studies were removed due to having the wrong study 

design, wrong comparator group, wrong patient population, and wrong outcomes. 

Following these methods, a total of 15 studies were selected for review. 

Quality Assessment 

Two independent reviewers [R.A. and a doctor of physical therapy student, A.B.] 

were then tasked with the quality assessment of all eligible studies. We used the 

Appraisal tool for Cross-Sectional Studies (AXIS), which is a quality appraisal tool 

specifically designed for use in observational cross-sectional studies. Each of these 

reviewers were trained using the AXIS manual, which then served as a reference during 

the assessment of each article. This tool is composed of 20 questions regarding the 

quality of reporting all aspects of the methods and results, quality of study design, and 

risk of bias. The quality of reporting is assessed using seven questions (1, 4, 10, 11, 12, 

16, and 18), the quality of study design is assessed using another seven questions (2, 3, 5, 

8, 17, 19, and 20), and the risk of bias is assessed using 6 questions (6, 7, 9, 13, 14, and 
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15). The answer options for each question are “yes”, “no”, or “do not know”. Three of the 

questions regarding the possible risk of bias (7, 13, and 14) involved information about 

non-responders. However, these questions were not applicable to the studies included in 

this review and were therefore excluded from the quality analysis. Answers were scored 

as 1 if the criteria were met and 0 if the criteria were not met. A total score was calculated 

as the percentage of quality criteria (N = 17) that were met. Study quality with a score of 

≥66.7% was classified as “high”, between 50 and 66.6% as “fair”, and below 50% as 

“low”.55 The two article appraisers [R.A. and A.B.] demonstrated 99.8% agreement for 

the assessment of articles, leaving 3 conflicts, which were resolved through discussions 

between R.A., A.B., and a third reviewer and co-author [KW]. Following quality 

assessment, data were extracted and summarized by N.A. 

RESULTS 

Quality Assessment 

A careful assessment of study quality using the AXIS tool concluded that the 15 

studies included in this review were of high quality (range 70.59 – 94.12%). More 

specifically, all 15 studies met at least 5 of the 7 questions assessing quality of reporting, 

at least 5 of the 7 questions assessing quality of study design, and at least 2 of the 3 

questions assessing risk of bias. Scores for each article are included in Table 1, Table 2, 

Table 3. 

Types of Arm Responses 

Based on the perturbation type and aims of the selected studies, results were 

divided into 3 categories, which included counterbalance, reach-to-grasp, and protective 
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responses to a balance perturbation. The counterbalance category included all studies 

assessing upper extremity responses during perturbations requiring full-body reactions. 

The protective category included studies assessing the ability to reach out and attenuate 

the impact of a fall. The reach-to-grasp category included all studies assessing the ability 

to reach out and grasp a nearby stationary handrail or handhold. Tables 1–3 provide 

details of data extracted from the identified studies. 

Counterbalancing Responses 

Four studies compared counterbalancing arm reactions in older adults (OA) and 

young adults (YA) during unrestricted arm movement13,39,48,56 and two studies compared 

arm use despite being restricted at perturbation onset57,58 (Table 1). Overall, the age range 

for the YA groups was 20 – 35 years and 50 – 87 years for the OA group. Unrestricted 

arm responses were assessed using unpredictable perturbations from a static standing 

position with stepping restrained (anterior and posterior surface tilts39 or translations13 or 

anterolateral and posterolateral tilts39), or slips56 or trips48 while walking over ground. 

Studies in which arm responses were initially restricted included instructions to hold a 

lightweight rod behind the back57 or to walk with arms lightly folded across the chest58. 

Perturbations for these two studies included lateral surface translations from either 

standing or walking in place57 or slips while walking58. Outcome measures included 

shoulder movement onset times, EMG amplitude for the anterior deltoid,13 middle 

deltoid,13,39 and posterior deltoid,13 angular velocity,48,56 flexion/extension moments,56 

momentum,48 and frequency of arm responses57,58. 

All studies that included movement onset times with respect to perturbation onset 

found delays in OA compared to YA. Allum et al.39 reported delays in EMG onset of 
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deltoid muscles during posterolateral platform tilts, but not during pure plane anterior or 

posterior directions. On the other hand, Laing et al.13 using anterior and posterior surface 

translations from static standing, identified EMG delays in deltoid muscles that were 

present regardless of the presence of a secondary cognitive task. In support of these 

delays in EMG onset latencies, Merrill et al.56 also found delays in the onset of shoulder 

movement using kinematic data. 

Age-related differences were also displayed in the direction of arm response 

strategies. Both Allum et al.39 and Roos et al.48 found that arm movement in YA tended 

to be opposite to the direction of a tilt or trip perturbation whereas arm movement in OA 

tended to be in the same direction as the perturbation. The consequence of these 

directional differences is an attempt to restore an upright position by decreasing fall 

directed center of mass displacement in YA (i.e. to restore balance and prevent a fall) and 

an attempt to arrest the fall at impact in OA (i.e. to brace against impact). Merrill et al.56 

observed the opposite tendency in OA and YA during slips. Both OA and YA generated a 

shoulder flexion moment (i.e. to restore balance) at low slip severity, which was 

modulated at high slip severities towards a shoulder extension moment (i.e. to brace 

against impact) in YA, but not in OA. 

Although Maki et al.57 and Tang et al.58 did not focus on the arm response as a 

primary outcome, age-related differences in frequency of use were reported. Maki et al. 

instructed participants to hold a lightweight rod behind their back during lateral stance or 

walking in place perturbations.57 Tang et al.58 instructed participants to walk with arms 

folded across their chest prior to a slip perturbation. Both studies reported an increased 
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number of trials in which the arms were used as part of a balance response, either by 

dropping the rod or by increased shoulder flexion in OA compared to YA. 

Protective Arm Responses 

Three studies compared protective arm responses between OA and YA (Table 2). 

Overall, the age range was 18 – 30 years and 60 – 78 years for the YA and OA groups, 

respectively. In each study, participants were suspended in a forward lean position at an 

angle of 10 degrees50 or 30 degrees from vertical,51,59 with arms positioned alongside the 

body50 or extended forward with hands hovering 1 cm above force plates.51,59 Arm 

responses were assessed following an unpredictable release with the hands landing on 

force plates.50,51,59 Outcome measures included peak impact force and braking time,50 

upper extremity joint kinematics50,51,59 and angular velocity,50,51,59 EMG activity of the 

biceps brachii,51,59 triceps brachii,51,59 anterior deltoid,51 pectoralis major,51 and external 

and internal oblique muscles,51 and energy absorption at impact59. 

Overall, these studies found age-related differences during both impact and post-

impact phases, but only during conditions in which distance to impact was minimized. 

Kim et al.50 found that at short fall distances of 40 or 60 cm, OA had higher peak impact 

force and shorter peak braking time than YA. At the point of touchdown, OA 

demonstrated decreased wrist extension, increased elbow extension, and twice the elbow 

extension and shoulder flexion angular velocities compared to YA. These age-related 

differences were not found during cable releases from larger fall distances of 80 or 100 

cm. Lattimer et al.59 found reduced elbow flexion angle at point of impact and 200 ms 

post-impact, reduced elbow flexion angular velocity at impact, and reduced energy 

absorption at 200 ms post-impact in OA compared to YA. Also at the point of impact, 
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OA demonstrated reduced activity in internal oblique/transverse abdominus compared to 

YA.51 The relationship between muscle strength, tested during an upper extremity task 

designed to simulate the movement plane of a controlled descent, and measures of impact 

were also assessed. In OA, concentric, eccentric, and isometric strength correlated with 

post impact energy absorption and eccentric strength correlated with impact velocity. In 

YA, correlations were only found between concentric strength and energy absorption.59 

Reach to Grasp Responses 

Six studies compared reach to grasp responses to a nearby handrail or handhold 

between OA and YA (Table 3). Overall, the age range was 19 – 30 years for YA and 60 – 

79 years for OA. Perturbations were in the form of surface translations in anterior,10,54,60–

62 posterior,62 or lateral14 directions or waist cable pulls in a posterior60 direction from 

static standing with feet restrained. Grasping responses were to handholds or rails placed 

anteriorly10,61 or laterally14,54,60,62. The unpredictable nature of the grasping task was 

achieved through unanticipated direction of surface translation either with or without 

random placement of the handhold. Additional conditions included vision occluded prior 

to10,61,62 or at the time of perturbation,61 and/or secondary cognitive task conditions10,14. 

Outcome measures included EMG onset latencies of the anterior deltoid,10,14,61,62 middle 

deltoid,14,54,60,61 posterior deltoid,62 and biceps brachii10,54,60,61 muscles, kinematic 

data,10,14,54,60,61 time from perturbation onset to EMG onset,10,14,61 time to contact 

handrail,10,60,61 time from EMG onset to handrail contact,10,14,61 grasp errors 

(overshoot14,54 and collision10,14,54,61), grasp completion,10,14,54,61 direction of grasp,14 and 

which arm was used10,14,61. 
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Conflicting results in age-related changes were identified in the timing of reach to 

grasp execution. Using anterior surface translations, Cheng et al.,61 Mansfield et al.,60 and 

Weaver et al.62 reported delayed EMG onset in either deltoid or biceps brachii muscles 

and time to handhold contact from perturbation onset in OA compared to YA. Delays in 

peak deltoid EMG amplitude in OA were also found, but only during trials in which 

handhold position was predictable. However, these timing differences were not found 

during posterior waist pull perturbations,60 or posterior60 or lateral14 surface translations. 

Of the three studies that investigated the accuracy of grasp responses (end point 

error, handrail collisions, trajectory, likelihood of grasping handrail or reaching with the 

wrong limb), Cheng et al.61 found age-related differences, while Cheng et al.10 and 

Westlake et al.14 did not. Cheng et al.61 found that OA were more likely to sustain 

handhold collisions, less likely to achieve full grasp, and tended to reach with the ‘wrong’ 

limb (contralateral to the handhold) compared to YA. OA were also more likely to raise 

both hands up prior to grasping. Although Westlake et al.14 found no age-related 

differences in handhold collisions, OA were more likely than YA to grasp the handrail 

positioned opposite to the direction of the fall or to demonstrate a bilateral grasping 

response compared to single rail grasps in the direction of the fall in YA. 

Both Westlake et al.14 and Cheng et al.10 investigated the age-related effects of 

cognitive tasks on the reach to grasp response. Westlake et al. reported age-related 

increases in movement time to handrail contact and grasping errors (i.e. collisions) under 

unpredictable lateral perturbations with simple and complex non-spatial working memory 

tasks, but not under the no-cognitive task predictable or un- predictable trials. In contrast, 

although Cheng et al. identified greater grasp response latencies compared to YA during 



 

 19 

unpredictable anterior-posterior perturbations with spatial and non-spatial working 

memory tasks, these differences were no greater than during the no cognitive task 

conditions described above. These authors did, however, report more frequent cognitive 

errors in OA compared to YA. 

