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Abstract

Purpose of Review—People living with lower limb amputation are at an increased risk of 

falling compared with the healthy geriatric population. Factors of increased age and increased 

number of comorbidities could compound the already increased risk. The purpose of this article 

is to highlight recent research associated with fall risk in amputees and provide the reader with 

evidence to help guide clinical interventions.

Recent Findings—Though research on the topic of falls in people with amputation is becoming 

more common, there is still a dearth of evidence regarding what contributes to increased fall risk 

and how to address it in this population. There are recent studies that have examined therapy and 

prosthetic interventions that could mitigate fall risk in people with amputation, yet there is not 

enough evidence to develop a consensus on the topic. More research is required to determine what 

contributes to increased fall rates in people with amputation, and what detriments to an amputee’s 

function or psyche may result after incurring a fall.

Summary—Borrowing from what is known about geriatric fall risk and combining the 

information with novel and existing approaches to fall mitigation in amputees can offer clinicians 

the opportunity to develop evidence-based programs to address fall risk in their patients with lower 

limb amputation.
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Introduction

There are over one million people living with lower limb amputation (LLA) in the USA 

[1] and this number has been increasing, to an ever-younger and wider population, due to 

the rates of chronic diseases like diabetes and peripheral vascular disease [2]. As a result 

of gait and balance adaptations from losing a portion of their lower limb, amputees have 

a higher fall risk than the general geriatric population and other patient groups during all 

phases of recovery [3, 4]. Unfortunately, falls in people with LLA are a complicated matter, 

as risk factors and etiology of falls can vary with age and presence of other comorbidities 

[4]. And falls can occur regardless of clinical characteristics like cause of amputation or 

anatomical level of amputation [5]. As expected, amputees who are older and have multiple 

comorbidities or residual limb problems exhibit increased fall rates [3, 4]. However, it has 

been reported that younger people with LLA who exhibit better balance capabilities also 

have increased odds of falling [5], raising the question about what “increased fall risk” may 

actually indicate in this population. For instance, if an injury is not incurred during a fall, 

does the fall carry a negative consequence to the amputee in any way or is it indicative of 

poor training, reduced physical capacity, poor prosthetic fit, pain, etc.? Many unanswered 

questions exist when examining falls in the LLA population. The purpose of this manuscript 

is to review the recent literature on the topic of falls in people with lower LLA and 

determine if practicable approaches exist in mitigating fall risk through physical therapy 

and/or prosthetic interventions.

Definitions/Terminology

At the most basic level, the definition of a fall can vary. Often, common fall definitions for 

people with LLA lack prosthetic-specific language [6•], neglecting to take into account 

whether the amputee was or was not wearing their prosthesis at the time of the fall. 

Circumstances surrounding a fall may contribute to reasons on why someone with LLA lost 

their balance, and recent research has attempted to establish a framework for categorizing 

causes of a fall by the location of destabilization of the body [6•]. For instance, catching 

one’s toe as they walk would be classified as destabilization at the base of support. 

Additionally, there are a variety of ways that a “faller” is defined in the literature, with 

authors using categorization of a “faller” or “recurrent faller” or “multiple faller” by the 

number of fall occurrences in a predetermined amount of time, often the previous 6 to 

12 months [5-7]. Lastly, the vast majority of fall research in the LLA population is based 

on retrospective recollection by the subjects of their fall history, introducing the potential 

for recall bias into the studies. The authors of this manuscript propose to offer a more 

comprehensive amputation-focused fall definition of “a loss of balance resulting in the 

person unintentionally landing on the ground while wearing their prosthesis or not.” This 

definition implies asking of a secondary question to clarify if the prosthesis was worn during 

the fall, which provides additional information into potential causes of the fall.
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Risk Factors and Sequelae of Falling in People with Lower Limb 

Amputations

It is logical to conclude that increasing age in people with mobility deficits likely 

compounds fall risk. According to the most recent statistics, the majority of people with 

LLA in the USA are over 65 years old and underwent amputation due to dysvascular causes 

of peripheral vascular disease or diabetes mellitus or a combination of the two [1]. However, 

within the LLA literature, only one study in the past 10 years has focused specifically 

on geriatric amputee fall assessment [8]. The Turkish study enrolled a small sample size 

that was of varying amputation etiology and amputation levels and found that 80% of the 

subjects experienced a fall in the past year, with 64% reporting multiple falls. Most research 

on falls in people with LLA has been inclusive of amputees aged 18 and older, with the 

average age of study subjects being 56 to 64 years old [3, 4]. Furthermore, many study 

subjects are categorized by the authors as community ambulators [7] according to Medicare 

Functional Classification Levels (or “K levels”) [9], indicating that subjects are generally 

functional enough to actively engage with their environment yet are experiencing falls. For 

example, an author of this manuscript (Clemens) has currently unpublished data in which 

46.4% of the subjects (n = 69), mean age of 47.1 (14.1) years, reported a fall in the past year 

with 84% of the study participants being categorized as functional community ambulators 

(K3 level or higher), though none of the subjects had dysvascular cause of amputation. 

