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Abstract
Background
Powered prosthetic ankles provide battery-powered mechanical push-off, with the aim of reducing the metabolic demands of walking for people with transtibial amputations. The efficacy of powered ankles has been shown in active, high functioning individuals with transtibial amputation, but is less clear in other populations. Additionally, it is unclear how use of a powered prosthesis influences everyday physical activity and mobility.

Methods

  Individuals with unilateral transtibial amputations participated in a randomized clinical trial comparing their prescribed, unpowered prosthesis and the BiOM powered prosthesis. Participants’ metabolic costs and self-selected walking speeds were measured in the laboratory and daily step count, daily steps away from home, and walking speed were measured over two weeks of at-home prosthesis use. Participants also rated their perception of mobility and quality of life and provided free-form feedback. Dependent measures were compared between prostheses and the relationships between metabolic cost, perception of mobility, and characteristics of walking in daily life were explored using Pearson’s correlations.

Results
Twelve people were randomly allocated to the powered prosthesis first (n = 7) or unpowered prosthesis first (n = 5) and ten completed the full study. There were no differences in metabolic costs (p = 0.585), daily step count (p = 0.995), walking speed in-lab (p = 0.145) and in daily life (p = 0.226), or perception of mobility between prostheses (p ≥ 0.058). Changes varied across participants, however. There were several medium-sized effects for device comparisons. With the powered prosthesis, participants had increased self-reported ambulation (g = 0.682) and decreased frustration (g = 0.506).