King et al.54 and Cheng et al.10,61 explored the role of vision in the control of reach 

to grasp reactions. King et al. used an unexpected and unpredictable anterior perturbation 

and a deception paradigm while participants walked across a room. OA were found to be 

less likely to visually fixate on available handrails prior to perturbation. In addition, 

although OA grasped the handrail more than YA, there were no age-related differences in 

the number of grasping errors and no relationship between grasp error and prior gaze 

behavior. Cheng et al.10,61 studied the effects of the timing of visual information on grasp 

responses following anterior perturbations. OA were more likely to use wrong arm 

reaches (i.e. contralateral to the handhold) and raise up both hands when forced to rely on 

online vision. When relying on stored vision, OA tended to raise hand higher prior to 

grasp, increase the hand trajectory curvature10 and demonstrate greater grasping errors61 

compared to YA. 
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Table 1. Counterbalance 
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Table 1. continued 
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Table 2. Protective 
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Table 3. Reach to Grasp 
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Table 3. continued 
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DISCUSSION 

This systematic review compared upper extremity response timing, kinematics, 

and kinetics in OA and YA following unpredictable perturbations. The methodological 

quality of the 15 included studies was high. Key findings highlight age-related 

differences in reactive arm responses to balance perturbations, whether in an attempt to 

prevent a fall (i.e. counterbalancing or reach to grasp responses) or to protect against 

injury. 

Onset Latency 

Age-related differences in onset latencies of shoulder responses were found in all 

included counterbalancing studies with this outcome13,39,56 although mixed results were 

identified for reach-to-grasp tasks. A startle reflex has been suggested as one possible 

reason for arm reactions following perturbations. However, in all studies except Westlake 

et al.14 onset latencies ranged from 100-265 ms in both older and younger adults, which is 

above the characteristically fast threshold of <100 ms for startle reflexes.63 As a result, 

this reflex is not likely to account for age-related differences in onset latencies even 

during first trial exposure to the perturbation.62 A more likely explanation is the decline 

in sensory input and the central integration of balance-related information in OA 

compared to YA that have been previously identified.64–67 Additional contributing factors 

are age-related decreases in neural transmission speed along the motor fibers and 

impairments in the basic muscle contractile properties.68–71  Nevertheless, without first 

ensuing a necessity to restore balance, the urgency to use the arms as a means to restore 

stability may have been lessened and the use of a voluntary rather than reactive response 

cannot be ruled out. Indeed, evidence of age-related differences in voluntary, but not 
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reactive responses has been identified elsewhere.72 The lack of age-related differences in 

reach to grasp responses when individualized perturbation magnitudes were used also 

lend support to this theory.14 Moreover, it is conceivable that the magnitudes needed to 

induce a reactive as opposed to a potentially voluntary arm response differ based on the 

direction of perturbation. The lack of an aging effect in arm response time during a 

posterior compared to an anterior surface translation using similar perturbation 

magnitudes shed some light on this possibility.62 

Whole Body Response 

During whole body balance responses, two upper limb response strategies 

emerged that differentiated older and young adults. During trips and lateral platform tilts, 

OA demonstrated a tendency to outstretch the arms towards the ground in an attempt to 

minimize injury and protect against fall impact.39,48 In contrast, YA tended to elevate the 

arms in a direction opposite to the fall in an attempt to decrease the forward momentum 

of the body and restore balance.39,48 Slip perturbations resulted in an attempt for OA to 

restore balance rather than break the fall, even at high slip severities when YA 

transitioned to a protective response.56 Taken together, results of these studies suggest 

that the direction of arm responses in OA tends to follow the passive displacement of 

center of mass at perturbation onset (i.e. downward during trips and lateral tilts, and 

upward during slips). The reasons for these differences in response strategies between 

older and young adults are unclear but may be related to a fear of falling and decreased 

confidence in the ability to restore balance in OA, particularly when combined with 

delays in arm movement initiation after an imbalance. A second possibility is trunk 
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stiffness or weakness in OA, which may prevent an immediate active reversal in COM 

displacement as has been shown by Allum et al.39 

Landing Strategy 

Age-related differences in the landing strategies of protective arm responses after 

simulated falls onto outstretched arms were also found across several studies. Regardless 

of the position of the arms prior to fall release (either at the sides or hovering above a 

force plate), OA demonstrated greater elbow extension and greater impact forces or 

reduced energy absorption at the point of impact compared to YA. The combination of 

these results provide key insights into the mechanisms of fall-related injuries, such as 

wrist and hip fractures and even head trauma. One possible explanation for these age-

related differences is the need for adequate eccentric elbow strength to effectively control 

the descent of the body at impact. Relationships identified between eccentric upper 

extremity strength and elbow flexion velocity as well as energy absorption provide some 

support to this possibility. An additional consideration is that the extended elbow position 

at impact may be compensatory in nature to offer biomechanical stabilization in the 

presence of reduced activation of internal obliques/transverse abdominus found in OA. 

However, this landing strategy in OA does not come without a cost as it has been 

identified as a key risk factor for increased fall-related wrist fractures.40,73 Nevertheless, it 

is important to note that age-related differences in protective arm responses were not 

identified at fall release distances greater than 60 cm from the point of impact, suggesting 

that the timing in which arm responses can be employed after fall initiation is critical. 
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Reach to Grasp 

Studies investigating the timing of reach to grasp responses produced the greatest 

variability in results, which may be due to perturbation type and direction as well as 

location of handrail placement. During anterior surface translations, age-related delays in 

reach to grasp movement time were identified regardless of handrail location 

predictability or whether it was placed in front or to the side of participants.60–62 

However, age-related differences in movement time were not identified during posterior 

or lateral surface translations when reaching for a handrail placed to the side.14,62 

Studies investigating age-related differences in the accuracy of reach to grasp 

responses also yielded conflicting results.14,61 Only Cheng et al. found age-related 

differences in grasp response accuracy. However, both Cheng et al. and Westlake et al. 

found that OA were more likely to grasp the rail or handhold with the limb opposite to 

the limb used in YA, which was either contralateral to the handhold placed in front or 

contralateral to the direction of the fall. A tendency to either raise both hands, grasp 

bilaterally, or grasp the handrail opposite to the fall were strategies used by OA in what 

may be attempts to ‘buy time’ prior to grasping. In other words, these strategies may be 

compensatory in nature due to age-related decreases in sensory feedback regarding 

falling direction. While the end result may be increased grasp accuracy, the very specific 

laboratory-based circumstances may not always translate to the variable environments 

and additional cognitive demands of real-world falls. 
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Role of Cognition 

Although both Westlake et al.14 and Cheng et al.10 introduced cognitive tasks prior 

to perturbation, only Westlake et al. reported age-related differences in movement times 

to handrail contact and grasping errors under these cognitive conditions. The increased 

frequency of cognitive task errors in OA in Cheng et al. seems to suggest the presence of 

an interference effect between attentional resources for reactive reaching and the 

cognitive task. However, because the cognitive errors occurred prior to perturbation, the 

interference cannot be attributed to the execution of reactive balance responses. 

Participants were required to retain handhold position within working memory with 

vision occluded during cognitive task performance. Therefore, age-related errors in 

cognitive tasks of this study are likely due to reduced working memory capacity and 

prioritization of an anticipated grasp response. Nevertheless, both studies demonstrate 

similar attention shifting requirements from an ongoing cognitive task to reactive 

reaching demands at the point of perturbation. The lack of age-related differences in 

grasping execution errors in Cheng et al. may therefore be due to the relatively smaller 

perturbation magnitudes and the easily accessed anterior rather than laterally placed 

handhold. 

Limitations 

Results should be interpreted with consideration of the limitations of this review. 

The heterogeneity of methods and outcomes limit the generalization of some findings. 

Perturbation type, intensity, velocity, and displacement varied between studies which 

limited comparison across study outcomes. In addition, all findings were reported without 

an evaluation of arm responses during first trial exposure, which are known to result in 
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more exaggerated findings than the mean of subsequent trials63,74. It should also be noted 

that none of these studies took into account arm dominance or the physical activity level 

to see what effect, if any, these two factors had on study results. 

Clinical Implications & Future Directions 

The findings of this systematic review have a number of clinical and research 

implications. First, differences in arm responses to balance perturbations in older adults 

compared to young adults are highlighted across many perturbation types. These results 

support the importance of developing early assessments and interventions that integrate 

the arms as part of a whole-body response. A few studies have already begun to assess 

the ability to train grasp responses.75–78 However, protocols aimed at training 

counterbalancing and protective arm responses have yet to be developed. Moreover, 

given that older adults are more likely to use their arms to assist in balance recovery,57,58  

preventative training programs should incorporate the use of upper limbs under different 

perturbation conditions and environmental constraints. In terms of research implications, 

there is a need to develop a common set of variables and clinically accessible assessment 

methods of reactive arm responses to balance perturbations. An agreement of such 

assessment tools will strengthen the comparisons across studies and define key variables 

to address in clinical rehabilitation. Further, there is a need to explore the relationship 

between age-related differences in arm responses and the risk of falls. At present, it is 

unknown if the differences between older and young adults are compensatory for other 

age-related deficits or if they are a risk factor for falls. Such studies are necessary in order 

to better direct balance rehabilitation and fall prevention efforts. 
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CONCLUSION 

Age-related differences have been identified in reactive arm responses to balance 

perturbations, whether for counterbalancing, protection against impact, or reach to grasp 

purposes. In general, older adults exhibited delayed EMG and movement onset times 

during counterbalancing and protective responses. During whole body perturbations, they 

tended to move their arms in the direction of the initially passive movement of the trunk 

(i.e. in a protective direction to arrest a fall following a lateral tilt or trip or in a 

counterbalancing motion to restore balance following a slip), which was opposite to the 

direction of arm movement in young adults. When evaluated at the point of impact of the 

hand, older adults demonstrated higher impact forces, resulting in greater potential for 

injuries and fractures. Reach to grasp strategies were also found to be different, with 

older adults tending to grasp with the opposite limb to young adults. Age-related 

differences in cognitive interference have also been identified, although with limited 

research in this area, further investigations are warranted. Therefore, with age- related 

differences in arm responses identified across a variety of perturbation conditions, an 

understanding of the importance of these differences in terms of falls prevention is 

needed before targeted rehabilitation efforts can be established. 
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CHAPTER THREE: VALIDATION OF THE FES-I AND ABC AS MEASURES 

OF FALL-RELATED STATE ANXIETY DURING REACTIVE BALANCE 

PERTURBATIONS IN OLDER ADULTS 

ABSTRACT 

Background: Fear of falling (FOF) is a common concern among older adults, affecting 

balance and heightening the likelihood of falls. However, research on the direct link 

between FOF and fall risk is constrained by the lack of validated tools for measuring real-

time or ‘state’ anxiety related to falls. The Falls Efficacy Scale-International (FES-I) and 

Activities-Specific Balance (ABC) scale, while commonly used for assessing FOF, were 

originally developed and validated for different fall-related psychological constructs – 

specifically, concern or worry about falling and confidence in maintaining balance during 

imagined activities. This study aimed to validate the use of FES-I and ABC in reflecting 

fall-related state anxiety during unpredictable balance challenges by examining the 

relationship between skin conductance levels (SCLs) as a measure of 

psychophysiological state anxiety and clinical assessments of falls efficacy (FES-I) and 

balance confidence (ABC). Furthermore, we investigated the difference in subjective 

state anxiety (assessed using the subjective units of distress scale (SUDS)) between older 

adults with high and low concern about falls using an established cut off score of the 

FES-I.  

Methods: Sixteen community-dwelling and ambulatory older adults (average age 70.29 

± 5.31 years) completed three walking trip perturbations. Outcomes included FES-I and 

ABC, SUDS, and SCL.  To confirm the presence of perturbation-induced state anxiety, 

we used the Wilcoxon signed rank test to compare SCL measurements before and after 
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the perturbations. Spearman’s correlations were then used to analyze the relationship 

between change in psychophysiological state anxiety (SCL) before to after the 

perturbations with the FES-I and ABC scales. Additionally, we investigated differences 

in post-perturbation subjective state anxiety as measured by SUDS between older adults 

with low (FES-I < 23, n = 8) and high (FES-I  23, n = 8) concern for falls using the 

Mann Whitney U test. 