This being said, people with dysvascular amputation are known to have comorbidities that 

contribute to increased fall risk. Complications such as peripheral neuropathy [10], balance 

deficits [11], increased medication use [4], and debility are characteristic risk factors of 

falling that accompany vascular disease and diabetes. Additionally, there is evidence that 

amputees who are women and of non-white race are at greater risk for injurious falls [12].

Clinical Outcome Measures to Assess Fall Risk

In physical therapy practice, certain outcome measures are used to determine if a patient is 

at an increased risk of falling. Specific to the LLA population, several performance-based 

measures and, to a lesser extent, patient-report outcomes have been used to study fall risk. 

The frequently administered timed-up-and-go (TUG) test is well established in the literature 

as an outcome measure to evaluate fall risk in the elderly, with a Centers for Disease Control 

(CDC) recommended cutoff score of 12 s for the geriatric population [13]. When the TUG 

is used to examine falls in the LLA population, varying results have been reported. In a 

seminal study by Dite, people with LLA at risk for multiple falls, inclusive of adults 18 and 

older, scored greater than 19 s to perform the test [14]. More recently, Sawers and Hafner 

established cut-off scores for amputees age 18 and older with at least one fall in the past 

year and those with two or more falls at 8.17 and 9.25 s, respectively [15•]. These much 

lower cut-off scores may be due to the prosthetic experience of the samples with Dite’s 

participants being approximately 6 months post-amputation and Sawers’ having a mean time 

since amputation of 14.3 years.

The Berg Balance Scale (BBS) has been used in several studies to examine balance ability 

in people with LLA. The BBS is composed of 14 tasks to assess balance ability in standing 
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and has been validated and used extensively in the literature to predict fall risk in multiple 

populations [16]. Major et al. determined the reliability and validity of the BBS in people 

with LLA; however, they also reported that the test was unable to distinguish between 

subjects with greater or lesser fall risk [17, 18]. Wong et al. went on to publish how better 

performance on certain items from the BBS (indicating better balance ability) actually 

increased the subject’s odds of falling [5]. These research results once again suggest that 

amputees who exhibit higher activity levels and mobility are potentially more likely to fall 

than more disabled persons with LLA who may limit their activities. These findings suggest 

that fall risk in people with LLA is not only about physical capacity but may also have a 

psychosocial context.

As a result of being at increased risk for falls, someone with LLA may lack confidence 

in performing daily tasks and could self-impose limits on participation in community and 

social activities for fear of injury or embarrassment due to a fall. The Activities-specific 

Balance Confidence Scale (ABC) is frequently administered in studies examining fall risk in 

the LLA population [19]. The 16-item measure is reliable and valid for assessing someone’s 

self-perceived confidence in maintaining their balance with a prosthesis while performing 

a range of tasks [20]. Better ABC scores are associated with improved prosthetic balance 

ability [14], and the test exhibits a higher cut-off score for fall risk in people with LLA 

than in the non-amputee geriatric population (80.2% versus 67%, respectively) [15, 21], 

indicating that despite higher balance confidence, amputees are still at a greater risk of 

falling than the healthy elderly. Therefore, using common outcome measures like the TUG, 

BBS, and ABC as well as other tools with recently established fall cut-off scores [15•] to 

assess potential fall risk in people with LLA could inform clinical practice on developing 

interventions for fall mitigation.

Current State of Practice

Interventions for reducing the incidence and prevalence of falls typically focus on fall 

prevention to address this growing health concern. This is particularly true in the older adult 

population where falls are the number one cause of injury-related death [22]. The Centers 

for Disease Control (CDC) Injury Center has called for increased attention on fall prevention 

in the clinical setting due to the frequency of falls and the severity of the consequences [23]. 

In today’s healthcare climate, however, primary care physicians have difficulty incorporating 

fall prevention into an individual care plan. Many clinicians either do not know how to or do 

not have time to screen for fall risk [24].

In light of these obstacles, the CDC has developed a toolkit called STEADI (Stopping 

Elderly Accidents, Death, and Injuries) for clinical use [13]. This resource provides 

the education and tools necessary to screen for fall risk and refer to the proper allied 

health practitioner for targeted intervention. The physical therapist involved in treating the 

older adult population must be familiar with the screening processes and evidence-based 

interventions. The CDC also provides an extensive list of evidence-based, community 

programs that reduce the number of falls in the older adult population [25]. Many of these 

programs offer multifactorial interventions that include strengthening exercises, balance 

exercises, patient education, and home environment modification [26, 27]. Examples of 
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these evidence-based exercise programs include Tai Chi for Arthritis, Tai Ji Quan for Better 

Balance, Stepping On, and the Otago Program [28].