Conclusions
There were no universal benefits of the powered prosthesis on function in the lab or home environment. However, the effects were subject-specific, with some reporting preference for power and improved mobility, and some increasing their activity and decreasing their metabolic effort. Additionally, self-reported preferences did not often correlate with objective measures of function. This highlights the need for future clinical research to include both perception and objective measures to better inform prosthetic prescription.
Trial registration: https://​clinicaltrials.​gov, #NCT02828982.
Registered 12 July 2016, https://​clinicaltrials.​gov/​ct2/​show/​NCT02828982
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Introduction
People with transtibial amputations (TTA) walk with greater asymmetry, using more metabolic energy, and prefer to walk more slowly than people without amputation [1]. These factors may contribute to their decreased physical activity level [2]. In particular, people with TTA have lower daily step counts [3] and walk for shorter durations at a time, compared to people without amputation [4, 5]. This deficit is important to address, as physical inactivity is related to lower quality of life [6] and can lead to secondary comorbidities such as obesity and cardiovascular disease [7].
Powered ankle-foot systems, such as the BiOM (now Ottobock Empower, Duderstadt, Germany) aim to reduce gait asymmetries and metabolic effort by providing active “ankle” power during the push-off phase of gait [8]. Prior studies have found that the powered prosthesis enabled people with TTA to use less metabolic effort to walk over level-ground [9, 10], while others found no differences on level-ground [11] or on slopes [12]. Similarly, while some studies found that participants walked at faster speeds with the powered prosthesis over a loose rock surface [13] and on level surfaces [9, 14], a more recent study found no differences in self-selected walking speed [11]. The participant cohort in the latter study differed from earlier ones as participants were older and potentially less physically active. Further, the study found that people designated as the highest Medicare functional classification level (K4) had reduced metabolic effort with the powered prosthesis, while those at a lower level (K3) did not [11]. This suggests that the benefits of prosthetic ankle power may depend on characteristics of the user, as the Medicare Functional Classification Level, or K-level, is a system that describes the rehabilitation potential of a person with lower-limb amputation [15].
While mixed, prior studies provide some evidence that prosthetic ankle power can be effectively incorporated into the user’s biomechanics to reduce their effort. It is unclear, however, whether this translates to changes in physical activity in daily life. Prior work has exclusively characterized measures of capacity, or what one is capable of in a standardized or optimal environment. According to the International Classification of Functioning, Disability and Health (ICF), evaluating performance, i.e., what one does in their actual environment, is also an important component of characterizing functionality [16]. Because the patient’s surroundings can play a large role in the accessibility to physical activity, it is imperative that evaluations of physical activity are made in the patient’s everyday environment. As such, a growing number of studies have employed community-based activity monitoring to evaluate prosthetic interventions, to provide clinicians with more comprehensive characterizations of the patient’s functional mobility [17]. The ICF also recommends that to properly measure improvements in health, psychological and social aspects of health should also be collected, which may heavily impact everyday performance. Overall, there are numerous factors that can contribute to or limit a patient’s performance in everyday life. Evaluating changes to those factors is a necessary step in moving toward a more comprehensive evaluation of powered prostheses.
Examining patient perception is one way to track changes to psychosocial factors that may affect mobility. While metabolic effort undoubtedly represents valuable information, it may not necessarily correlate to the patient’s perception of exertion [18]. Further, a previous study found no statistical difference in participants’ Prosthesis Evaluation Questionnaire scores between using unpowered and powered prostheses [14], whereas the same cohort reduced their metabolic costs with the powered prosthesis [10]. Given these differences, it is important to explore both perception of effort and measures of effort as is it unclear which relates more to a person’s physical activity. For example, if a device is perceived to be easier to walk with, even if it does not objectively reduce metabolic effort, this may alleviate conscious barriers to physical activity and enable an increase in the amount of physical activity.
In this study, we conducted a randomized crossover trial comparing the use of unpowered and powered prostheses in people with TTA, after one week of unsupervised device acclimation. Our primary goal was to quantify differences in metabolic cost, the volume (step count) and characteristics (walking speed) of everyday walking, as well as patient perceptions of their mobility and quality of life when wearing each prosthesis. We hypothesized that there would be differences in metabolic cost, step count, and walking speed when using the powered prosthesis, compared to the unpowered prosthesis. Based on prior work, we also hypothesized that participants would not perceive a change in mobility with the powered prosthesis. A secondary aim of this work was to explore the relationship between patient perceptions and functional outcomes measured in the lab and in daily life.
Methods
Participant recruitment
People with unilateral transtibial amputations (TTA) were recruited through clinical referral from the University of Michigan Orthotics and Prosthetics Center and through flyers and postings on umhealthresearch​.​org and clinicaltrials.​gov (NCT02828982). Inclusion criteria included: aged 21 years or older, unilateral TTA, and prosthesis use for at least six months. Potential participants were excluded if they had a history of cardiovascular disease, or orthopedic or neurological disorders to their intact limb, or were unable to walk independently for 10 minutes at a time.  Participants’ K-levels were obtained from their physician. We initially recruited older community ambulators (K3) who may be less physically active than in previous works [10, 14], as benefits of the powered prosthesis were less clear for this population [11]. However, due to recruiting difficulties, we later included more active community ambulators (K4).  All participants provided their written informed consent prior to participation.
Experimental protocol
This study utilized a cross-over design where participants were randomly assigned to perform testing first with their prescribed, unpowered prosthesis or with a powered prosthesis. For the powered condition, a certified prosthetist fit participants with a BiOM T2 powered prosthesis (BionX Medical Technologies Inc., Bedford, MA, USA) and tuned the device according to procedures described in Gardinier et al. [11]. They were then given one week to acclimate to the device at home and did not receive any device-specific training.  Participants returned to the clinic if they needed any adjustments to their prosthetic settings or alignment. After any change, participants were given another week to acclimate. Only two participants (S03, S06) required readjustments. For the unpowered condition, participants needed to be stable in their prescribed prosthesis (no adjustments) for a period of at least one month prior to collection.
After the acclimation period, participants were given two activity monitors (ActiGraph GT9X Link, ActiGraph, Pensacola, FL, USA) and a global positioning system (GPS) enabled smartphone for a two-week period. One activity monitor was mounted on top of the prosthetic foot and collected accelerometer and gyroscope (IMU) data at 100 Hz, while the other (ACC) was attached to the lateral side of the prosthetic pylon and collected accelerometer data at 30 Hz. The placement for the ACC was chosen for its high test-retest reliability for step counts [19], while the IMU was place on top of the foot to ensure minimum movement during foot-flat [20]. GPS data were collected using either Ethica (Ethica Data, Ontario, Canada) or MapMyRun (Under Armour, Baltimore, MD). Participants were given an activity log to record their activity during the collection.
Following acclimation and activity data collection (≥ 3 weeks), participants came to the lab for metabolic testing and to complete questionnaires assessing their overall health and quality of life.  Participants were instructed to fast for at least four hours prior to metabolic testing. We used a portable metabolic system (Cosmed K4b2, Rome, Italy) to measure participants’ oxygen consumption and carbon dioxide production. We first measured baseline metabolic costs as participants rested in a seated position for at least 10 minutes. We then measured metabolic costs while participants walked on a treadmill at a controlled speed based on leg length [21]. Participants walked for a minimum of three minutes after they achieved steady-state oxygen consumption, characterized by a visible plateau [22]. Once participants felt rested, we measured their self-selected walking speed by having them walk over a straight 8 m walkway, ten times.
Participants completed the Prosthesis Evaluation Questionnaire (PEQ) and Short Form (SF)-36 after each prosthetic condition and a Prosthesis Preference questionnaire at the end of the study. The PEQ consists of 82 questions that describe the function of a lower-limb prosthesis and assesses prosthesis-related quality of life [23]. The questionnaire is divided into ten functional scales, addressing four major domains: prosthetic function, mobility, psychosocial experience, and well-being. Participant’s quality of life was assessed using the Short Form (SF)-36 general health questionnaire, which provides eight component scores and Physical and Mental component scores. The Prosthesis Preference Questionnaire consisted of a single question where participants were asked to indicate which device they preferred on a 100 mm visual analog scale (VAS) from their unpowered device (0) to the powered ankle (100). Finally, using a semi-structured questionnaire, we asked participants for subjective feedback about their likes and dislikes and what if anything felt easier and/or harder with the powered prosthesis. If not mentioned, we then specifically asked about the ease of walking faster, longer, and on different types of terrain (e.g. uneven ground, stairs, slopes).
Data analysis
We first verified that the last three minutes of breath measurements were at a steady state by confirming a respiratory exchange ratio between 0.7 and 1.0. Using the recorded steady-state oxygen consumption and carbon dioxide production rates, we estimated energy expenditure using the Brockway equation [24]. To generalize energy expenditure across participants, we calculated a dimensionless metabolic cost of transport (COT) by normalizing energy expenditure by participant weight and walking speed [25].
The accelerometer and IMU were programmed to begin data collection on the day following meeting with study personnel at 12 am, to avoid partial day collections. The accelerometer collected data until the battery died, which was typically around 12 days. We excluded data from days in which wear time was < 6 hours [26], which may be due to participants not wearing the prosthesis or leaving the accelerometer on the charger for the day. ActiLife software (ActiGraph, Pensacola, FL, USA) calculated daily step counts as double the single leg stride count from the pylon-mounted accelerometer. Periods of non-sedentary activity were defined as any period of activity greater than 30 counts per minute epoch [27]. Such a low threshold includes small movements and detects even a single stride as ‘non-sedentary activity.’ We then separated steps that occurred during the active period as ‘at home’ and ‘away from home’ using the time matched GPS data [26].
Because the pylon-mounted accelerometer recorded data at a low sampling rate (30 Hz), battery life lasted approximately 12 days, and we did not instruct participants to recharge the accelerometer overnight. IMU battery life was typically only 24 hours, due to the higher sampling rate. As such, participants were instructed to charge the IMU every night. Because we did not derive daily averages from the IMU, we did not exclude data from days with low wear time. To calculate stride-by-stride walking speed, we first calculated the position trajectory of the prosthesis-mounted IMU using a strapdown inertial navigation algorithm [28]. Briefly, the algorithm integrated the acceleration signal twice to calculate a position trajectory and applied zero velocity updates at every foot-flat to reduce drift error [20]. Strides were segmented with heel strikes, detected using the acceleration signal (vertical peak acceleration > 6 G and 500 ms between peaks) and velocity estimates (5 ms-window mean vertical velocity < 0). We then used this data to calculate walking speed according to methods described in Kim et al. [26].
For the PEQ and SF-36, we averaged scores for questions within each domain or sub-scale, omitting any blank entries. Values were only included where participants answered more than 50 % of the questions in that domain [23].
Statistical analysis
To mitigate the effects of varying amounts of accelerometer and IMU data collected by each participant, we calculated the bootstrapped mean for each outcome measure taken during everyday activity (step counts, walking speed). For example, from a data set with size n, we sampled n elements with replacement, took the mean of the resampled set, and repeated this process 1000 times. The mean of all 1000 resampled means is the bootstrapped mean [29], which was used for analysis. Self-selected walking speed in the lab was the average of 10 trials. We tested for differences in COT, daily step count, daily step count away from home, walking speed (in-lab and in 
daily life), PEQ (by sub-scale), and SF-36 (by sub-scale and physical and mental components) between the two prostheses (unpowered, powered) using a series of paired t-tests. We assessed whether prosthesis preference was significantly different from 50 (no preference) using 
a one sample t-test. Significance was set to p < 0.05 for all comparisons. Given the small sample size, we calculated the effect sizes for all pairwise comparisons using Hedge’s g:[image: $$g=\frac{{M}_{Powered}-{M}_{Unpowered}}{{SD}_{pooled}}\times \frac{N-3}{N-2.25}\times \sqrt{\frac{N-2}{N}}$$]