Results: A significant increase in SCL from pre- to post-perturbation was identified (p = 

0.026), suggesting the occurrence of perturbation-induced state anxiety. This increase in 

SCL was positively correlated with both the FES-I (p = 0.011) and ABC (p = 0.017). 

Additionally, SUDS scores differed significantly (p = 0.008) between older adults with 

high vs low concern for falls as determined by FES-I  23 and FES < 23, respectively. 

Conclusions: Results suggest that FES-I and ABC scores are related to perturbation-

induced state anxiety in older adults during balance challenges, thereby providing a tool 

to evaluate how fear of falling may directly impact balance responses and fall risk. 

Further investigations with larger cohorts encompassing a wider range of falls efficacy 

and balance confidence levels are warranted. 

INTRODUCTION 

Falls are the leading cause of fatal injuries among older adults and are a significant 

contributor to severe injuries in this population.1 Fear of falling (FOF) is prevalent among 

older adults, affecting between 20 and 85% of this population.3 Often described as a 

persistent worry about falling, FOF can lead individuals to avoid activities they are still 
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capable of performing.4 This heightened fear increases the risk of falling by a factor of 

3.7 compared to those who do not experience FOF.2  

The falls efficacy scale-international (FES-I) and the activities specific balance 

confidence (ABC) scale are considered gold standards for what is generally assumed to 

be ‘fear of falling’ in both research and clinical settings. However, they were originally 

validated for the assessment of self-efficacy in relation to falls (i.e., perception of balance 

capabilities during particular activities4,24,79 and balance confidence (i.e., confidence in 

the ability to complete particular activities without losing balance or becoming 

unsteady25,80 rather than directly measuring fear or anxiety.  

Trait anxiety - a personality characteristic that predisposes individuals to perceive 

situations as threatening - and state anxiety - defined as a temporary emotional response 

to perceived threats - can significantly impact balance control. Individuals with high 

generalized anxiety exhibit reduced stability during static standing81,82 and perturbed81,83 

balance. Conversely, state anxiety induced by situational postural threats can lead to 

altered balance control strategies such as adopting a stiffening posture, increased center 

of pressure (COP) sway frequency, and reduced COP sway magnitude.18,19,84–87 Although 

these adjustments can provide protective benefits during unperturbed standing, they may 

hinder reactive balance – defined as the ability to maintain or restore stability in response 

to unexpected balance disturbances – as the stiffening response can limit both the 

magnitude and efficiency of corrective responses. To better understand the effects of fall-

related static anxiety on reactive balance following unexpected balance disturbances, it is 

necessary to establish the relationship between clinical measures of fall-related 

psychological constructs and fall-related anxiety during balance perturbations. 
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Studies investigating the effects of FOF on balance often use the FES-I and ABC to 

classify study participants as either fearful or not fearful of falling. Both the FES-I and 

ABC are known to correlate with trait anxiety;88 however, it remains uncertain whether 

they also capture aspects of state anxiety. Given that individuals with trait anxiety are 

more prone to experiencing state anxiety89 and considering the situation-specific nature 

of the items of the FES-I and ABC, it is reasonable to propose that these scales may also 

reflect state anxiety. Understanding the relationship between an individual’s concern 

about falling or balance confidence and the presence of fall-related situational anxiety 

during reactive balance responses could help guide the development of more effective 

and targeted treatment strategies. 

Skin conductance, a psychophysiological measure of changes in the electrical 

conductance of skin, serves as a valid indicator of state anxiety.31,90,91 The activation of 

the sympathetic nervous system in response to heightened anxiety from threatening 

stimuli leads to increased sweat secretion and elevated skin conductance levels (SCLs). 

Although SCL is a validated measure of state anxiety, it is not commonly accessible to 

clinicians and requires a highly controlled environment, which can be challenging to 

achieve in clinic settings. Additionally, assessing psychophysiological fall-related state 

anxiety via SCL requires specialized equipment and trained personnel. In contrast, the 

FES-I and ABC are well-known clinical measures, do not require specialized equipment 

or personnel, and can be easily implemented in clinical practice. 

This study aimed to validate the FES-I and ABC as effective tools for capturing fall-

related state anxiety and to investigate the relationship between FOF, SCL, and subjective 

anxiety experiences during balance perturbations. To accurately evaluate the primary 
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effects of FOF on balance responses, it is important to establish valid methods to reflect 

state anxiety during perturbations. We sought to investigate the correlation between an 

established psychophysiological measure of state anxiety (SCL) and the commonly used 

measures of falls efficacy and balance confidence, FES-I and ABC. We hypothesized that 

increases in SCL immediately following unpredictable balance perturbations would 

significantly correlate with scores on the FES-I and ABC scores in older adults. 

Additionally, we aimed to compare subjective state anxiety, as measured by the 

Subjective Units of Distress scale (SUDS),92 between older adults with low (FES-I < 23) 

vs high (FES-I  23) concern for falls,93 positing that those with higher concern would 

report greater distress during perturbations.  

METHODS 

This study employed a cross-sectional design involving a single group of 16 healthy 

older adults recruited from the local community. Participants were over 60 years of age 

and capable of independently walking at least one city block. Exclusion criteria were 

neurological disorders, significant musculoskeletal or cardiovascular impairments, recent 

major surgery (within the last 6 months), recent hospitalization (within the last 3 months), 

osteoporosis or osteopenia, a Saint Louis University Mental Status Exam score below 27 

indicating cognitive impairments,94 reports of dizziness or shortness of breath, pain 

exceeding 3/10 on the visual analog scale during walking, clinically diagnosed visual or 

hearing loss, and the use of sedative or psychotropic drug use. The study was approved 

by the University of Maryland Institutional Review Board and all participants provided 

written informed consent prior to the start of study assessment procedures. 
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Procedure 

Participants completed three walking trip perturbation trials, interspersed with no-trip 

walking trials using customized profiles on the ActiveStep computerized treadmill 

(Simbex, Lebanon, NH). Participants were kept unaware of the direction or timing of the 

perturbation trials. The treadmill walking speed was adjusted to either 0.9 or 0.8 m/s, 

tailored to each participant’s preferred overground walking speed determined during a 

10m walk test. Treadmill perturbations were induced via a quick posterior acceleration of 

25 m/s2 over 90ms, resulting in a displacement of 0.2 m. This trip perturbation intensity 

was chosen for this study based on previous trip perturbation study that used an 

acceleration of 16.75 m/s2 to induce trip-like perturbations using the ActiveStep95. As this 

study aimed to investigate fall-related anxiety, this acceleration was then tested and 

modified during protocol testing to ensure that it was sufficient to trigger fall-related state 

anxiety. An overhead safety harness was used to prevent falls, and participants were 

instructed to “respond naturally to any balance challenges that may occur.” Immediately 

following each perturbation, participants rated their distress levels using the SUDS, 

indicating their responses during each trial on a scale from 0 (no distress, totally relaxed) 

to 100 (highest anxiety or distress they have ever experienced). 

Psychophysiological Outcome Measures 

Skin conductance was measured using a non-invasive technique that involves 

conducting a small electric current between two surface electrodes placed on the second 

and third fingers. This method allows for the assessment of SCL, which increases with 

arousal and activation of the sympathetic nervous system.90 SCL data were recorded 
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using Biopac software (BIOPAC Systems, Goleta, CA, USA) and analyzed using 

BIOPAC AcqKnowledge 5.0.6 software. 

For SCL measurement, disposable surface electrodes filled with isotonic gel were 

placed on the middle phalanges of the second and third finger of the left hand. This 

placement was chosen based on a previous investigation of 16 sites for the recording of 

skin conductance.96 Placement on the second and third fingers of the hand was found to 

be the most reliable method when recording from the upper limbs. SCL signals were 

sampled continuously at 62.5 Hz for 60 s30 at three specific time points: during quiet 

sitting prior to stepping onto the treadmill (baseline), during quiet standing on the 

treadmill before testing (pre-perturbation), and while standing on the treadmill 

immediately after the first walking trip perturbation (post-perturbation). SCL signals 

were low pass filtered at 1 Hz97 as the frequency of sympathetic physical and cognitive 

stress responses are under 0.25 Hz. External influences on SCL were minimized by 

providing a quiet relaxing atmosphere without any distractions including sounds, smells, 

or excessive heat or cold. 

To account for generalized anxiety (trait anxiety), both pre- and post-perturbation 

SCL values were normalized to the mean SCL recorded during baseline. The 

normalization formula used was:  

Normalized SCL (%) = [100 × (mean SCLn − mean SCL sit)/mean SCL sit]30  

Where mean SCLn represents the average skin conductance over a 60 s period pre-

perturbation or post-perturbation, while mean SCL sit refers to the average SCL during 
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the 60 s period at baseline. The change in SCL was determined by calculating the 

difference between normalized SCL values from pre-perturbation to post-perturbation.  

Subjective Measures of Fall-Related Psychological Concern 

Subjective measures collected during this study included the FES-I, ABC, and SUDS. 

The FES-I and ABC were administered following the completion of the perturbation 

testing procedure. Participants were allowed to rest for a period of approximately 15 

minutes before administering further tests. The instructions for FES-I and ABC stressed 

that responses should reflect how the participants usually feel in order to prevent any 

influence of the perturbation testing on their responses. The SUDS was administered 

immediately after each trip perturbation to assess state anxiety during the balance 

challenges.  Participants were instructed to rate their experience using a scale from 0 (no 

distress, totally relaxed) to 100 (highest anxiety or distress they have ever felt), 

responding to the prompt, “How did the balance challenge make you feel?” 

Statistical Analysis 

Data was tested for normality using the Shapiro-Wilk test and verified through visual 

inspection of histograms. As most outcome data was found to be non-normally 

distributed, all statistical analyses employed non-parametric methods. The Wilcoxon 

signed-rank test was used to compare normalized SCL while standing on the treadmill 

before and after the perturbations, confirming the presence of a perturbation-induced 

increase in state anxiety. Correlation analyses were performed using a Spearman’s rank 

correlation coefficient. To account for the known exaggerated ‘first-trial’ effects, mean 

SUDS scores from the second and third perturbations were utilized. Group comparisons 
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were conducted with non-parametric Mann Whitney U test. All statistical analyses were 

performed using SPSS (IBM version 29.0.0.0), with an alpha level set at 0.05, 

subsequently adjusted for multiple correlations (SCL and FES-I, SCL and ABC) using 

the Bonferroni correction, resulting in a modified alpha level of 0.025. 

RESULTS 

Data from 16 healthy older adults were included in this study. Participant 

characteristics are presented in Table 4. 

Table 4. Participant Characteristics 

Characteristics Mean ± SD 

Age (years) 70.29 ± 5.31 
Sex (F, M) 9 F, 7 M 
Height (m) 1.67 ± 0.09 
Weight (kg) 78.52 ± 15.18 
FES-I 23.59 ± 7.05 
ABC (%) 82.65 ± 13.82 

FES-I: falls efficacy scale-international, ABC: activities-specific balance confidence 
scale. 