Individuals with LLA are at greater risk for falls than age-matched controls; however, few 

studies have explored the efficacy of exercise programs in fall prevention. Two recent studies 

examined the implementation of exercise interventions to participants with LLA. Miller et 

al. found a significant training effect on 16 subjects following a 6-week training program 

which included lower body strengthening, static and dynamic balance activities, and gait 

activities [29]. Improvements were demonstrated in gait speed, balance confidence, and 

dynamic balance. Though the impact on fall incidence was not directly studied, balance and 

balance confidence do play a role in activity avoidance and prosthetic use which may lead to 

further fall risk and debilitation [30, 31]. Schafer et al. designed a block randomized control 

study which found significant improvements in the incidence of falls, gait biomechanics, 

and gait speed for individuals with LLA between the intervention group and control group 

following a 12-week individualized exercise program [32]. Both of these studies suggest 

that administering exercise interventions known to reduce falls in the able-bodied population 

may also reduce falls in people with LLA.

Borrowing from the geriatric literature on falls is logical due to dearth of evidence in the 

limb loss population. It has been postulated that fall prevention programs for older adults 

have a maximal success rate of approximately 30–40% [33]. Minimizing fall risk through 

prevention programs is critical to improving an individual’s overall health and quality of life, 

while also reducing injuries and associated medical costs. However, we urge that prevention 

should not be the only intervention when rehabilitating individuals with LLA. Falls may be 

an inevitable part of regaining mobility at home and in the community during the process of 

recovery from limb loss. Therefore, additional training in the form of floor to rise training 

(FRT) and fall arrest training should be provided by qualified healthcare practitioners.

Fall arrest training can be described as learning how to achieve a softer landing during 

a fall. This type of training has the potential to mitigate injuries during a fall. Common 

fall-related injuries sustained in the older adult population include traumatic brain injuries, 

hip fractures, and humeral fractures [34, 35]. Considering the catastrophic nature of these 

injuries, fall arrest training has as much potential to save future pain, loss of function, and 

financial burden as fall prevention. There is precedent for training a person how to fall with a 

softer landing in impact sports, the military, and in martial arts. However, fall arrest training 

as a physical therapy intervention has not been rigorously studied. In 2014, Arnold et al. 

examined a program in which fall arrest training aimed at the older adult female population 

was added to an existing fall prevention program [36]. The fall arrest training included the 

strengthening of the shoulder girdle, elbow, and postural muscles, along with a range of 

motion exercises and techniques for achieving a softer landing. This program was designed 

to address modifiable physical impairments that may alter the mechanics of a forward fall. 

Results included improvements in upper body strength, upper extremity range of motion, 

agility, and overall fall risk factors. Another series of studies reviewed the use of martial 

arts landing techniques to mitigate impact force during a fall. Two of the studies separately 

demonstrated 27% and 30% reductions in force magnitude through the lateral hip during 

a sideways fall when using martial arts technique [37, 38]. A third study showed reduced 
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peak force impact through the upper extremity with modifications to elbow flexion angle 

and body velocity [39]. Additional studies in the same series supported the notion that these 

skills could be taught safely to individuals with osteoporosis and retained by novice learners 

[40, 41].

Floor to rise training can be a valuable tool to prevent a long lie after a fall, but is not always 

included as part of a rehabilitation plan of care [42]. Traditionally, the training consists 

of teaching an individual a sequence of body postures that will enable a transfer from 

the floor to a chair or standing position. These postures are taught by beginning with the 

individual laying on the floor and then progressing to more upright postures until the transfer 

is completed [43]. More recently, the technique of backwards chaining method (BCM) has 

been recommended by the American Geriatrics Society to teach FRT [44]. The backwards 

chaining method breaks down the steps of performing a floor to rise transfer and permits 

the learner to execute the steps in reverse order. In other words, the individual begins in 

a standing or sitting position and progresses to the floor. This reverse order sequencing 

promotes early successes, and therefore confidence, in training. It also reduces the learner’s 

cognitive load by repeatedly practicing and mastering one step before progressing to the 

next. In this manner, it is possible to teach the physical skills of rising from the floor after a 

fall while also reducing anxiety in the learner. A recently published systematic review on the 

BCM found that the technique improves subjects’ ability to rise unassisted from the floor, 

reduces the incidence of falls, and potentially reduces the fear of falling in the older adult 

population versus other training methods [45•].

None of the studies referenced for fall arrest training or floor to rise training included 

individuals with LLA as subjects. However, the application of the results of these studies 

to the LLA population can provide clinicians with additional techniques when developing 

exercise programs for their patients with limb loss. Further research on these types of 

interventions should be undertaken in those with LLA to promote awareness, determine 

the efficacy of the intervention, and assess the effects of such a training program on key 

outcomes. In the meantime, the literature that does exist for the adult and older adult 

populations may serve as a guide. In clinical practice, the techniques for floor to rise 

training are often modified according to an individual’s physical impairments and functional 

limitations. Creativity in applying the technique can be as much a factor as strength or 

range of motion. Fall arrest training also depends heavily on a technique that can be 

modified based on patient presentation. The most important clinical consideration in all 

cases is patient safety. A full accounting of the individual’s history, current health status, 

and potential precautions should be undertaken with the interdisciplinary team prior to the 

implementation of a fall arrest training program.