[image: $${SD}_{pooled}=\sqrt{\frac{\left({{SD}_{Powered}}^{2}\left({n}_{Powered}-1\right)\right)+\left({{SD}_{Unpowered}}^{2}\left({n}_{Unpowered}-1\right)\right)}{{n}_{Powered}+{n}_{Unpowered}-2}}$$]




where Mx is the mean of group x, SDpooled is the pooled standard deviation, N is the sample size, SDx is the standard deviation within group x, and nx is the sample size of group x [30]. Effect sizes are interpreted as being small for 0.2 ≤ g ≤ 0.5, medium for 0.5 ≤ g ≤ 0.8, and large for g ≥ 0.8 [31]. We also explored the relationships between COT, activity during daily life, prosthesis preference, and patient perception using Pearson correlations. We noted comparisons with medium effect sizes (|g| ≥ 0.5) in the results section.
Results
Participant details
A total of 31 patients were contacted about the study (Fig. 1). Eight declined to participate citing the time commitment or their lack of interest in new prostheses, while three others did not respond. Another eight were deemed ineligible. The remaining 12 individuals were randomly allocated to a prosthetic testing order (Table 1). S09 dropped out before completing the study due to an unrelated medical condition. S10 was assigned to the powered prosthesis first, acclimated to the device and was provided activity monitors. During this time, he developed a wound on his residual limb and subsequently dropped out of the study. Ten males (52.6 ± 11.3 years old) completed the study. Nine were classified as K3 and one was classified as K4 on the Medicare K-level.

[image: ../images/12984_2021_842_Fig1_HTML.png]
Fig. 1Consort flow diagram illustrating recruitment, enrollment, exclusion, and analysis



Table 1Participant demographics


	ID
	Age (years)
	Sex
	Mass (kg)
	Height (m)
	Cause of amputation
	Non–Powered Prosthetic Foot
	K–Level
	Time Since Amputation
	Completed Full Study?

	S01
	57
	M
	98.4
	1.85
	Vascular
	DR
	K3
	3 years
	Y

	S02
	62
	M
	118.8
	1.82
	Trauma
	DR
	K3
	3 years
	Y

	S03
	53
	M
	128.0
	1.78
	Vascular
	DR
	K3
	8 years
	Y

	S04
	65
	M
	84.1
	1.82
	Vascular
	DR
	K3
	3 years
	Y

	S05
	40
	M
	123.4
	1.78
	Trauma
	DR
	K3
	12 years
	Y

	S06
	30
	M
	90.8
	1.80
	Trauma
	Hydraulic
	K3
	1.2 years
	Y

	S07
	65
	M
	89.1
	1.64
	Trauma
	Hydraulic
	K3
	9 years
	Y

	S08
	55
	M
	108.0
	1.83
	Trauma
	DR
	K3
	1.2 years
	Y

	S09
	27
	M
	73.0
	1.89
	Trauma
	DR
	K4
	5 years
	N

	S10
	–
	M
	71.7
	1.72
	Trauma
	DR
	–
	–
	N

	S11
	54
	M
	83.0
	1.77
	Trauma
	DR
	K4
	19 years
	Y

	S12
	45
	M
	98.4
	1.85
	Trauma
	DR
	K3
	5.5 years
	Y


DR is a dynamic response foot



Metabolic cost
There were no differences between the fixed treadmill speed (1.20 ± 0.07 m/s) and self-selected walking speeds with the unpowered (1.16 ± 0.16 m/s; p = 0.435) or powered prostheses (1.21 ± 0.12 m/s; p = 0.794). S03 was not able to achieve steady-state energetic expenditure on a treadmill. For the remaining participants, there was no group difference in metabolic cost of transport (COT) between prostheses (n = 9; p = 0.585, g = -0.150), but there was variability across participants. While six participants had lower COT with the powered prosthesis, only two participants had reductions greater than the between-day minimal detectable change of 0.051 J/Nm [22].