 

Normalized SCL post-perturbation was significantly greater than normalized SCL 

pre-perturbation (Z = -2.223, p = 0.026), confirming that the change in SCL was indeed 

due to perturbation-induced anxiety (Figure 2). The changes in raw SCL values at 

baseline to pre-perturbation and post-perturbation are depicted in Figure 3. 
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Figure 2. Change in normalized skin conductance level (SCL) from pre- to post-
perturbation 

 

 

 

Figure 3. Raw SCL values showing the pattern of change in SCL from baseline to pre- to 
post-perturbation 

Significant moderate correlations were found between change in SCL post-

perturbation and the FES-I (rho = 0.618, p = 0.011) and ABC (rho = -0.586, p = 0.017) 

scores. These correlations are depicted in Figure 4. 



 

 43 

 

Figure 4. Correlations between change in normalized skin conductance level (SCL) and 
falls efficacy (FES-I; A) and balance confidence (ABC; B) 

 

Significant between group differences were found in mean SUDS scores between 

older adults with high (40.0 ± 20.16) and low (12.5 ± 8.86) concern for falls (Z = -2.669, 

p = 0.008). This group difference is illustrated in Figure 5. 

 

Figure 5. Group differences in mean SUDS scores between high and low concern for 
falls groups 
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DISCUSSION 

Overall, our findings suggest that, while the FES-I and ABC scales were designed to 

assess falls efficacy and balance confidence, they may also reflect fall-related state 

anxiety during balance perturbations. Notably, we observed a significant difference in 

SUDS scores between older adults with high and low concern about falls.  

As anticipated, we recorded a significant increase in SCL from pre- to post-

perturbation, demonstrating that our balance perturbation successfully induced fall-

related state anxiety. Experimental manipulation of perceived stability is known to 

increase physiological responses including SCL and are accompanied by simultaneous 

increases in self-reported anxiety and fear;85 however, to our knowledge, this is the first 

study to investigate the change in SCL using physical balance perturbations. When 

perceived stability is threatened, the “fight-or-flight” response is activated wherein 

sympathetic nervous system activity increases rapidly, resulting in increased sweat 

secretion, increased heart rate, and pupil dilation. These physiological changes all work 

to help the response to a perceived threat. Previous research has reported similar 

increases in SCL in response to fear- or threat-inducing conditions.85,86,98–101 Studies 

investigating height- and perturbation-induced threats while measuring SCL and 

subjective state anxiety85,98,100 have shown significant increases in both measures; 

however, they did not directly compare changes in SCL with subjective fall-related 

psychological assessments following such threats.  

Our results revealed a significant correlation between the change in SCL from pre- to 

post-perturbation and FES-I and ABC scores. As far as we are aware, this study is the 

first to explore the validity of the FES-I and ABC as indicators of subjective fall-related 
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state anxiety during balance perturbations. Previous investigations into the relationship 

between these scales and generalized anxiety have produced mixed results88,102; however, 

none have specifically addressed the association of state anxiety with FES-I and ABC in 

the context of acute fear-inducing activities like balance perturbations. By examining the 

relationship between FES-I and ABC with perturbation-induced state anxiety, we can 

assess whether these scales adequately capture the emotional responses that occur during 

a perceived threat on balance recovery. Although the instructions within the FES-I and 

ABC address concern and confidence in general terms of how a person “usually” feels, 

this does not preclude the possibility that these scales also reflect state anxiety. Studies 

have shown that people who experience trait anxiety are also likely to experience state 

anxiety during threatening situations.103,104 When completing the FES-I and ABC, 

participants are asked to respond in the context of situation-specific items. This implies a 

form of state anxiety in the moment of those situations as opposed to other measures of 

trait anxiety which ask about the frequency of specific anxiety-related feelings or 

emotions. During the initial development of the original FES, the individual items were 

chosen by asking clinicians to “name the10 most important activities essential to 

independent living that, while requiring some position change or walking, would be safe 

and nonhazardous to most elderly persons”. When the ABC was developed, Powell and 

colleagues asked participants to name the 10 most important activities of independent 

living that would be safe and nonhazardous to most elderly persons – the same question 

asked during the development of the FES – with the additional question of “Are you 

afraid of falling during any normal daily activities, and if so, which ones?” These 
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questions refer to activities that induce a state of concern or fear in the moment of that 

particular activity, which is closely related to the definition of state anxiety. 

A previous study found a significant association between ABC and subjective state 

anxiety measured using the State–Trait Anxiety Inventory in people with stroke, where 

lower balance confidence was related to higher state anxiety.105 Significant associations 

have been found between the FES-I and ABC with fall risk and fall incidence.106–110 The 

FES-I and ABC have also been identified as predictors for falls.111–113 The predictive 

capacity of the FES-I and ABC for falls and fall risk may be linked to their relationship 

with state anxiety during fall-inducing activities, such as balance perturbations. Our 

finding that participants in the high concern group exhibited higher SUDS scores 

indicates the presence of greater fall-related state anxiety during perturbations. Future 

research with larger cohorts is warranted to further investigate this relationship. 

It is important to note that this study serves as an initial investigation into the 

relationship of the FES-I and ABC with fall-related state anxiety during balance 

perturbations in older adults. Additional research including larger samples is needed to 

further validate the use of the FES-I and ABC in this context. While guidelines for 

respondent-to-item ratios can vary considerably,114 larger sample sizes are generally 

preferable. A more expansive participant pool would also facilitate an examination of the 

discriminate validity of the FES-I and ABC compared to other fall-related psychological 

measures such as the modified Fear of Falling Avoidance Behavior Questionnaire 

(mFFABQ). 
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Clinical Implications  

 Balance control during perceived postural threat in older adults is known to be 

influenced by state anxiety.18,84,85 The ability to clinically identify the presence of state 

anxiety in patients is crucial as fall-related state anxiety can influence balance responses 

thereby contributing to balance impairments. The FES-I and ABC were not designed to 

measure the construct of FOF; however, results of this study suggest that they may also 

reflect fall-related state anxiety during balance perturbations and may be used for this 

purpose. It is important to account for how FOF or fall-related state anxiety influence 

clinical balance assessments and treatment efficacy in older adults. 

Limitations 

The current study has several limitations that should be considered. First, the sample 

size was relatively small, which may affect the generalizability of the findings. Future 

research should aim to include larger samples to better assess the discriminate validity of 

the FES-I and ABC in relation to fall-related state anxiety during reactive balance tasks. 

Second, we did not measure the ambient temperature of the laboratory, despite its 

potential impact on sweat production, with both increased and decreased temperatures 

influencing SCL. However, since the change in SCL was normalized to quiet sitting 

within the session, we believe this approach would have helped mitigate the effects of 

any daily temperature variations in the lab. 

CONCLUSION  

This study is the first to assess the validity of the FES-I and ABC scale in relation 

to fall-related state anxiety during unpredictable balance perturbations. Both FES-I and 
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ABC were found to significantly correlate with physiological measures of state anxiety 

during reactive balance tasks in older adults. Additionally, we observed that older adults 

with greater concern about falling reported higher fall-related state anxiety during 

balance perturbations. Together, these results show that the FES-I and ABC could be 

valuable clinical and research tools to help identify older adults who are prone to 

experiencing FOF or fall-related anxiety during reactive balance responses, potentially 

placing them at a higher risk for falls. Future research should leverage the FES-I and 

ABC to reflect state anxiety in the context of unpredictable balance perturbations, 

allowing for a deeper investigation into the primary effects of FOF on balance responses 

in older adults.
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CHAPTER FOUR: REACH TO GRASP TRAINING TO IMPROVE REACH TO 

GRASP EFFICIENCY IN OLDER ADULTS 

ABSTRACT 

Background: Compensatory reach to grasp responses are critical protective mechanisms 

against falls, particularly among older adults. While this strategy is common, older adults 

demonstrate decreased grasp accuracy rates and prolonged movement execution times 

compared to younger adults. An effective reach to grasp response requires rapid attention 

shifting from ongoing activities to the visuo-spatial processing of potential support 

surfaces. Despite its importance in fall prevention, limited research has investigated how 

cognitive-motor training might enhance this protective response. This study investigated 

the efficacy of a perturbation-based dual task training protocol on reach to grasp 

performance and balance recovery.  A secondary aim was to determine whether baseline 

balance confidence corresponded with improvements in reach-to-grasp timing and 

balance confidence. 

Methods: Twenty community dwelling older adults (70 ± 6.2 years) completed a 3-week 

perturbation-based dual task cognitive-motor training intervention consisting of six-

sessions designed to enhance reach to grasp balance responses. Training involved 30 

randomized slip and trip walking perturbations, delivered at four distinct intensities with 

a handrail positioned on the participant’s dominant side. Pre-training assessments 

consisted of three treadmill-induced slip perturbations - two with concurrent cognitive 

tasks and one without – also with the handrail on the dominant side. Post-training testing 

replicated these conditions and included two more: a cognitive task trial with the handrail 

on the non-dominant side (untrained arm) and another cognitive task trial without 
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handrail support. Participants wore a safety harness equipped with a load cell to prevent 

falls and quantify recovery assistance. Responses were video recorded and categorized by 

grasp type (successful grasp, overshoot, undershoot, collision). Kinematic analysis 

quantified grasp timing (perturbation onset to handrail contact) and stability at first foot 

touchdown (FFTD). The assessment battery also included psychological measures 

(Activities-Specific Balance Confidence (ABC) scale, Subjective Units of Distress Scale 

(SUDS)), psychophysiological anxiety indicators (skin conductance levels (SCLs), pulse 

rate variability (PRV)), and sensory function evaluations.  

Results: Following the reach to grasp intervention, significant improvements in grasp 

accuracy (p = 0.007), reduced grasp time (p = 0.009), and decreased perturbation-induced 

anxiety as measured by SUDS (p = 0.046) were found. Transfer effects to the untrained 

arm were also identified by improved grasp accuracy (p = 0.008), although grasp timing 

remained unchanged (p = 0.379) Additionally, reduced subjective fall-related anxiety was 

noted (p = 0.043). In trials without handrail support, post-training assessments revealed 

no significant changes in either stability at FFTD or required harness assistance. 

Psychophysiological anxiety measures, including SCL and PRV metrics, remained stable 

from pre- to post-training. Notably, improvements in grasp timing showed no correlation 

with the baseline ABC. 

Conclusions: Our findings indicate that perturbation-based dual task training can 

effectively improve compensatory reach to grasp responses in older adults, enhancing 

both grasp accuracy and movement time while also reducing perturbation induced 

anxiety. The observed transfer of improved grasp accuracy to the untrained arm suggests 

the potential generalization of motor learning, although temporal aspects of the response 
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may require specific training. Future research should investigate the long-term retention 

of these improvements and explore whether dual task perturbation training that includes 

bilateral reach-to-grasp and stepping responses can achieve greater transfer effects.  

INTRODUCTION  

Falls are the principal cause of injury and death in older adults over the age of 65 

with approximately 1 in 4 adults reporting at least one fall every year.1 Home hazards are 

the most common environmental risk factor for falls.115 Mean falls indoors among 

institutional and community dwelling older adults was 64.72% (range 20-76%) compared 

to 40.23% (range 16-45%) of falls outdoors.115 Circumstances of these indoor falls 

usually involve slips and trips in the kitchen and bathroom, and going up and 

downstairs.5–7 In fact, going up and down stairs was the second leading circumstance for 

injurious falls among older women.7 Despite the availability of nearby handholds in these 

environments (e.g., counters, tables, handrails), falls are still very common.  