Influence of Lower Limb Prosthetic Componentry

The prosthesis should not be overlooked as a variable in rehabilitation when discussing 

patient interventions and fall prevention. Prosthetic feet and knees are prescribed to 

individuals based on their level of mobility and are therefore designed to meet specific 

demands. In particular, microprocessor-controlled feet and knees have an improved ability 

to contribute to patient safety over their mechanical counterparts. This is due primarily 
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to the ability of the devices to adapt to changing environments in real time, as well as 

programmability that enables specific features.

Microprocessor-controlled feet (MPF) have the ability to control motion at the ankle. The 

ankle is articulated which means there is a greater range of motion at the ankle than with 

a standard carbon fiber foot. Microprocessor feet can therefore adapt to uneven terrain, 

including hills, and offer additional toe clearance during the swing phase of gait [46, 47]. 

A lower minimum toe clearance has been linked to trip-related stumbles in the transtibial 

population which suggests that these types of interventions may be able to prevent future 

falls [48]. More research is needed to determine how MPF affect fall recovery mechanics 

and risk.

Microprocessor-controlled knees (MPK) also influence patient safety. MPK provide real

time support for those with transfemoral amputations based on the activity performed, speed 

of walking, incline of the surface, and type of terrain. In addition to real-time support, 

MPK have safety features such as stumble recovery, intuitive locking mechanisms, and 

activity-specific modes. Microprocessor knee improvements in level ground gait parameters 

such as self-selected walking speed, fast walking speed, step length, and step symmetry 

have been confirmed by research [49]. Consistency and efficiency in negotiating hills, stairs, 

and other environmental obstacles have also been confirmed [50]. In addition to improving 

overall mobility, MPK reduce stumbles and falls, improve balance confidence, and reduce 

the rate of falls for individuals with amputations above the knee [50-52]. Multiple studies 

have theorized that this is due to an improved ability for the individual to increase weight

bearing through the prosthesis which results in greater utilization of somatosensory input for 

dynamic balance [53, 54]. It is also worth noting that these benefits have been realized in 

community ambulators, for whom MPK are primarily prescribed, and also for those with 

lower mobility levels such as household ambulators [48, 50].

Emerging Research Evidence of Fall Mitigation Training in Persons with 

LLA

Multiple studies are currently underway at institutions throughout the country to examine 

falls in people with LLA. Limitations of previous studies have been recognized and are 

being addressed by current research in the hopes of better identifying if targeted therapy 

interventions or particular prosthetic componentry helps to decrease fall risk, specifically in 

the elderly amputee population. One enticing possibility currently being explored utilizes 

treadmill training and can be directly translatable to many clinical settings, providing 

convenient opportunities for rehabilitation professionals to administer fall mitigation training 

to their patients.

While causes for accidental falls vary, an observational study of older adults in an indoor, 

free-living environment showed that incorrect weight-shifting, trip or stumble, and a hit 

or bump combined to trigger more than 70% of the falls [55]. These common causes of 

falls are all related to postural perturbations and individuals’ loss of ability to respond and 

recover from such perturbations. Recent studies in non-amputee populations have shown 

that repeated exposures to postural perturbations can be an effective form of practicing to 
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improve fall arrest reactions (i.e., compensatory stepping) and to reduce fall incidence in a 

free-living environment [56, 57]. The reactive training to unexpected perturbations may be 

more effective than training that focuses on volitional stepping movements [58]. While this 

type of training has been studied in many other clinical populations with increased fall risk 

(i.e., older adults and persons with various types of neurological conditions), its use in the 

limb loss population is relatively new. Here, we review the current knowledge base regarding 

the application and efficacy of treadmill-based perturbation training for fall prevention in 

individuals with limb loss.

Treadmill-Based Perturbation Training for Fall Mitigation

The proliferation of programmable treadmill in the last 10 years enabled a more natural 

simulation of tripping falls, which typically occur during dynamic situations such as 

walking. Applications of this technology to the limb loss population began with research 

to understand the biomechanics of prosthetic gait but are now translating to clinical practice 

as part of the rehabilitation strategy. The premise of treadmill-based perturbation training 

is to provide the trainee a safe environment (via use of a safety harness) to experience 

the unexpected movement of the supporting surface (i.e., belts of the treadmill; Fig. 1). 

Essentially, a trip occurs when the tripped leg is pulled backward while the trunk continues 

with forward momentum. The sudden backward acceleration of the treadmill belt simulates 

the directional uncoupling between the tripped leg and the trunk, prompting a reactive 

forward step by one leg to arrest the trunk’s forward momentum. The treadmill control 

scheme for accurately replicating tripping falls has been suggested and validated [59, 60]. A 

typical training protocol involves the participant standing (static) or walking (dynamic) on 

a treadmill before unexpected perturbations are applied. Participants are typically instructed 

on how to avoid falling by using the forward recovery step. Treadmills designed specifically 

for delivering this type of fall prevention training are becoming commercially available [61].