Table 2Step count and walking speed in-lab and in daily life (mean ± SD)


	 	Unpowered
	Powered
	p–value
	Hedge’s g

	Daily step count, overall
	4770 ± 2150
	4760 ± 2150
	0.995
	− 0.001

	Daily step count away from home
	2030 ± 1440
	1640 ± 1100
	0.452
	− 0.248

	Walking speed, in–lab (m/s)
	1.15 ± 0.16
	1.18 ± 0.16
	0.145
	0.310

	Walking speed, overall (m/s)
	0.76 ± 0.10
	0.74 ± 0.10
	0.226
	− 0.158





[image: ../images/12984_2021_842_Fig2_HTML.png]
Fig. 2a Daily step count using the unpowered (red) and powered (blue) prostheses. Dashed horizontal line represents the recommended 10,000 steps per day. b Daily step count away from home using the unpowered (red) and powered (blue) prostheses. Gray x’s and lines represent individual participant trends


Activity data
There were no differences in the bootstrapped daily step count (p = 0.995, g = − 0.001; Fig. 2a) or daily step count away from home (p = 0.452, g = − 0.248; Fig. 2b) between prostheses (Table 2). While step counts varied across participants, none achieved the recommended 10,000 steps per day [32].
There was no difference between prostheses in self-selected walking speeds in the lab (p = 0.145, g = 0.310; Fig. 3a). Though S05 and S06 completed the study, due to a sensor malfunction, the activity monitor did not record sufficient IMU data with the powered prosthesis. These participants were therefore excluded from all daily-life walking speed comparisons. There was no difference between prostheses in walking speeds during daily life (n = 8; p = 0.226, g = − 0.158; Fig. 3b).

[image: ../images/12984_2021_842_Fig3_HTML.png]
Fig. 3a Self-selected walking speeds measured in the lab for participants using the unpowered (red) and powered (blue) prostheses. Gray x’s and lines represent individual participant trends. b Split violin plot of the probability density functions of walking speed distributions of walking strides taken in daily life. To visualize, raw distributions were smoothed using the ksdensity kernel smoothing function in MATLAB. Shared regions are averaged distributions and solid horizontal lines are the group means


Questionnaires
In the Prosthesis Evaluation Questionnaire (PEQ), participants reported significantly less social burden with the powered prosthesis, compared to that of the unpowered prosthesis (p = 0.043, g = 0.268; Fig. 4). There were also non-significant, medium- and large-sized effects in the mobility and frustration sub-scales where participants reported better mobility (p = 0.058, g = 0.682) and less frustration (p = 0.052, g = 0.506) with the powered prosthesis. For the Short Form (SF)-36 questionnaire, there were no differences in the physical (p = 0.480, g = − 0.143) or mental component scores (p = 0.370, g = 0.141), or any of the individual sub-scales (p ≥ 0.080, |g| ≤ 0.408). While participants generally preferred the powered prosthesis (prosthesis preference score = 64.1 ± 33.8; g = 0.598), this was not significantly different from no preference(p = 0.132).

[image: ../images/12984_2021_842_Fig4_HTML.png]
Fig. 4Changes in participant responses for the Prosthesis Evaluation Questionnaire, Short Form-36 and Prosthesis Preference, by sub-scale. Significant differences (p < 0.05) between prosthesis are indicated and bolded (*). Changes with a medium or large effect size (g ≥ 0.5) are also indicated and bolded (†)


User feedback
The open-ended user feedback was mixed across participants. One participant reported that they liked that the BiOM “almost felt like a real ankle” while another participant similarly commented that walking with the BiOM “felt more natural.” Six participants disliked that the BiOM batteries die too soon, two said it was too bulky, one said it was too noisy, one said it was too heavy, and one described the BiOM as being too controlling and causing more phantom pain. Six participants felt that they could walk faster with the BiOM, while four did not. Five participants felt they could walk for longer when wearing the BiOM. Five participants found walking to be easier, five found it easier to walk on slopes, six found it easier to walk upstairs, and three found it easier to walk downstairs. In contrast, four found level-ground walking harder, five found walking down stairs to be more difficult, four found uneven terrain (specifically grass and snow) to be more difficult, two found driving more difficult and one found it more difficult to stand from a chair. The remaining respondents did not notice a difference or did not perform that activity.

[image: ../images/12984_2021_842_Fig5_HTML.png]
Fig. 5a Relationship between changes in prosthesis preference and changes in metabolic cost (ΔCOT). Dashed lines indicate the minimal detectable change in COT. b Relationship between changes in prosthesis preference and changes in daily step count. c Relationship between changes in prosthesis preference and changes in walking speed in daily life. Linear fits are shown for moderate correlations (r ≥ 0.6)


Correlations
Prosthesis preference was not correlated with changes in COT (r = − 0.181, p = 0.667; Fig. 5a), with changes in walking speed measured in-lab (r = − 0.086, p = 0.814; Fig. 5b), or with changes in walking speed in daily life (r = 0.070, p = 0.869; Fig. 5c).
Changes in daily step count were not correlated with changes in COT (r = − 0.074, p = 0.849; Fig. 6a), or perception of mobility when assessed with the PEQ ambulation sub-scale (r = 0.324, p = 0.395; Fig. 6b). There was a moderate correlation between changes in step counts and the SF-36 physical functioning sub-scale (r = 0.505, p = 0.137; Fig. 6b). There were no relationships between changes in step count away from home and the PEQ social burden sub-scale (r = 0.204, p = 0.628) or the SF-36 social functioning sub-scale (r = 0.120, p = 0.740; Fig. 1c).