Although older adults, compared to young adults, have a greater tendency to 

employ reactive arm responses such as the reach to grasp response following a balance 

perturbation, this response is not always successful in improving balance recovery.9        

Older adults have more frequent grasp errors, leading to collision with, overshoot, or 

undershoot of available handholds. Older adults also experience greater delays in the 

initiation and execution of the reach to grasp response. To our knowledge, only one 

previous study has attempted to investigate the effects of a static perturbation-based 

training intervention on the reach to grasp response76. While improvements in grasp 

accuracy were found, grasp movement time during multi-directional surface translations 
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with the feet immobilized was unchanged. However, this study did not account for the 

effects of cognition or anxiety on the reach to grasp response.  

Dual-task paradigms of simultaneous postural and cognitive tasks show that 

cognitive tasks can interfere with gait and postural control.14,116–118 When one encounters 

an unexpected balance perturbation during daily life, an efficient grasp response requires 

a rapid reallocation of cognitive resources from any ongoing cognitive and/ or motor task 

to the planning and execution of an appropriate reactive balance response via cortical 

integration of visuospatial information.17,119 This rapid attention switching process, which 

involves intact visuospatial working memory to locate and reach for an available 

handhold14,61 becomes slower with age.20,79,120 

The rapid attention switching necessary for an efficient reach to grasp response is 

also affected by anxiety and stress.12,80 Compared to older adult non-fallers, older adult 

fallers produce a greater percentage of grasp errors and increased grasp movement time 

with the addition of a cognitive dual task.14 This difference between older fallers and 

non-fallers could be due to the presence of fall-related state anxiety, leading to deficits in 

attention shifting ability. Anxiety can have deleterious effects on attention switching121 

and working memory.122,123 Compared to a neutral cognitive task, a stressful cognitive 

task results in a greater frequency of grasp errors, which implies an important role for the 

emotional interference of a cognitive task, not merely interference of the cognitive task 

alone.12 This emotional interference is likely due to the shared role of the amygdala in 

both attention control and emotional regulation, leading to over-taxation of the amygdala 

and negatively impacting attention switching capacity.124,125 Thus, an effective reach to 

grasp training intervention must address both cognitive attentional and emotional factors.  
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Previous studies have shown improved reaction times for the lower limbs with 

reactive balance training, indicating the ability to improve neural processing with 

training.126 However, these studies have not addressed attentional or emotional influences 

during reactive balance training of the upper limbs. This study aimed to investigate the 

effects of a dual task unpredictable reach to grasp balance perturbation intervention in 

improving the reach to grasp response in older adults. Furthermore, we investigated the 

impact of emotional interference on responsiveness to reach to grasp training by 

examining the relationship between pre-training balance confidence and the change in 

fall-related state anxiety from pre- to post-training with the change in reach to grasp time 

from pre- to post-training. We hypothesized that following the intervention, 1) reach to 

grasp accuracy would increase and grasp time would decrease in the trained arm and the 

untrained arm will exhibit similar improvements through interlimb transfer, 2) the reach 

to grasp training would generalize to the lower limbs in the absence of the handrail in the 

form of increased stability at recovery step touchdown, and 3) pre-training balance 

confidence (assessed using the activities specific balance confidence (ABC) scale) would 

positively correlate with the change in reach to grasp time from pre- to post-training. 

METHODS 

This was a single group pre-post intervention study including 20 community dwelling 

older adults. Older adults over the age of 60 who were able to walk at least one city block 

with or without a cane were enrolled. The study excluded anyone with significant 

musculoskeletal or neurological impairments as indicated by limitations in activities of 

daily living (less than 6/6 on Katz Index127), clinically identified uncorrected visual loss, 

complaints of dizziness or known vestibular disorders, unable to move through full range 
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of motion against moderate resistance at the shoulder, elbow, or wrist, or a Mini Mental 

State Examination score of less than 24 indicating cognitive impairment128. Although the 

total recruitment goal was 20 subjects, target enrollment was set to 25 to account for a 

20% attrition rate observed in previous older adult intervention studies in our lab. The 

process of participant recruitment is summarized in the recruitment flowchart in Figure 6. 

This study was approved by the University of Maryland Institutional Review Board and 

all participants provided written informed consent before beginning the intervention and 

testing. 
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Figure 6. Recruitment flowchart 
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Testing Procedure 

At pre-intervention, participants completed three walking slip perturbations (two slips 

with a simultaneous cognitive task and one slip without a cognitive task) using 

customized profiles on the ActiveStep computerized treadmill (Simbex, Lebanon, NH). 

The slip perturbations were interspersed with walking trials with and without a cognitive 

task. Participants were unaware of the direction or timing of the perturbation trials. The 

trials without a cognitive task were included to further increase the unpredictability of the 

perturbations. The testing conditions were not randomized as the only condition of 

interest was the second slip with a cognitive task and there were only three perturbation 

trials total. Therefore, there was no danger of within-session training effects influencing 

the results of this study. The second perturbation trial with a cognitive task was the trial 

of interest in order to investigate the rapid reallocation of attention required during the 

reach to grasp response without the potential influence of first trial effects. The treadmill 

walking speed varied between 0.7 - 0.9 m/s based on each participant’s comfortable 

walking speed. Comfortable walking speed was determined through a trial-and-error 

process. Starting at a moderate speed of 0.8 m/s, the speed was adjusted up or down 

based on participant feedback. Treadmill perturbations were induced via a quick forward 

acceleration of -6.29 m/s2 over 0.35 s and a displacement of 0.14 m. A single handrail 

was placed lateral to the participant at wrist height on the side of the dominant arm (the 

trained arm). An overhead safety harness with an integrated loadcell was used to prevent 

falls and calculate the amount of harness assistance. The simultaneous cognitive task 

during testing was a category naming task such as “name as many animals as you can” or 

“name as many fruits as you can” with a different category for each trial. Participants 
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were instructed to “respond to any balance challenges by reaching for the handrail”. After 

each slip perturbation, participants were asked to specify their distress levels using the 

Subjective Units of Distress Scale (SUDS) which indicates the level of distress during the 

slip perturbation from 0 (no distress, totally relaxed) to 100 (highest anxiety or distress 

ever felt). Post-intervention testing followed the same procedure as pre-intervention 

testing but with two additional testing conditions: 1) a slip with a cognitive task and the 

handrail placed on the side of the non-dominant arm (untrained arm), and 2) a slip with a 

cognitive task but without a handrail. The sequence of these two additional slip tests were 

randomized between subjects to avoid the potential influence of within-session training 

effects on the results of this study. Testing and training protocols are illustrated in Figure 

7. 
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Figure 7. Testing and training protocol 

 

Day 1: Pretest

Testing Conditions (handrail present on trained side):

Two walking acclimation trials

Slip with cognitive task

Walk with cognitive task

Walk without cognitive task

Slip without cognitive task

Walk with cognitive task

Slip with cognitive task

Days 1 - 6: Training

30 randomized walking slip and trip perturbations with the handrail placed on the 
dominant side 

Day 6: Posttest

Testing Conditions:

Two walking acclimation trials, handrail on trained side

Slip with cognitive task, handrail on trained side

Walk with cognitive task, handrail on trained side

Walk without cognitive task, handrail on trained side

Slip without cognitive task, handrail on trained side

Walk with cognitive task, handrail on trained side

Slip with cognitive task, handrail on trained side

Walk with no cognitive task, handrail on untrained side

Walk with cognitive task, handrail on untrained side

Slip with cognitive task, handrail on untrained side (randomized)

Walk no cognitive task, handrail absent

Slip with cognitive task, handrail absent (randomized)
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Training Protocol 

 Reach to grasp training consisted of two training sessions per week over a period 

of three weeks.129 Previous reactive balance training using a similar frequency and 

duration resulted in improved reaction time during stepping responses.129 In addition, 

previous studies have investigated neural changes following motor skill learning. They 

found that three weeks of complex motor task learning increased activation in the 

primary motor cortex130 and that only two sessions of complex whole body balance 

training can induce a significant increase in gray matter volume in the frontal and parietal 

brain areas131. The training protocol was similar for each session and consisted of 30 

trials of randomized dual task mixed walking slip and trip trials. The number of training 

trials used in this study was determined based on reach to grasp improvements observed 

in a prior, unpublished pilot study conducted in our laboratory. The simultaneous 

cognitive task during training was a continuous verb generation task where the trainer 

read from a list of nouns such as “horse” and the participant responded with a verb 

related to that word such as “ride”. Training slip perturbations were induced via a quick 

forward acceleration of the treadmill belt at two intensities: -6.29 m/s2 over 0.35 s and a 

displacement of 0.14 m and -5.50 m/s2 over 0.40 s and a displacement of 0.16 m. 

Training trip perturbations were induced via a quick backward acceleration of the 

treadmill belt at two intensities: 11.54 m/s2 over 0.13 s and a displacement of 0.10 m and 

17.0 m/s2 over 0.10 s and a displacement of 0.09 m. Previous research has shown that 

mixed perturbation direction76,132–134 (i.e., slip and trip) training at different intensities 

resulted in reduced fall incidence132,134 and improved dynamic balance,132 balance 

confidence,132 and grasp accuracy76. Previous studies investigating random and blocked 



 

 60 

perturbation-based balance training found that, although they produced similar results135–

137 during post-intervention testing, random training resulted in better retention and 

transfer137 of training effects. On a practical note, high intensity perturbations in general 

produce better results, but can lead to fatigue.138 The inclusion of lower intensity 

perturbations can help reduce the potential for activity-induced fatigue. The specific 

perturbation intensities used were based on preset ActiveStep profiles which were then 

modified to ensure that they produced slip-like and trip-like intensities sufficient to 

induce perceived high and low threat to balance. A single handrail was placed lateral to 

the participant on their dominant side at wrist height. An overhead safety harness was 

used to prevent falls. Participants were instructed to “respond naturally to any balance 

challenges” During the assessments, participants were not explicitly told to reach for the 

handrail.  

Grasp Accuracy  

 Grasp accuracy was identified using video recordings of reach to grasp responses 

during slip perturbations and was calculated as the percentage of successful grasps (i.e. 

not grasp errors) out of total number of grasps across all participants. Grasp errors were 

defined as an undershoot, overshoot, or collision with the handrail (Figure 8).12  
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Figure 8. Illustration of grasp errors 

 

Kinematic Outcome Measures 

Kinematic data was collected using a 6-camera Vicon motion capture system 

(Vicon Motion Systems, Inc., Denver, CO) with a sampling frequency of 120 Hz and 

Nexus software version (2.12.5). Data was recorded using the Vicon plug-in gait marker 

set to capture elbow, shoulder, and heel position and movement. Data was sampled at 120 

Hz and filtered using a low-pass Butterworth filter with a 10 Hz cutoff frequency.  

 Grasp time was defined as the time from slip perturbation onset to handrail 

contact12. Slip perturbation onset was defined as the time at which acceleration of the 

slipped foot heel marker exceeds 0.2 m/s2. Handrail contact was defined as the time at 

which acceleration of the lateral wrist marker of the reaching arm falls below 0.2 m/s2. 

Previous studies defined the start of a perturbation and end of marker movement using a 

0.1 m/s2 acceleration threshold139. However, this acceleration threshold was not 

appropriate in our study because our test included walking perturbations, meaning that 

the heel and wrist markers never decreased to zero acceleration. Visual confirmation of 
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grasp at an acceleration cut-off of 0.1 m/s2 showed that this acceleration threshold was 

too late (grasp had already occurred). Therefore, we used a wrist marker acceleration 

threshold of 0.2 m/s2 which was found to be appropriate after visual inspection and 

confirmation.  