Preliminary Clinical Results

One of the first studies to investigate the clinical efficacy of this type of training in the 

limb loss population was conducted in 14 high functioning service members (Medicare 

Functional Classification Level K3 or K4) [62•]. The participants were younger (age = 26 

± 3) with unilateral transtibial amputation due to trauma. They received six sessions of 

treadmill-based training (30 min each) over a 2-week period. Results of the study showed 

that after training, the participants exhibited significant improvement in trunk control and 

fall recovery success rate. The improved trunk control in response to this particular form 

of perturbation was retained 3 and 6 months after no further training. Participants also 

reported increased confidence and reduced incidence of falls and near falls in free-living 

environments. Using a similar training protocol, Crenshaw et al. demonstrated beneficial 

outcomes in a small group (n = 5) of individuals with unilateral, transfemoral, or knee 

disarticulation limb loss [63].

In addition to showing that treadmill-based perturbation training can lead to improved fall 

recovery success, it is important to recognize that the training seems to improve participants’ 

trunk control in respond to a trip and stumble. In currently unpublished data, researchers 
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observed reduced peak trunk flexion angle and velocity indicating a less drastic and more 

controlled reaction to the simulated tripping situation. The smaller trunk flexion angle after 

training suggested a smaller magnitude of body center of mass perturbation, presumably due 

to the more effective stepping response after training [64].

In summary, recent studies have shown that treadmill-based perturbation training can be an 

effective rehabilitative protocol for fall prevention in individuals with limb loss. It is exciting 

to see the programmable treadmill technology previously used only for research being 

applied to clinical intervention. Utilized as a therapeutic training tool, this is a promising 

paradigm for advancing rehabilitation care after amputation. However, current evidence 

regarding the efficacy of this type of training is limited to the higher functioning, relatively 

younger population with traumatic limb loss. Whether this type of training is feasible and 

beneficial to a wider LLA population requires further investigation.

Conclusion

Though currently there are no evidence-based protocols proven to reduce falls in 

amputees, researchers are continuing to investigate the benefits of therapeutic and prosthetic 

interventions to reduce falls in this high-risk population. Utilizing existing evidence 

regarding causes and incidence of falls in people with LLA and borrowing from successful 

interventions in the well-studied geriatric population provide clinicians in post-amputation 

care with information to formulate programs to assess and treat amputee patients who are 

inherently at risk for falling. Prosthetic and rehabilitation professionals can benefit their 

patients with LLA by educating them on their increased risk of falling and provide guidance 

on mitigating their chances of injury during a fall.

References

Papers of particular interest, published recently, have been highlighted as:

• Of importance

1. Ziegler-Graham K, MacKenzie EJ, Ephraim PL, Travison TG, Brookmeyer R. Estimating 
the prevalence of limb loss in the United States: 2005 to 2050. Arch Phys Med Rehabil. 
2008;89(3):422–9. [PubMed: 18295618] 

2. Geiss LS, Li Y, Hora I, Albright A, Rolka D. EW. G. Resurgence of diabetes-related nontraumatic 
lower-extremity amputation in the young and middle-aged adult U.S. population. Diabetes Care. 
2019;42(1):50–4. [PubMed: 30409811] 

3•. Steinberg N, Gottlieb A, Siev-Ner I, Plotnik M. Fall incidence and associated risk factors among 
people with a lower limb amputation during various stages of recovery – a systematic review. 
Disabil Rehabil. 2019;41(15):1778–87. [PubMed: 29540083] This study provides the most up-to
date review of the fall literature in people with lower limb amputation across the continuum of 
recovery.

4. Hunter SW, Batchelor F, Hill KD, Hill AM, Mackintosh S, Payne M. Risk factors for falls in people 
with a lower limb amputation: a systematic review. PM R. 2017;9(2):170–80. [PubMed: 27485674] 

5. Wong CK, Chen CC, Blackwell WM, Rahal RT, Benoy SA. Balance ability measured with the berg 
balance scale: a determinant of fall history in community-dwelling adults with leg amputations. J 
Rehabil Med. 2015;47(1):80–6. [PubMed: 25223891] 

6•. Kim J, Major MJ, Hafner B, Sawers A. Frequency and circumstances of falls reported by 
ambulatory unilateral lower limb prosthesis users: a secondary analysis. PM R. 2018;11(4):344–

Clemens et al. Page 9

Curr Geriatr Rep. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



53. This attempts a novel catagorization of fall causes based on the reported circumstances of the 
fall. It provides a basis for future research by providing a framework to analyze falls in people 
with amputations.

7. Hakim RM, Frey CM, Spandoni KE, Meyer K. Identifying fallers using clinical balance measures 
in community-dwelling adults with lower extremity amputation: a cross-sectional study. J Dev Phys 
Disabil. 2018;30(5):677–88.