[image: ../images/12984_2021_842_Fig6_HTML.png]
Fig. 6a Relationship between changes in metabolic cost (ΔCOT) and changes in daily step count. Data in the second quadrant (highlighted in green) indicate lower metabolic cost and greater step count with the powered prosthesis. b Relationships between changes in the PEQ ambulation sub-scale (left) and the SF-36 physical functioning sub-scale scores (right) and changes in daily step count.c Relationships between changes in the PEQ social burden sub-scale (left) and the SF-36 social functioning sub-scale scores (right) and changes in daily step count away from home. Data in the first quadrant (highlighted in green) indicate greater scores and greater step count with the powered prosthesis


Discussion
Contrary to our hypothesis, we did not find differences between prostheses in metabolic costs. Differences in metabolic cost between prostheses varied across participants, however. Two participants reduced their metabolic effort by more than the minimum detectable change (MDC) of 0.051 J/Nm, while two others increased their metabolic cost more than this amount [22]. These findings agree with one previous study [11], but disagree with two others [9, 10]. There are two notable differences in these prior works. In those studies that found a metabolic benefit, participants were young or physically active and had time to adjust to the powered prosthesis (≥ 2 hours). The study that did not find a benefit tested an older, less active cohort and only provided a short time (~ 15 min) for device accommodation. Here, we also tested a population that was generally less active, but participants had a minimum of three weeks of device use prior to metabolic testing. Further, two participants already owned the BiOM and had been regularly using the device for at least 6 months. The two BiOM owners had contrasting responses to the powered prosthesis in metabolic cost, step count, and walking speed. While this may suggest that the lack of metabolic benefit is more related to patient characteristics than accommodation time, it is also possible that less active individuals require even more accommodation or more focused rehabilitation. Although there is no consensus on the time required to acclimate to a prosthetic intervention [33], the accommodation provided here falls in line with previous studies that found significant metabolic reductions after 1.5 weeks [34] and 21 days [35] of a prosthetic intervention. There is also no set training for adjusting to a new prosthesis. This likely contributes to the variability in participant responses. Our user feedback on learning to use the powered prosthesis also supports this idea as some felt they learned “right away” while others said they “still haven’t figured it out yet” (Additional file 2). Additionally, while we ensured a minimum time period for acclimation, we could not control for the actual amount of acclimation, as this may depend on how much each participant used the prosthesis in daily life. As seen in daily step counts, this varied widely among participants (Fig. 3). Thus, we should potentially view accommodation as a function of steps taken, rather than in days of use.
Given the varied metabolic responses to the powered prosthesis, we also explored if users perceived walking to be easier with the powered prosthesis. Five participants felt that walking with the powered prosthesis was easier while four participants responded that walking with the powered prosthesis was harder. Of the five participants that felt walking with the powered prosthesis was easier, only one had reduced metabolic cost with the powered prosthesis, while another had greater metabolic cost (Table 3). Similarly, of the four participants that felt walking with the powered prosthesis was harder, one had increased metabolic cost, while another had decreased metabolic cost with the powered prosthesis. This agrees with prior work that found that the perception of exertion contrasts to the physiological measure of metabolic cost [18].
Table 3Self-reported perception of mobility and changes in capacity and performance


	 	User feedback regarding the powered prosthesis
	Changes in outcome measures (+: increase from unpowered to powered)

	ID
	Is walking easier/harder? (including uneven terrains)
	Can walk faster?
	Can walk for longer?
	Metabolic cost
	Daily step count
	Walking speed, in–lab
	Walking speed, daily life

	S01
	Easier
	Y
	Y
	− 0.131a
	− 280
	0.14b
	− 0.05

	S02
	Easier
	Y
	Y
	− 0.015
	2280
	− 0.02
	− 0.10

	S03
	Harder
	N/A
	N
	N/A
	980
	0.11
	− 0.02

	S04
	Easier
	N/A
	Y
	0.026
	− 2320
	− 0.13b
	0.05

	S05
	Harder
	N/A
	N
	0.073a
	790
	0.09
	N/A

	S06
	Harder
	Y
	N/A
	− 0.015
	− 500
	− 0.04
	N/A

	S07
	Harder
	Y
	N/A
	− 0.054a
	− 260
	0.12b
	− 0.04

	S08
	N/A
	N/A
	Y
	− 0.034
	1640
	0.20b
	− 0.01

	S11
	Easier
	Y
	Y
	0.064a
	− 670
	0.11b
	0.02

	S12
	Easier
	Y
	N
	− 0.020
	− 1680
	− 0.06
	− 0.03


aChanges in metabolic cost greater than between-day minimal detectable change of 0.051 J/Nm
bChanges in walking speed greater than minimal detectable change of 0.108 m/s