Stability at FFTD in the mediolateral direction (SML) was calculated as the 

distance in the ML plane between the COM and the lateral malleolus marker of the FFTD 

foot. Stability at FFTD in the anteroposterior direction (SAP) was calculated as the 

distance in the AP plane between the COM and the heel malleolus marker of the FFTD 

foot. FFTD was defined as the minimum vertical position of the heel marker immediately 

after the slip perturbation onset. COM was calculated using Plug-in-Gait marker set 

based on the positions of body segments, which are derived from marker trajectories 

using the following equation: 

 140 

Where mi is the mass of the i-th segment, as a proportion of the total body mass, COMi is 

the COM position of the i-th segment, and the sums are over all body segments. 

Anthropometric data including segment lengths and mass proportions were based on 

standard estimates141 of segment masses and COM positions.  

Psychophysiological Measures 

Skin conductance is a measure of the electrical conductance of skin, which 

increases with arousal and activation of the sympathetic nervous system.90 SCL was 

recorded using disposable surface electrodes filled with isotonic gel and placed on the 
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middle phalanges of the second and third finger of the left hand.96 SCL signals were 

sampled continuously at 62.5 Hz for a duration of 60 s30 at each of the following three 

time points: during quiet sitting before standing on the treadmill (baseline), during quiet 

standing on the treadmill before testing (pre-perturbation), and while standing on the 

treadmill immediately after testing (post-perturbation). SCL signals were low pass 

filtered at 1 Hz97 as the frequency of sympathetic physical and cognitive stress responses 

are under 0.25 Hz. Both pre-perturbation SCL and post-perturbation SCL were 

normalized to baseline SCL to rule out generalized anxiety:  

Normalized SCL (%) = [100 × (mean SCLn − mean SCL sit)/mean SCL sit]30  

Where mean SCLn refers to mean skin conductance over a 60 s period pre-

perturbation and 60 s immediately post-perturbation, and mean SCL sit was defined as 

the mean SCL over a 60 s at baseline. Change in SCL was calculated as the difference 

between normalized pre-perturbation SCL and normalized post-perturbation SCL. 

Photoplethysmography (PPG) is a non-invasive technique that uses infrared light 

to detect changes in blood oxygenation levels.142 PPG was recorded using an infrared 

sensor placed on the palmar side of the thumb. PPG signals were sampled continuously at 

2,000 Hz for a duration of 5 minutes at the same three time points that SCL was 

recorded.143 We used PPG recordings to perform power frequency domain analyses of 

pulse rate variability (PRV).142 Power spectral density analyses were chosen over time 

domain analyses because they provide distinct insights into specific frequency bands that 

reflect autonomic sympathetic and parasympathetic activity, which time-domain analyses 

cannot discern.142 The power domain analyses are capable of capturing dynamic changes 

in sympathetic and parasympathetic activity in response to stressors (such as reactive 
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balance perturbations).29 Power spectral density was analyzed after a band pass filter 

between 0.1 – 1 Hz to account for motion artifact and baseline drift.144 Measures of 

power domain included power in the high frequency (HF) band (0.15 – 0.4 Hz) and the 

LF/HF ratio (low frequency (0.04 – 0.15 Hz) power to high frequency power ratio). 

Power in the ultra low frequency band ( 0.003 Hz) was not investigated as it requires a 

long recording duration of 24 hours which was not feasible for this study.142 The very low 

frequency (0.0033 – 0.4 Hz) and low frequency bands were not investigated as there is 

some controversy in the literature regarding the interpretation of these measures.142,143   

PRV power indices were normalized by dividing the individual power 

components by the total power: 

Normalized PRV (%) = [100 × Powern / (Total power)]143  

Where Powern refers to PRV indices pre- and post-perturbation and total power was the 

sum of power in the very low frequency, low frequency, and HF bands. Changes in PRV 

power indices were calculated as the difference between normalized power indices pre- to 

post-perturbation. 

Both SCL and PRV measures were recorded using Biopac software (BIOPAC 

Systems, Goleta, CA, USA) and analyzed using BIOPAC AcqKnowledge 5.0.6 software. 

Harness Assistance 

 Loadcell data was collected using a Noraxon TeleMyo wireless EMG system 

(Noraxon, Scottsdale, AZ). Loadcell signals were lowpass filtered at 8 Hz. Harness 

assistance was defined as the maximal percentage of harness assist over a 1s period 
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immediately after perturbation onset, then converted to a percentage of body weight for 

each individual participant.145 

Clinical Measures  

All clinical measures were collected after the pre-intervention slip perturbation test. 

These measures were used in order to assess participant’s baseline characteristics and to 

ensure that there were no notable differences in baseline dynamic balance, physical 

activity, balance confidence, or sensory function. Clinical balance was measured using 

the Four-Square Step Test (FSST) and the Cognitive Timed Up and Go Test (TUGCog). 

Subjective state and trait anxiety were measured using the SUDS and Beck Anxiety 

Inventory (BAI), respectively. Balance confidence was measured using the Activities 

Specific Balance Confidence (ABC) Scale. The Physical Activity Scale for the Elderly 

(PASE) was used to measure physical activity. Sensory tests included bilateral testing of 

1) the Achilles reflex, 2) proprioception testing of the first toe and ankle, 3) vibration 

testing at the distal interphalangeal joint of the first toe and the lateral malleolus of the 

ankle using a 128 Hz tuning fork, and 4) monofilament testing for loss of protective 

sensation using a 10g monofilament on the plantar side of the first toe and heel. 

Statistical Analysis 

Data were tested for normality using the Shapiro-Wilk test of normality and visually 

confirmed using histograms. The majority of our outcomes were not normally distributed, 

therefore we used non-parametric tests for all our statistical analyses. Non-parametric 

Wilcoxon signed rank tests were used to investigate changes in grasp accuracy, grasp 

time, stability at FFTD, and subjective and psychophysiological fall-related state anxiety 
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from pre- to post-intervention. Non-parametric Spearman’s correlations were used to 

investigate the relationship between ABC and change in reach to grasp time from pre- to 

post-training. All tests were conducted using SPSS (IBM version 29.0.0.0). The alpha 

level was set to 0.05, then corrected to 0.025 for multiple correlations using the 

Bonferroni method. 

RESULTS 

Data from 20 healthy older adults were included in this study. COM data could 

not be analyzed for three participants due to issues with the motion capture. Participant 

characteristics pre- and post-intervention are shown in Table 5. 
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Table 5. Participants characteristics 

Characteristics Mean ± SD 

Age (years) 70.25 ± 6.21 
Gender (#F, #M) 10 F, 10 M 
Height (m) 1.71 ± 0.09 
Weight (kg) 81.54 ± 12.17 

Questionnaires  
PASE 183.19 ± 119.11 
ABC (%) 87.37 ± 14.53 
BAI 4.80 ± 3.60 

Clinical Balance Tests  
TUGCog (%) 1.81 ± 1.67 
FSST 9.62 ± 1.64 

Sensory Tests  
Left  

Proprioception (1st Toe) 19 N, 1 I 
Proprioception (Heel) 20 N, 0 I 
Vibration (1st Toe) 17 N, 3 I 
Vibration (Heel) 20 N, 0 I 
Monofilament (1st Toe) 18 N, 2 I 
Monofilament (Heel) 17 N, 3 I 
Achilles Reflex  17 N, 3 A 

Right  
Proprioception (1st Toe) 20 N, 0 I 
Proprioception (Heel) 20 N, 0 I 
Vibration (1st Toe) 17 N, 3 I 
Vibration (Heel) 20 N, 0 I 
Monofilament (1st Toe) 18 N, 2 I 
Monofilament (Heel) 17 N, 2 I 
Achilles Reflex  17 N, 3 A 

PASE: physical activity scale for the elderly, ABC: activities-specific balance 
confidence scale, BAI: Beck anxiety inventory, TUGCog: percent change in the timed 
up and go test with and without a cognitive task, FSST: four-square step test, N: 
normal, I: impaired, A: absent. 

 

A significant increase was found in grasp accuracy of the trained arm (Z = -2.714, 

p = 0.007), and this increase in grasp accuracy transferred to the untrained arm (Z = -

2.646, p = 0.008) (Figure 9). 
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Figure 9. Violin plot illustrating the change in grasp accuracy of the trained (A) and 
untrained (B) arms where 0 represents a grasp error and 1 represents an accurate grasp. 

 

Grasp time also significantly decreased in the trained arm (Z = -2.613, p = 0.009), 

but this decrease did not transfer to the untrained arm (Z = -0.879, p = 0.379) (Figure 10). 

 

Figure 10. Change in grasp time of the trained (A) and trained (B) arm. 

 

 Regarding generalization of reach to grasp training to the stepping response, 

posttest SAP and SML at FFTD in the absence of a handrail was compared to pretest SAP 

and SML at FFTD during the slip with a cognitive task and handrail. No significant change 

was found in SAP (Z = -1.293, p = 0.196) or SML (Z = -0.910, p = 0.363) at FFTD, or in 

A B 

A B 
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percent harness assist (Z = -1.362, p = 0.173). Changes in SAP and SML at FFTD are 

presented in Figure 11.   

 

Figure 11. Change in SAP (A) and SML (B) at FFTD and percent harness assistance (C) 
from pretest to posttest.  

No significant correlations were found between pre-training ABC scores (rho = -

0.375, p = 0.125) with the change in reach to grasp time from pre- to post-training. 

Posttest SUDS scores significantly decreased during the reach to grasp response with the 

trained arm (Z = -2.000, p = 0.046). Posttest SUDS scores with the untrained arm also 

significantly decreased (Z = -2.025, p = 0.043) compared to pretest SUDS scores with the 

trained arm. These changes in SUDS are illustrated in Figure 12. There were no 

significant changes in any of the psychophysiological measures of state anxiety: SCL (Z 

= -1.136, p = 0.256), HF power (Z = -0.597, p = 0.550), and LF/HF ratio (Z = -0.483, p = 

0.629) (Figure 13). Changes in all outcomes are summarized in Table 6. 

A B C 
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Figure 12. Change in SUDS scores during reach to grasp of the trained arm (A) and 
untrained arm (B). 

 

 

Figure 13. Change in SCL (A), HF power (B), and LF/HF ratio (C) from pretest to 
posttest. 
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Table 6. Change in outcome measures from pretest to posttest 

 Pretest Posttest Z p-value 

Grasp Accuracy  
(Trained Arm (%)) 

25 90 -2.714 0.007 

Grasp Time  
(Trained Arm (s)) 

0.435 ± 0.18 0.284 ± 0.07 -2.613 0.009 

Grasp Accuracy 

(Untrained Arm (%)) 

25 80 -2.646 0.008 

Grasp Time  
(Untrained Arm (s)) 

0.435 ± 0.18 0.376 ± 0.14 -0.879 0.379 

SUDS (Trained Arm) 41.43 ± 25.16 33.0 ± 30.97 -2.000 0.046 
SUDS (Untrained Arm) 41.43 ± 25.16 33.0 ± 23.64 -2.025 0.043 
SCL (%) 57.40 ± 82.55 39.45 ± 59.54 -1.136 0.256 
HF Power (%) 0.33 ± 17.90 -2.03 ± 16.42 -0.597 0.550 
LF/HF Ratio 0.02 ± 0.94 -0.54 ± 2.77 -0.483 0.629 
Harness Support (%BW) 0.17 ± 0.09 0.12 ± 0.06 -1.362 0.173 
SAP at FFTD 0.11 ± 0.08 0.13 ± 0.08 -1.293 0.196 
SML at FFTD 0.04 ± 0.11 0.01 ± 0.12 -0.910 0.363 
SUDS: subjective units of distress, SCL: skin conductance level, HF: high frequency, 
LF: low frequency, %BW: percent body weight, SAP: stability in the anteroposterior 
direction, SML: stability in the mediolateral direction, FFTD: first foot touchdown. 