8. Ulger O, Topuz S, Bayramlar K, Erbahceci F, Sener G. Risk factors, frequency, and causes of 
falling in geriatric persons who has had a limb removed by amputation. Top Geriatr Rehabil. 
2010;26(2):156–63.

9. Orendurff MS, Raschke SU, Winder L, Moe D, Boone DA, Kobayashi T. Functional level 
assessment of individuals with transtibial limb loss: evaluation in the clinical setting versus 
objective community ambulatory activity. J Rehabil Assist Technol Eng 2016.

10. Quai TM, Brauer SG, Nitz JC. Somatosensation, circulation and stance balance in elderly 
dysvascular transtibial amputees. Clin Rehabil. 2005;19(6):668–76. [PubMed: 16180604] 

11. Labovitz JM, Day D. The biomechanics of diabetes mellitus and limb preservation. Clin Podiatr 
Med Surg. 2020;37(1):151–69. [PubMed: 31735265] 

12. Wong CK Chihuri ST, Li G. Risk of fall-related injury in people with lower limb amputations: a 
prospective cohort study. J Rehabil Med. 2016;48(1):80–5. [PubMed: 26694526] 

13. STEADI (Stopping Elderly Accidents, Deaths & Injuries) Program: Centers for Disease Control 
and Prevention; [Available from: http://www.cdc.gov/steadi/.]

14. Dite W, Conner H, Curtis H. Clinical identification of multiple fall risk early after unilateral 
transtibial amputation. Arch Phys Med Rehabil. 2007;88(1):109–14. [PubMed: 17207685] 

15•. Sawers A, Hafner B. Using clinical balance tests to assess fall risk among established unilateral 
lower limb prosthesis users: cutoff scores and associated validity indices. PM R. 2020; 12(1):16–
25. [PubMed: 30900830] This recent article has closely examined multiple common outcome 
measures used to assess people with amputation, but in the context of fall risk. It provides useful 
cut-off score metrics for use in clinical populations.

16. Schlenstedt C, Brombacher S, Hartwigsen G, Weisser B, Molter B, Deuschl G. Comparison of 
the Fullerton Advanced Balance Scale, Mini-BESTest, and Berg Balance Scale to predict falls in 
Parkinson Disease. Phys Ther. 2016;96(4).

17. Major MJ, Fatone S, Roth EJ. Validity and reliability of the berg balance scale for community
dwelling persons with lower-limb amputation. Arch Phys Med Rehabil. 2013;94(11):2194–202. 
[PubMed: 23856150] 

18. Maeda N, Kato J, Shimada T. Predicting the probability for fall incidence in stroke patients using 
the berg balance scale. J Int Med Res. 2009;37(3):697–704. [PubMed: 19589253] 

19. Hafner BJ, Morgan SJ, Askew RL, Salem R. Psychometric evaluation of self-report measures for 
prosthetic application. JRRD. 2016;53(6):797–812.

20. Miller WC, Deathe AB, Speechley M. Psychometric properties of the activities-specific balance 
confidence scale among individuals with a lower-limb amputation. Arch Phys Med Rehabil. 
2003;84(5):656–61. [PubMed: 12736877] 

21. Lajoie Y, Gallagher SP. Predicting falls within the elderly community: comparison of postural 
sway, reaction time, the Berg balance scale and the Activities-specific Balance Confidence (ABC) 
scale for comparing fallers and non-fallers. Arch Gerontol Geriatr. 2004;38(1):11–26. [PubMed: 
14599700] 

22. Burns E, Kakara R. Deaths from falls among persons aged >65 years – United States, 2007-2016. 
MMWR Morb Mortal Wkly Rep. 2018;67:509–14. [PubMed: 29746456] 

23. Houry D, Florence C, Baldwin G, Stevens J, McClure R. The CDC Injury Center’s response to the 
growing public health problem of falls among older adults. Am J Lifestyle Med. 2016;10(1):74–7. 
10.1177/1559827615600137.

24. Chou WC, Tinetti ME, King MB, Irwin K, Fortinsky RH. Perceptions of physicians on the barriers 
and facilitators to integrating fall risk evaluation and management into practice. J Gen Intern Med. 
2006;21:117–22. [PubMed: 16336618] 

25. Stevens JA, Phelan EA. Development of STEADI: a fall prevention resource for health care 
providers. Health Promot Pract. 2013;14:706–14. [PubMed: 23159993] 

Clemens et al. Page 10

Curr Geriatr Rep. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.cdc.gov/steadi/


26. Gillespie LD, Robertson MC, Gillespie WJ, et al. Interventions for preventing falls in older people 
living in the community. Cochrane Database Syst Rev. 2012;9:CD007146.

27. American Geriatrics Society/British Geriatrics Society. AGS/BGS clinical practice guideline: 
prevention of falls in older persons. New York: American Geriatrics Society; 2010.