Further, we explored how everyday physical activity levels might reflect changes in metabolic costs or perceived ease of walking. Among the five participants that felt walking with the powered prosthesis was easier, only one increased their daily step count (Table 3). Physical activity in daily life may be more dependent on factors other than the prosthesis, such as the surrounding environment, weather, lifestyle, personality, and occupation. In particular, walking with the powered prosthesis is more destabilizing when walking on icy or otherwise slippery surfaces, which may have influenced participants’ walking patterns and confounded our results.  Though we could not control the weather conditions, we did collect each participants’ activity with both prostheses in a single season, when possible (see Additional file 1). Similar to our findings, a previous study evaluating the effects of a microprocessor knee found no differences in everyday activity [4].
Participants also had varied feelings about the powered prosthesis and how it improved or did not improve their function. Four preferred their prescribed, unpowered prosthesis while six preferred the powered prosthesis. Prosthesis preference was not related to changes in metabolic cost or walking speed. While there was no relationship between prosthesis preference and measures of functional capacity or performance, participants who preferred the powered prosthesis tended to feel that the powered device helped them walk for longer without rest, faster (Additional file 2), and with more ease (Table 3). This user feedback may provide information regarding the factors that determine prosthesis preference and/or acceptance.
There were differences between participants’ perception of their function and their performance in daily life. While six participants responded that they felt they could walk faster with the powered prosthesis, only three walked faster in-lab by more than 0.108 m/s (MDC for older adults in 4-meter walk tests) [36], and only one walked faster in daily life, by an amount far less than the in-lab MDC of walking speed (Table 3). Furthermore, while five participants responded that they felt they could walk for longer with the powered prosthesis, only two participants increased their daily step count. Comparing qualitative user feedback and measures of step count and walking speed in daily life, there seemed to be a disconnect between what people perceived they were capable of doing and what they did in daily life. This dissonance is supported by the weak correlations between changes in step count and changes in the PEQ ambulation sub-scale and changes in the SF-36 physical functioning sub-scale. This suggests that future research and clinical approaches to prescription should consider both perception and objective measures. This is important as daily prosthesis use is largely dependent on an individual’s feelings about their function, while device prescription is predominantly supported by more objective measurable outcomes.
Psycho-social responses to the powered prosthesis may affect physical activity, especially in community settings. Participants perceiving less social burden with the powered prosthesis contrasted with previous findings with a younger cohort [14], which suggests that psycho-social responses may be age-dependent. This may be attributed to the higher likelihood for older individuals to be in co-dependent domestic relationships, as the social burden sub-scale describes one’s perception of how the prosthesis affects the relationships with their partner or family members [23]. However, the weak correlations between changes in community engagement and changes in psycho-social sub-scales of the PEQ and SF-36 suggest that other factors may influence community engagement more strongly. A more practical limiting factor for community engagement may be the short battery life, as expressed in user feedback by six participants. Because the heavy weight of the powered prosthesis is more noticeable when the battery dies and makes walking harder, users may choose to engage in the community only when they are equipped with several fully charged batteries. The Ottobock Empower (current version of the BiOM) has a battery life of 8 hours, which may alleviate these issues. However, battery life is dependent on intensity of use and may still be a concern for very active individuals who would require a battery change for all-day use.
This study had several limitations. Walking speed in daily life was calculated from all straight-line over-ground walking strides, which had variable sample sizes as participants did not all log the same number of strides in daily life. We addressed this issue by calculating the bootstrapped mean of walking speeds, thereby minimizing bias caused by varied sample sizes. Further, consistent with previous studies done in the lab [9–11], we focused only on straight-line strides and thus did not include turning strides or stair-walking. While more work can be done toward specifically identifying and examining non-straight-line walking, this may require additional sensors on the hip or intact foot. We chose to only attach the sensors directly on the prosthetic foot to minimize the day-to-day variability in sensor placement and maximize sensor wear time. Further, data for the powered prosthesis may include steps for which the person did not receive power, either because the battery died or because the participant turned it off (e.g., to traverse uneven terrain). We cannot identify these steps based on the data from our sensors. Based on participant feedback, however, we expect that theses instances represent a very small portion of measured steps. As mentioned above, weather conditions may have also affected everyday performance. While collections for different prostheses were done mostly in the same season, one participant’s everyday activity was collected in different seasons due to scheduling conflicts (see Additional file 1). Additionally, some variability in performance may be due to lifestyle or life events (e.g., vacation, hospitalization), rather than the prosthesis. No participants reported such events in their activity logs, though several participants were retired and did not have a regular day-to-day schedule. Lastly, this study was limited by a small sample size due to difficulties in recruitment. To mitigate these difficulties, we amended the study to additionally recruit K4 participants, which further diversified the already heterogenous cohort of K3 participants. The low sample size increases the likelihood of type II errors. To address this issue, we have provided effect sizes for all comparisons. Future studies should confirm these findings in larger cohorts.
Conclusions
This study compared participants’ metabolic costs, walking speeds in-lab and in daily life, step count, step count away from home, perceived mobility, and preference between powered and unpowered prostheses. There was no statistically significant preference for either prosthesis. Additionally, wearing the powered prosthesis did not significantly decrease metabolic costs, increase physical activity or walking speed, or increase perceived mobility. Though the powered prosthesis was not universally beneficial to the participant cohort, the large variability in responses across participants suggests that different people may benefit in different ways and to varying degrees. Regarding the powered prosthesis, participants reported feeling they could walk faster and with more ease, while battery life and weight were prevalent complaints. There was disparity between participants’ perceptions of their mobility and what they perform during daily life when using the powered prosthesis. This suggests that future research should continue to examine both perception and objective measures of mobility to better evaluate prostheses and inform prescriptions of advanced prosthetic components.
Acknowledgements
The authors would like to thank Kelsey Ebbs for participant recruitment, Luis Nolasco for help with data collection, and Lauro Ojeda for help with the IMU processing code.

Authors' contributions
JK was involved in data collection, analysis and interpretation of data, statistical analysis, and drafting the manuscript. JW was involved in the prosthetic fitting and participant recruitment processes and revised the manuscript for content. NC was involved in the design of the study and revised the manuscript for content.  DG obtained funding, participated in the design of the study, contributed to analysis and interpretation of data, and revised the manuscript for content. All authors read and approved the final manuscript.

Funding
This work was supported by the Department of Defense Congressionally Directed Medical Research Programs under grant number W81XWH-15-1-0548.

Availability of data and materials
The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable request.