 

DISCUSSION 

The purpose of this study was to determine whether a perturbation-based reach to 

grasp training intervention improves the reach to grasp response of the trained arm and 

whether improvements transfer to the untrained arm. Generalization of reach to grasp 

training to the stepping response in the absence of a handrail and the relationship between 

pre-intervention ABC and change in grasp time from pre- to post-intervention were also 

investigated. Overall, our results reveal that the accuracy and speed of the reach to grasp 

response can be trained and that improved grasp accuracy, but not grasp time, transfers to 

the untrained arm. We also showed that training the grasp response does not generalize to 

the stepping response in the absence of a handrail. Additionally, we found that our 

intervention reduced subjective, but not psychophysiological, state anxiety. Balance 
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confidence pre-training and the change in SUDS from pre- to post-training did not 

significantly correlate with the change in reach to grasp time from pre- to post-training. 

Our finding of improved grasp accuracy and grasp time in the trained arm is 

consistent with previous research in lower limb motor learning during reactive balance 

responses. Studies investigating training paradigms of single and mixed stance and 

walking slip and trip perturbations found improved lower limb and trunk responses.76,146–

150 Our findings are also consistent with one other study that investigated the effects of 

grasp training on grasp response.76 This previous study by Mansfield and colleagues only 

found improvement in grasp accuracy, whereas this study resulted in improved grasp 

accuracy and grasp time of the trained arm. This study also adds to the literature by 

investigating whether training one arm transfers to the other arm. Differences between 

this intervention and the previous reach to grasp study intervention include type of 

perturbations, immobilization of the feet, and intervention dosage. Perhaps the most 

important difference between interventions was our use of a cognitive-motor dual task 

paradigm during training and testing. This is especially important for a reaching response 

due to the crucial role of working memory in the attention switching and visuospatial 

aspects of grasp. A successful reach to grasp response following a sudden unpredictable 

balance perturbation requires rapid reallocation of attention from the cognitive task to the 

salient visuospatial information.17,119,151 The observed improvements in grasp accuracy 

and time may have occurred as a result of strengthening of the neural pathways 

responsible for attention switching as well as those responsible for the planning and 

execution of a reach to grasp motion.152,153 
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Attention in the brain is an ongoing competition between incoming sensory input 

where top-down sensitivity control increases or decreases the neural representation of 

certain information which increases or decreases its probability of access to the working 

memory.151 Working memory then makes the decision on which input is given greater 

attention. However, in the case of sudden unexpected salient stimuli (such as a sudden 

unpredictable external perturbation) the sensitivity of sensory input can be modulated by 

the salient stimuli, allowing them quick access to working memory and attentional 

priority.151 Our findings suggest that dual task cognitive and reach to grasp reactive 

balance training may improve the reach to grasp response by enhancing the capacity of 

neural networks to improve attention switching and emotional regulation of attention 

during a reaching response. 

It is unclear in this study whether improvements in grasp time (time from 

perturbation onset to handrail contact) were the result of improvements in the initiation or 

execution of grasp due to the difficulty of determining grasp movement onset when the 

arm is already in motion (arm swing during walking). However, we believe that the 

improvement was in the execution of the grasp. This is based on a previous investigation 

of the reach to grasp response, which found improvements in the movement time of 

grasp, but not in biceps muscle onset time.76 Additionally, a study comparing the reach to 

grasp response in older adult fallers and non-fallers found significant differences in 

movement time of the wrist, but not in anterior and middle deltoid muscle onset times.14 

The finding of improved grasp accuracy in the untrained arm provides evidence 

that some benefits of perturbation-based reach to grasp training of one arm can be 

transferred to the other arm. This is consistent with previous studies investigating 
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interlimb transfer during simple tasks in the upper limbs154,155 and during repeated 

reactive balance perturbations in the lower limbs.156,157 However, not all aspects of reach 

to grasp training (i.e., grasp timing) transferred to the untrained arm. It is possible that 

during a novel condition such as a reach to grasp response of the untrained arm, accuracy 

is given priority over speed (i.e., faster responses are less accurate and slower responses 

are more accurate).158 

Contrary to our hypotheses, stability at FFTD and in-task falls did not 

significantly increase when the handrail was removed, indicating that the reach to grasp 

training did not generalize to the stepping response. However, stability at FFTD and in-

task falls did not significantly decrease either, which indicates that reach to grasp training 

does not negatively impact the stepping response in the absence of a handrail. It is 

possible that backward acceleration of COM velocity during the slip perturbations159 

decreased with training or that participants shifted their COM forward in anticipation of a 

slip,160  thereby reducing the need to increase stability. Both of these COM strategies 

have been documented in previous studies investigating COM changes in response to 

repeated slip perturbations.159,160 

Also contrary to our hypotheses, ABC scores pre-training did not significantly 

correlate with the change in reach to grasp time from pre- to post-training. Our study 

sample included participants with relatively high balance confidence. This limited our 

ability to examine the relationship between pre-training ABC scores and the change in 

grasp time as older adults with lower balance confidence may have responded differently 

to the reach to grasp intervention. We would expect that older adults with lower balance 

confidence at the start of the intervention would produce a smaller change in reach to 
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grasp time due to difficulty in coping with the emotional perturbations associated with 

the physical perturbations.  

Although psychophysiological state anxiety did not decrease from pre- to post-

intervention, subjective state anxiety did significantly decrease. However, there was a 

high level of variability in the pretest and posttest SUDS scores which leads to difficulty 

in the reliable interpretation of this result. The discrepancy between the results of 

subjective and physiological state anxiety measures may have been due to the 

documented disparities between perceived and physiological fall risk.161,162 

The lack of change in psychophysiological state anxiety may have been due to the 

role of threat and state anxiety in the allocation of attention. Increased perceived threat 

results in greater attention being directed towards movement and threat-related stimuli 

(i.e., the balance response) and less attention directed towards task-irrelevant information 

(i.e., tasks unrelated to the movement).163 A study using pain-induced threat found that 

higher trait anxiety was associated with a slower response rate whereas higher state 

anxiety was associated with a faster response rate.164 Therefore, a certain amount of state 

anxiety may be beneficial to reactive balance by facilitating the rapid allocation of 

attention necessary for a successful reach to grasp response. However, excessive or 

chronic levels of anxiety such as those exhibited in people with trait anxiety may result in 

reduced efficiency of the reach to grasp response. This is supported by research in 

various anxiety disorders wherein structures of the salient network such as the amygdala 

and anterior insula become overactive.165,166 This in turn leads to a decrease in the 

excitability threshold of the salient network and upregulation of non-threatening stimuli 

and exaggerated stress responses.167,168 
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The lack of reduction in psychophysiological state anxiety may have also 

contributed to the lack of change in stability at FFTD. Several studies have documented 

the presence of a stiffening strategy of the COM in the presence of a perceived 

threat.20,84,85,163,169,170 Exposure to a height-induced threat during static standing results in 

a stiffening strategy characterized by increased co-contraction of the tibialis anterior and 

soleus muscles, decreased COM sway amplitude, increased COM sway frequency, 

increased autonomic activity, increased FOF, and decreased balance 

confidence.84,167,168,171–173 This stiffening strategy becomes more prominent with age and 

the addition of a cognitive task.167,168 

Limitations 

It is possible that a portion of the state anxiety levels recorded by SCL and PRV 

resulted from performance anxiety during the cognitive task. Participants in this study 

expressed some anxiety in relation to their responses to the cognitive task. However, state 

anxiety levels in this study were confirmed by the SUDS scores, where participants were 

instructed to indicate their perceived levels of distress specifically during balance 

perturbations. In addition, there were a few participants for whom COM could not be 

calculated, which may have contributed to the lack of significant change in stability at 

FFTD in our sample. We also did not compare responses during left foot vs right foot 

perturbations; however, this limitation will be addressed in subsequent analyses 

investigating the mechanisms contributing to the improvements observed in this study. 

Finally, our study sample was skewed in terms of balance confidence towards a higher 

balance confidence sample, which limited our ability to examine the influence of low 
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balance confidence on the responsiveness of older adults to the reach to grasp 

intervention. 

CONCLUSION 

In summary, a three-week unpredictable perturbation-based reach to grasp 

training intervention resulted in improved grasp accuracy and reduced grasp time in the 

trained arm, but only the improved grasp accuracy transferred to the untrained arm. The 

reach to grasp training did not generalize to the stepping response in the absence of a 

handrail and there was no significant correlation between pre-training ABC and the 

change in grasp time from pre- to post-perturbation. Subjective, but not 

psychophysiological, state anxiety decreased following the reach to grasp intervention. 

Overall, perturbation-based reach to grasp training appears to be a promising intervention 

for improving reactive balance and preventing falls in older adults. However, the role of 

balance confidence and fall-related anxiety in the responsiveness to a reach to grasp 

training intervention remains unclear. The next step in this research would be to further 

investigate the mechanisms contributing to improved reach to grasp with training. Future 

studies could also investigate the effects of a reach to grasp training intervention on 

balance recovery and stability in real-world indoor and outdoor settings. 
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CHAPTER FIVE: DISCUSSION AND SUMMARY OF FINDINGS 

MAJOR FINDINGS AND DISCUSSION 

The purpose of this dissertation was to investigate the relationship of the falls 

efficacy scale-international (FES-I) and activities-specific balance (ABC) scale with fall-

related state anxiety and to explore the efficacy of a dual task reach to grasp training 

intervention in older adults. Chapter one began with a brief introduction highlighting the 

importance of the upper limbs during reactive balance responses and how state anxiety in 

the moment of a balance perturbation and trait anxiety in the form of fear of falling (FOF) 

may affect reach to grasp reactive responses. Furthermore, we explain the importance of 

clinical identification of fall-related state anxiety and how these measures contribute to 

investigations of the mechanisms by which fall-related state anxiety influences reactive 

balance responses. Chapter two systematically summarized the literature regarding age-

related differences in the role of the upper limbs during reactive balance responses. We 

established that, compared to young adults, older adults used the reach to grasp responses 

more frequently, but with greater delays and reduced grasp accuracy. Furthermore, the 

addition of a cognitive task resulted in greater detrimental effects on the reach to grasp 

response. These results gave rise to the specific aims of this dissertation. Specific Aim 1 

(chapter three) investigated the construct validity of the Falls Efficacy Scale-International 

(FES-I) and the Activities-Specific Balance (ABC) scale for the measurement of fall-

related state anxiety during unpredictable balance perturbations in older adults. We 

hypothesized that the FES-I and ABC would significantly correlate with a validated 

measure of physiological fall-related state anxiety (skin conductance levels (SCLs)) 

during unpredictable balance perturbations in older adults. Specific Aim 2 (chapter four) 
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examined the effects of a three week perturbation-based dual task cognitive-motor reach 

to grasp reactive balance training intervention in older adults on 1) the reach to grasp 

response of the trained arm and whether this training transferred to the untrained arm, 2) 

generalization of reach to grasp training to stability of the stepping response (stability at 

first foot touch down (FFTD)) in the absence of a handrail, and 3) the relationship 

between pre-intervention ABC and the change in grasp time from pre- to post-

intervention. We hypothesized that the reach to grasp training intervention would result 

in 1) improvement of the reach to grasp response (i.e., increased grasp accuracy and 

reduced grasp time) of the trained arm which would also transfer to the untrained arm, 2) 

generalization of improvements to the stepping response resulting in increased stability at 

FFTD in the absence of a handrail, and 3) positive correlations between pre-training ABC 

scores and the change in reach to grasp time from pre- to post-training.  