28. Centers for Disease Control. (2015) Preventing falls: a guide to implementing 
effective community-based fall prevention programs. Retrieved from https://www.cdc.gov/
homeandrecreationalsafety/falls/community_preventfalls.html

29. Miller CA, Williams JE, Durham KL, Hom SC, Smith JL. The effect of a supervised community–
based exercise program on balance, balance confidence, and gait in individuals with lower limb 
amputation. Prosthetics Orthot Int. 2017;41(5):446–54.

30. Miller WC, Deathe AB, Speechley M, Koval J. The influence of falling, fear of falling, and balance 
confidence on prosthetic mobiltiy and social activity among individuals with a lower extremity 
amputation. Arch Phys Med Rehabil. 2001;82(9):1238–44. [PubMed: 11552197] 

31. Wong CK, Chen CC, Benoy SA, Rahal RT, Blackwell WM. Role of balance ability and confidence 
in prosthetic use for mobility of people with lower-limb loss. J Rehabil Res Dev. 2014;51(9):1353–
64. [PubMed: 25785790] 

32. Schafer ZA, Perry JL, Vanicek N. A personalized exercise programme for individuals with lower 
limb amputation reduces falls and improves gait biomechanics: a block randomized controlled 
trial. Gait Posture. 2018;63:282–9. [PubMed: 29804023] 

33. Campbell AJ, Robertson MC. Rethinking individual and community fall prevention strategies: a 
meta-regression comparing single and multifactorial interventions. Age Ageing. 2007;36:656–62. 
[PubMed: 18056731] 

34. Adewale A, Leonard M. Trauma in older adults: an overview of injury patterns and management. 
Emerg Med Rep. 2012;28(2):113–25 2008; 18: 228–234.

35. Sterling DA, O’Connor JA, Bonadies J. Geriatric falls: injury severity is high and disproportionate 
to mechanism. J Trauma. 2001;50(1):116–9. [PubMed: 11231681] 

36. Arnold CM, Walker-Johnston J, Lanovaz JL, Lattimer LJ. Does fall arrest strategy training added 
to a fall prevention programme improve balance, strength, and agility in older women? A pilot 
study. Physiother Can. 2017;69(4):323–32. 10.3138/ptc.2016-27EP. [PubMed: 30369700] 

37. van der Zijden AM, Groen BE, Tanck E, Nienhuis B, Verdonschot N, Weerdesteyn V. Martial arts 
fall techniques reduce fall severity? An in vivo study of femoral loading configurations in sideways 
falls. J Biomech. 2012;45:1650–5. [PubMed: 22537568] 

38. Groen BE, Weerdesteyn V, Duysens J. The relation between hip impact velocity and hip 
impact force differs between sideways fall techniques. J Electromyogr Kinesiol. 2008;18:228–34. 
[PubMed: 17764973] 

39. DeGoede KM, Ashton-Miller JA. Fall arrest strategy affects peak hand impact force in a forward 
fall. J Biomech. 2002;35:843–8. [PubMed: 12021005] 

40. Groen BE, Smulders E, Duysens J, van Lankveld W, et al. Could martial arts fall training be safe 
for persons with osteoporosis? A feasibility study. MBC Res Notes. 2010;3:11.

41. Weerdesteyn V, Groen BE, van Swigchem R, et al. Martial arts fall techniques reduce hip impact 
forces in naïve subjects after a brief period of training. J Biomech. 2008;18:235–42.

42. Kulkarni D, Comely H. Do physical therapists teach their older patients how to get up after a fall? J 
Geriatr Phys Ther. 2002;25(3):43.

43. Hofmeyer MR, Alexander NB, Nyquist LV, Medell JL, Koreishi A. Floor-rise strategy training in 
older adults. J Am Geriatr Soc. 2002;50:1702–6. [PubMed: 12366625] 

44. American Geriatrics Society Expert Panel on the Care of Older Adults with Multimorbidity. 
Patient-centered care for older adults with multiple chronic conditions: a stepwise approach from 
the American Geriatrics Society. J Am Geriatr Soc. 2012;60:1957–1968. [PubMed: 22994844] 

45•. Leonhardt R, Becker C, Grob M, Mikolaizak AS. Impact of the backward chaining method 
on physical and psychological outcome measures in older adults at risk for falling: a 
systematic review. Aging Clin Exp Res. 2020. 10.1007/s40520-019-01459-1. This article 
provides comprehensive information on the Backwards Chaining Method and its use in fall 
education. Additionally, incorporating the BCM into clinical practice could provide physical 
benefits and decrease stress of fall education on the learner.

Clemens et al. Page 11

Curr Geriatr Rep. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/homeandrecreationalsafety/falls/community_preventfalls.html
https://www.cdc.gov/homeandrecreationalsafety/falls/community_preventfalls.html


46. Rosenblatt NJ, Bauer A, Rotter D, Grabiner MD. Active dorsiflexing prostheses may reduce 
trip-related fall risk in people with transtibial amputation. J Rehabil Res Dev. 2014;51(8):1229–42. 
[PubMed: 25625226] 

47. Ernst M, Altenburg B, Bellmann A, Schmalz T. Standing on slopes – how current microprocessor
controlled prosthetic feet support transtibial and transfemoral amputees in an everyday task. J 
Neuroengineering Rehabil. 2017;14:117.