Declarations

                           Ethics approval and consent to participate
                        
This
study was approved by the University of Michigan Institutional Review Board (HUM00080734)
and participants provided written informed consent prior to enrollment.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Waters RL, Mulroy S. The energy expenditure of normal and pathologic gait. Gait Posture. 1999;9(3):207–31.Crossref

	2.
Lin SJ, Winston KD, Mitchell J, Girlinghouse J, Crochet K. Physical activity, functional capacity, and step variability during walking in people with lower-limb amputation. Gait Posture. 2014;40(1):140–4.Crossref

	3.
Stepien JM, Cavenett S, Taylor L, Crotty M. Activity levels among lower-limb amputees: self-report versus step activity monitor. Arch Phys Med Rehabil. 2007;88(7):896–900.Crossref

	4.
Klute GK, Berge JS, Orendurff MS, Williams RM, Czerniecki JM. Prosthetic intervention effects on activity of lower-extremity amputees. Arch Phys Med Rehabil. 2006;87(5):717–22.Crossref

	5.
Orendurff MS, Schoen JA, Bernatz GC, Segal AD, Klute GK. How humans walk: bout duration, steps per bout, and rest duration. J Rehabil Res Dev. 2008;45(7):1077–89.Crossref

	6.
Pell J, Donnan P, Fowkes F, Ruckley C. Quality of life following lower limb amputation for peripheral arterial disease. Eur J Vasc Surg. 1993;7(4):448–51.Crossref

	7.
Haskell WL, Blair SN, Hill JO. Physical activity: health outcomes and importance for public health policy. Prevent Med. 2009;49(4):280–2.Crossref

	8.
Au SK, Weber J, Herr H. Powered ankle-foot prosthesis improves walking metabolic economy. Trans Rob. 2009;25(1):51–66.Crossref

	9.
Herr HM, Grabowski AM. Bionic ankle-foot prosthesis normalizes walking gait for persons with leg amputation. Proc Biol Sci. 2012;279(1728):457–64.PubMed

	10.
Russell Esposito E, Aldridge Whitehead JM, Wilken JM. Step-to-step transition work during level and inclined walking using passive and powered ankle-foot prostheses. Prosthet Orthot Int. 2016;40(3):311–9.Crossref

	11.
Gardinier ES, Kelly BM, Wensman J, Gates DH. A controlled clinical trial of a clinically-tuned powered ankle prosthesis in people with transtibial amputation. Clin Rehabil. 2018;32(3):319–29.Crossref

	12.
Montgomery JR, Grabowski AM. Use of a powered ankle-foot prosthesis reduces the metabolic cost of uphill walking and improves leg work symmetry in people with transtibial amputations. J R Soc Interface, 2018. 15(145):20180442.Crossref

	13.
Gates DH, Aldridge JM, Wilken JM. Kinematic comparison of walking on uneven ground using powered and unpowered prostheses. Clin Biomech. 2013;28(4):467–72.Crossref

	14.
Ferris AE, Aldridge JM, Rabago CA, Wilken JM. Evaluation of a powered ankle-foot prosthetic system during walking. Arch Phys Med Rehabil. 2012;93(11):1911–8.Crossref

	15.
Medicare C. HCFA Common Procedure Coding System (HCPCS) Springfield (VA): US Department of Commerce. National Technical Information Service. 2001.

	16.
World Health Organization. International classification of functioning, disability and health: ICF. Geneva: World Health Organization; 2001.

	17.
Chadwell A, Diment L, Mico-Amigo M, Morgado Ramirez DZ, Dickinson A, Granat M, Kenney L, Kheng S, Sobuh M, Ssekitoleko R, Worsley P. Technology for monitoring everyday prosthesis use: a systematic review. J Neuroeng Rehabil. 2020;17(1):93.Crossref

	18.
Stamford B, Noble B. Metabolic cost and perception of effort during bicycle ergometer work performance. Med Sci Sports. 1974;6(4):226–31.PubMed

	19.
Bowden MG, Behrman AL. Step activity monitor: accuracy and test-retest reliability in persons with incomplete spinal cord injury. J Rehabil Res Dev. 2007;44(3):355–62.Crossref

	20.
Rebula JR, Ojeda LV, Adamczyk PG, Kuo AD. Measurement of foot placement and its variability with inertial sensors. Gait Posture. 2013;38(4):974–80.Crossref

	21.
Gates DH, Scott SJ, Wilken JM, Dingwell JB. Frontal plane dynamic margins of stability in individuals with and without transtibial amputation walking on a loose rock surface. Gait Posture. 2013;38(4):570–5.Crossref

	22.
Davidson A, Gardinier ES, Gates DH. Within and between-day reliability of energetic cost measures during treadmill walking. Cogent Eng. 2016;3(1251028):1–7.

	23.
Legro MW, Reiber GD, Smith DG, del Aguila M, Larsen J, Boone D. Prosthesis evaluation questionnaire for persons with lower limb amputations: assessing prosthesis-related quality of life. Arch Phys Med Rehabil. 1998;79(8):931–8.Crossref

	24.
Brockway J. Derivation of formulae used to calculate energy expenditure in man. Human Nutr Clin Nutr. 1987;41(6):463–71.

	25.
Donelan MJ, Kram R, Kuo AD, Mechanical and metabolic determinants of the preferred step width in human walking. Proc R Soc Lond B Biol Sci 2001;268(1480):1985–92.Crossref

	26.
Kim J, Colabianchi N, Wensman J, Gates DH. Wearable sensors quantify mobility in people with lower limb amputation during daily life. IEEE Trans Neural Sys Rehab Eng. 2020;28(6):1282–91.Crossref

	27.
Theeven PJ, Hemmen B, Geers RP, Smeets RJ, Brink PR, Seelen HA. Influence of advanced prosthetic knee joints on perceived performance and everyday life activity level of low-functional persons with a transfemoral amputation or knee disarticulation. J Rehabil Med. 2012;44(5):454–61.Crossref

	28.
Ojeda L, Borenstein J. Personal dead-reckoning system for GPS-denied environments. In: 2007 IEEE International Workshop on Safety, Security and Rescue Robotics. 2007:1–6.