Given the difficulties of examining the effects of FOF and state anxiety on 

reactive balance responses, we began our investigation by exploring the validity of 

widely used clinical measures of fall-related psychological constructs (falls efficacy 

assessed by the FES-I and balance confidence assessed by the ABC) as indicators of 

perturbation-induced state anxiety. We also investigated whether fall-related state anxiety 

(assessed using SUDS) differed between older adults with high vs low concern about 

falls. In chapter three, we determined that both the FES-I and ABC significantly 

correlated with SCL during unpredictable balance perturbations. We also found 

significant group differences in SUDS scores between older adults with high and low 

concerns for falling. This relationship between FES-I and ABC with fall-related state 

anxiety is likely due to the situation-specific nature of the items in these scales. Although 
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the FES-I and ABC inquire about falls efficacy and balance confidence in general, the 

individual items themselves relate to these constructs in the context of a specific task. 

During the development of the FES-I and ABC, the individual items were chosen by 

asking clinicians to name the most important activities for daily living for the 

development of the FES-I, with an additional question about which normal daily 

activities induce a fear of falling for the development of the ABC. Such questions are 

essentially asking which activities induce a state-fear response; therefore, it was not 

surprising that the observed correlations with fall-related state anxiety were significant. 

Next, we explored the efficacy of a three-week perturbation-based dual task reach 

to grasp training intervention on the reach to grasp balance response, whether this 

intervention results in interlimb transfer or generalizes to the stepping response, and the 

relationship of pre-training ABC scores with responsiveness to the intervention in older 

adults. We found improved grasp accuracy and reduced grasp time in the trained arm; 

however, only improved grasp accuracy transferred to the untrained arm. Improvements 

did not generalize to the stepping response as there was no change in stability at FFTD or 

harness assistance when the handrail was removed. No significant correlations were 

found between pre-training ABC scores and the change in reach to grasp time from pre- 

to post-training. There was also a significant change in SUDS scores from pre- to post-

training.  

We found, in common between our aims, the presence of perturbation-induced 

state anxiety in the form of increased SCL from pre- to post-perturbation. During our 

intervention, this state anxiety likely affected the reactive reach to grasp response by 

interfering with the rapid switching of attention from the continuous cognitive task to the 
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reach to grasp response. The prefrontal cortex (PFC) acts as the executive controller for 

working memory, which is essential for the rapid reallocation of attention necessary to 

produce a quick and accurate grasp. A possible mechanism behind any observed increase 

in speed of attention switching is that training the reach to grasp task may have resulted 

in this movement becoming more automatic, thereby reducing the load on the PFC and 

improving the efficiency of working memory.  

Anxiety is also associated with increased activity in the default mode network,165 

which works reciprocally with the PFC and salience network to control attention.151,165,166 

Additionally, anxiety is associated with reduced activity of the dorsolateral PFC and 

slower reaction times,22 as well as increased activity of brain regions within the salient 

network. It is possible that anxiety causes a decrease in the excitability threshold of the 

salient network, leading to overactivity of the salient network and hindering its ability to 

identify and reallocate attention to true threats. Unfortunately, our sample included older 

adults with relatively high balance confidence on the ABC which hindered our ability to 

examine the effects of low balance confidence on the reach to grasp response in older 

adults.  

We found, in common with previous studies,174–176 that upper limb task accuracy 

training of one limb can transfer to the other limb; however, upper limb task timing did 

not transfer. Previous studies have found that muscle strength was associated with 

reduced reaction time in older adults.177,178 Compared to the non-dominant arm, the 

dominant arm often has significantly reduced muscle strength and longer reaction 

time.179–181 In addition, muscles of the dominant hand show long term adaptations in 

muscle fiber composition including lower motor unit average firing rates and lower 
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recruitment thresholds, indicating a possible increased percentage of slow twitch fibers 

and allowing greater force production to occur at lower firing rates.182 These differences 

between the dominant and non-dominant arm may indicate that skills related to timing 

may not be transferrable, or that they require more intense training to produce results.  

There was no significant correlation between pre-training ABC scores and 

changes in reach-to-grasp time from pre- to post-training. As our study sample primarily 

consisted of participants with relatively high balance confidence, we were unable to 

properly explore the relationship between initial ABC scores and responsiveness to the 

reach to grasp intervention.  

We observed a lack of intervention-induced changes in stability at FFTD in the 

absence of a handrail which may have been due to the persistence of a stiffening strategy. 

Previous studies have observed stiffening strategies in older adults when exposed to 

greater postural threats.39,85 A commonly suggested explanation for the stiffening strategy 

in older adults in FOF. Stiffening responses have been observed when state anxiety is 

induced in young adults without FOF,20,98,163,169,170,183 indicating that stiffening may occur 

as a result of state anxiety. Whether or not a stiffening strategy is beneficial or 

detrimental to reactive balance may depend on the overall demands during the reactive 

response (i.e., postural, cognitive, and emotional demands). As the demands of a reactive 

balance response increase, stiffening becomes less beneficial. 

Several theoretical frameworks of anxiety have proposed that anxiety can affect 

motor tasks. Three of those theories align closely with the results of this dissertation. The 

constrained action hypothesis, reinvestment theory, and dual-process theory all posit that 

anxiety-inducing situations lead to decreased fluidity and precision of motor control.184–
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186 Anxiety causes a shift from automatic (implicit) control to controlled (explicit) control 

(i.e., reinvestment of cognitive resources to control movements that are usually 

automatic). This leads to slower, less efficient, and error prone motor responses during 

tasks that require quick, fluid, and precise movements such as a reach to grasp response. 

By addressing the anxiety component involved in reactive balance, this dissertation 

shows that the effects of anxiety on speed, efficiency, and errors on motor control can be 

improved with training.    

Limitations  

This dissertation had several limitations that should be considered when 

interpreting the results. First, both chapters included small sample sizes which may limit 

the generalizability of our results. Chapter three in particular would benefit from a larger 

sample size to better evaluate the FES-I and ABC's ability to distinguish fall-related 

anxiety during reactive balance tasks. Second, laboratory temperature was not recorded, 

which could influence sweat levels; however, normalizing SCL changes to quiet sitting 

within the session likely helped reduce temperature-related variability. Third, some 

recorded state anxiety in chapter four may reflect performance anxiety related to the 

cognitive task. We controlled for this by using SUDS scores to confirm participants’ 

distress was specifically related to balance perturbations. Fourth, we were unable to 

calculate COM for a few participants, which may have contributed to the lack of 

significant change in stability at FFTD. Fifth, we did not account for potential asymmetry 

in responses depending on which foot is perturbed. This will be addressed via subsequent 

in-depth analyses of right vs. left foot perturbations. Lastly, the study sample in chapter 

four had a relatively high balance confidence, restricting our ability to examine how 
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balance confidence may influence older adults’ responses to the reach to grasp 

intervention. 

Clinical Implications  

The results described in this dissertation have many applications in the clinical 

setting. The ability to clinically recognize patients who may have a tendency to 

experience fall-related state anxiety using the FES-I and ABC can help clinicians identify 

the influence of fall-related state anxiety on balance responses and employ more targeted 

rehabilitation strategies. The perturbation-based dual task reach to grasp training 

intervention employed in chapter four produced promising results. Similar interventions 

may be used clinically to improve reach to grasp reactive balance responses and prevent 

falls in older adults. Given the prevalence of indoor falls among older adults, where 

handholds are often available, a dual task reach to grasp training intervention would be 

beneficial.  

 The following are a set of recommendations for the implementation of a 

perturbation-based dual-task reach to grasp training intervention. Based on the data 

presented in this dissertation, participants selected for this type of training should have 

moderate to high balance confidence as assessed using the ABC. The intervention may 

still be effective for people with lower balance confidence, but the current dissertation 

was unable to determine this properly. Patients who would benefit from this training 

include individuals with mild to moderate balance impairments who can safely engage in 

reactive balance perturbations. Surface translation perturbations in particular can 

exacerbate existing back and knee pain. Therefore, the presence of these conditions 
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would be a contraindication for this intervention. This intervention would also be 

contraindicated for patients prone to dizziness.  

Regarding the training environment, this type of intervention should only be 

implemented in a safe, controlled environment with proper safety measures in place such 

as a safety harness. Regarding intervention dosage, a frequency of 2 sessions per week, 

session duration of 30-45 minutes, and an overall intervention duration of at least 3 

weeks is recommended to allow for skill acquisition in the trained arm. The cognitive 

task included should mimic the complexity of everyday cognitive dual tasks without 

being overly complex. 

 This dissertation provides valuable insights into the role of fall-related anxiety 

and reactive balance responses in older adults, which can advance our understanding in 

multiple ways. First, it validates the use of the FES-I and ABC scales to reflect 

heightened state anxiety during unpredictable balance challenges in older adults. This 

offers clinicians a reliable tool for assessing the impact of anxiety on balance control. 

Additionally, this dissertation evaluates the effectiveness of a novel dual task reach to 

grasp intervention and emphasizes the complexity of training transfer and generalization.  

Our findings of no transfer or generalization indicate that either targeted interventions or 

more prolonged training may be necessary to enhance specific reactive responses in older 

adults. 

FUTURE DIRECTIONS 

This dissertation highlights the potential of a perturbation-based dual task reach to 

grasp response training intervention to improve grasp timing and accuracy, yet several 

aspects related to this work remain to be explored. Further research is needed to better 
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elucidate the relationship between fall related state anxiety and established clinical 

measures of fall-related psychological concerns such as the FES-I and ABC scale. Future 

studies could utilize these measures to assess state anxiety in situations involving 

unpredictable balance perturbations. Using these scales in this context will enable 

researchers to more accurately explore the effects of FOF on reactive balance responses.  

The influence of balance confidence on responsiveness of older adults to the dual 

task reach to grasp training intervention requires further study. Understanding the 

psychological factors involved in reactive balance responses could help tailor 

interventions to maximize their effectiveness for older adults with various levels of 

balance confidence.  

Future studies should also investigate the underlying mechanisms that led to 

improvements in the reach to grasp response with training, as well as why not all 

improvements transferred to the untrained arm or generalized to the stepping response. 

Investigating how specific aspects of motor control and neuroplasticity contribute to 

these improvements could offer insights into optimizing training protocols. Additionally, 

assessing the impact of reach-to-grasp training on reactive responses and stability in real-

world settings – both indoors and outdoors – would provide valuable information on the 

practical applications of such interventions.  

The effectiveness of the reach to grasp training intervention also has promising 

applications in populations with diminished sensory input such as people with peripheral 

neuropathy. Peripheral sensation is essential for recognizing that a destabilizing event has 

occurred and for proper triggering and scaling of reactive balance responses. Reduced 

peripheral sensation results in delayed balance responses and increased fall risk. While 
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some mechanisms of peripheral sensory loss can be reversible, some are not. For these 

populations, encouraging the use of the reach to grasp response may be beneficial as a 

compensatory arm response to offset for loss of sensation in the legs. 
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