48. Rosenblatt NJ, Bauer A, Grabiner MD. Relating minimum toe clearance to prospective, self
reported, trip-related stumbles in the community. Prosthetics Orthot Int. 2017;41(4):387–92.

49. Eberly VJ, Mulroy SJ, Gronley JK, et al. Impact of stance phase microprocessor-controlled knee 
prosthesis on level walking in lower functioning individuals with a transfemoral amputation. 
Prosthetics Orthot Int. 2014;38(6):447–55.

50. Hafner BJ, Smith DG. Differences in function and safety between Medicare Functional 
Classification Level-2 and −3 transfemoral amputees and influence of prosthetic knee joint control. 
J Rehabil Res Dev. 2009;46(3):417–33. [PubMed: 19675993] 

51. Wong CK, Rheinstein J, Stern MA. Benefits for adults with transfemoral amputations and 
peripheral artery disease using microprocessor compared with nonmicroprocessor prosthetic 
knees. Am J Phys Med Rehabil. 2015;94(10):804–10. [PubMed: 25768067] 

52. Kahle JT, Highsmith MJ, Hubbard SL. Comparison of nonmicroprocessor knee mechanism versus 
C-Leg on Prosthesis Evaluation Questionnaire, stumbles, falls, walking tests, stair descent, and 
knee preference. J Rehabil Res Dev. 2008;45(1):1–13. [PubMed: 18566922] 

53. Highsmith JM, Kahle JT, Shepard NT, Kaufman KR. The effect of the C-leg knee 
prosthesis on sensory dependency and falls during sensory organization testing. Technol Innov. 
2014;2013(4):343–7. 10.3727/194982413X13844488879212. [PubMed: 25075259] 

54. Vrieling AH, van Keeken HG, Schoppen T, Otten E, Hof AL, Halbertsma JP, et al. Balance 
control on a moving platform in unilateral lower limb amputees. Gait Posture. 2008;28(2):222–8. 
[PubMed: 18207407] 

55. Robinovitch SN, Feldman F, Yang Y, Schonnop R, Leung PM, Sarraf T, et al. Video capture of the 
circumstances of falls in elderly people residing in long-term care: an observational study. Lancet. 
2013;381:47–54. [PubMed: 23083889] 

56. Mansfield A, Wong JS, Bryce J, Knorr S, Patterson KK. Does perturbation-based balance training 
prevent falls? Systematic review and meta-analysis of preliminary randomized controlled trials. 
Phys Ther. 2015;95:700–9. [PubMed: 25524873] 

57. Rosenblatt NJ, Marone J, Grabiner MD. Preventing trip-related falls by community-dwelling 
adults: a prospective study. J Am Geriatr Soc. 2013;61:1629–31. [PubMed: 24028366] 

58. Maki BE, McIlroy WE. Change-in-support balance reactions in older persons: an emerging 
research area of clinical importance. Neurol Clin. 2005;23:751–83 vi-vii. [PubMed: 16026675] 

59. Sessoms PH, Wyatt M, Grabiner M, Collins JD, Kingsbury T, Thesing N, et al. Method for 
evoking a trip-like response using a treadmill-based perturbation during locomotion. J Biomech. 
2014;47:277–80. [PubMed: 24268756] 

60. Crenshaw JR, Bernhardt KA, Fortune E, Kaufman KR. The accuracy of rapid treadmill-belt 
movements as a means to deliver standing postural perturbations. Med Eng Phys. 2019;64:93–9. 
[PubMed: 30635193] 

61. ActiveStep, https://activestep.simbex.com/ (Accessed 21 Feb 2020).

62•. Kaufman KR, Wyatt MP, Sessoms PH, et al. Task-specific fall prevention training is effective for 
warfighters with transtibial amputations. Clin Orthop Relat Res. 2014;472:3076–84. [PubMed: 
24811543] Kaufman et al. conducted one of the first studies to show that treadmill-based 
perturbation training is effective in improving fall recovery response in individuals with lower 
limb amputation.

63. Crenshaw JR, Kaufman KR, Grabiner MD. Compensatory-step training of healthy, mobile people 
with unilateral, transfemoral or knee disarticulation amputations: a potential intervention for trip
related falls. Gait Posture. 2013;38:500–6. [PubMed: 23433547] 

64. Crenshaw JR, Kaufman KR, Grabiner MD. Trip recoveries of people with unilateral, transfemoral 
or knee disarticulation amputations: initial findings. Gait Posture. 2013;38:534–6. [PubMed: 
23369663] 

Clemens et al. Page 12

Curr Geriatr Rep. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://activestep.simbex.com/


Fig. 1. 
Treadmill-based perturbation training of a subject with right transtibial amputation
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