	29.
Rice JA, Mathematical statistics and data analysis. Boston: Cengage Learning; 2006.

	30.
Durlak JA. How to select, calculate, and interpret effect sizes. J Pediatr Psychol. 2009;34(9):917–28.Crossref

	31.
Cohen J, Statistical power analysis for the behavioral sciences. Cambridge: Academic press, 2013.Crossref

	32.
Tudor-Locke C, Bassett DR Jr. How many steps/day are enough? Preliminary pedometer indices for public health. Sports Med. 2004;34(1):1–8.Crossref

	33.
Wanamaker AB, Andridge RR, Chaudhari AM. When to biomechanically examine a lower-limb amputee:a systematic review of accommodation times. Prosthet Orthot Int. 2017;41(5):431–45.Crossref

	34.
Wurdeman SR, Myers SA, Jacobsen AL, Stergiou N. Adaptation and prosthesis effects on stride-to-stride fluctuations in amputee gait. PLoS One. 2014;9(6):e100125.Crossref

	35.
Grabowski AM, Rifkin J, Kram R. K3 PromoterTM prosthetic foot reduces the metabolic cost of walking for unilateral transtibial amputees. JPO. 2010;22(2):113–20.

	36.
Goldberg A, Schepens S. Measurement error and minimum detectable change in 4-meter gait speed in older adults. Aging Clin Exp Res. 2011;23(5–6):406–12.Crossref



Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		The influence of powered prostheses on user perspectives, metabolics, and activity: a randomized crossover trial


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12984_2021_842_Fig6_HTML.png
A Steps

® 01

®
-2000 1

2000 |
®

0.1

o
-2000 r
]

A Steps
3000

80

80

ACOT

ASteps

AScore

AScore

a %° 80

)
-2000 1

ASteps
3000

-80

L

@®-3000






OEBPS/images/12984_2021_842_Article_TeX_Equa.png
g = MPowered - MUnpowered N-3 N-2

X X
S D ooted N—-225 N





OEBPS/images/12984_2021_842_Fig2_HTML.png
Steps per Day

10000

8000

6000

4000

2000

Steps per Day Away from Home

Unpowered

Powered

Unpowered

Powered





OEBPS/images/12984_2021_842_Article_TeX_Equb.png
(S D Powered 2 (nPowered - 1)) + (S D Unpowered 2 (nUnpowered - 1))

Npowered + Nunpowered — 2

SD pooled —





OEBPS/images/12984_2021_842_Fig4_HTML.png
Ambulation

Appearance

Frustration

Perceived Response

Residual Limb Health

Social Burden

Sounds

Utility

Well Being

Physical Functioning
Limitations: Physical Health
Limitations: Emotional Problems
Energy/Fatigue

Emotional Well Being

Social Functioning

Pain

General Health

Physical Component Score

Mental Component Score

Change in Score

Unpowered better Powered better p-value |Hedge's g

I

L [E 0.058 0.6821
L —— 0.123 -0.357
F —_————— 0.052 0.506"
L RN S — 0.188 0.486
F —_— 0.336 0.298
+ [ ] 0.043* 0.268
F * 0.391 -0.390
+ ——— 0.799 0.066
F — 0.173 0.262
- —— 0.080 -0.220
L . 0.619 0.107
L — 0.168 0.168
L JHS S — 0.107 0.408
L — 0.151 0.206
L . 0.300 -0.336
L —— 0.235 -0.349
L ———— 0.710 -0.146
L — 0.480 -0.143
L ——i 0.408 0.141

-80 -e;o -4|o -z;o 0 2|o 4Io [e]

>

0.132

0.5981

0 10 20 30 40 50 60 70 80 90 100

Unpowered €——— Preference —> Powered






OEBPS/css/envelope.png





OEBPS/images/12984_2021_842_Fig1_HTML.png
Enrollment

Allocation and Analysis

Assesed for eligibility (n = 31)

Declined to participate (n = 8)
Unable to reach (n = 3)
Not eligible (n = 8)

+ Miscellaneous (n = 3)

—>» ¢ Foot too small for BiOM (n = 1)
+ Insufficient clearance for BiOM (n = 2)
¢ Unable to walk unassisted (n = 2)

Enrolled (n = 12)

Participant dropped out, personal

reasons (n = 1)

(n=1)

v * i
DR testing (n=7) BiOM testing (n = 5)
—
A
Analyzed (n =7) Analyzed (n=4)
¢ Could not reach steady state COT

Participant dropped out,
unrelated health reasons (

:1)

l——

A

y

BiOM test

ing (n = 6)

A

A 4

DR testing (n = 4)

A

Analyzed (n = 6)
Excluded from COT analysis (n = 1)
¢ Could not reach steady state COT
Excluded from IMU analysis (n = 2)
+ Insufficient sensor data

Analyzed (n = 4)






OEBPS/images/12984_2021_842_Fig5_HTML.png
(Y

A COT, J/INm

A In-lab walking speed, m/s ©"

AWalking speed, m/s ©

0.1
. ®
[
o ® o
®
__________ (e mmm e
-0.1 Decreased cost with powered prosthesis
[
Increased walking speed with powered prosthesis
0.2
e :
[
. °
[
-0.2
0.2
Increased walking speed with powered prosthesis
{
{ J
M) L4
[ L ®
o
-0.2
Unpowered Powered

Prosthesis Preference





OEBPS/css/sidebar.gif





OEBPS/images/12984_2021_842_Fig3_HTML.png
Walking speed, m/s

151

051

Measured in-lab

Unpowered Powered

Walking speed, m/s

151

051

Measured in daily life

I Unpowered
[ Powered






