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ORIGINAL ARTICLE

The effect of microprocessor controlled exo-prosthetic knees on limited
community ambulators: systematic review and meta-analysis

Andreas Hahna , Simon Bueschgesb , Melanie Pragera and Andreas Kannenbergc

aOtto Bock HealthCare Products GmbH, Vienna, Austria; bSTAT-UP Statistical Consulting & Data Science GmbH, Munich, Germany; cOtto Bock
HealthCare LP, Austin, TX, USA

ABSTRACT
Purpose: The clinical benefits of microprocessor-controlled prosthetic knees (MPKs) in community ambu-
lators have been well-established. A systematic review in limited community ambulators published in
2014 found benefits in safety, performance-based, and patient-reported outcomes. This work updates the
previous analysis to the current state of the published evidence.
Methods: Systematic review and meta-analysis of the effect of MPKs in limited community ambulators.
Results: Thirteen research projects presented in 15 publications were identified. Overall validity was
“high” in nine studies, “moderate” in three, and “low” in one. The literature described a total of 2366
patients, with 704 classified as limited community ambulators. The use of MPKs in limited community
ambulators led to a reduction in falls (SMD g: –0.59; 95% confidence interval (CI) [–0.85, –0.32; I2¼0%]),
fear of falling (SMD g: 1.2; 95%CI [0.55, 1.85; I2¼80%]), risk of falling as indicated by the TUG (SMD g:
–0.45, 95%CI [–0.87, –0.02; I2¼0%]), an improvement in mobility grade (0.51; 95%CI [0.47,0.55]), self-
selected walking speed (SMD g: 0.47; 95%CI [0.14,0.81; I2¼0%]), and patient-reported ambulation (MD
9.32; 95%CI [3.61, 15.02; I2¼7%]), and utility (MD 7.76; 95%CI [2.05–13.47; I2¼0%]). Other outcomes exhib-
ited trends in favor of MPK use or remained insensitive. No outcome was identified favoring non-MPKs.
Conclusions: These results suggest that MPKs may be considered a valuable therapeutic option in limited
community ambulators with a transfemoral amputation.

� IMPLICATIONS FOR REHABILITATION
� Above knee amputees may be treated with a large variety of artificial exo-prosthetic

knee components.
� Microprocessor-controlled prosthetic knees have proven to be advantageous and cost effective for

community ambulators.
� The current analysis shows similar effects in safety, mobility, and patient perception also for limited

community ambulators.
� Microprocessor-controlled prosthetic knees are a viable therapeutic option for limited commu-

nity ambulators.
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Introduction

Absence of a lower limb may be the consequence of congenital
deformities, trauma, cancer, peripheral vascular disease (PAD), dia-
betic neuropathy, or other conditions. In a transfemoral pros-
thesis, the knee joint has to provide stability to prevent collapse
during weight-bearing as well as enough toe clearance and speed
adaptation during swing to prevent tripping [1]. Controlled knee
functions need to allow knee stance flexion for shock absorption
and reciprocal gait on slopes, stairs, and uneven terrain.
Microprocessor-controlled prosthetic knees (MPKs) resolved many
challenges to ambulation with non-microprocessor-controlled
prosthetic knees (NMPKs) that are struck with an inherent conflict
between weight-bearing stability and safety on one side and sup-
port of knee function during stance on the other. The majority of

clinical studies with MPKs have been conducted with unlimited
community ambulators (Medicare Functional Classification Level
(MFCL)-3) [2] or higher. These studies have demonstrated
improved safety, increased function and mobility [3–5] during
over-ground walking [6–10], ambulation on uneven terrain
[6,7,9,10], slopes [6,9,11–13], stairs [4,9,14–16], and in activities of
daily living (ADL) with a high risk of falling [4,5]. Studies have
shown a significant reduction in falls and improvement in balance
compared to NPMK use [4,6,9,12,13,17,18]. Cost-effectiveness of
MPK use in individuals with MFCL-3 mobility has also been dem-
onstrated [19,20].

Kannenberg et al. [21] published a systematic review on the
benefits of MPKs compared to NMPKs in limited community
ambulators (MFCL-2) in 2014. They reported a reduction in falls
by up to 80% and improvement in the risk of falling when using
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an MPK. Performance-based outcome measures showed that with
MPKs, individuals with MFCL-2 mobility could walk 14–25% faster
on level ground, 20% faster on uneven terrain, and 30% faster
descending slopes. In addition, these subjects were capable to
doing ADL that were considered typical for community ambula-
tors with MFCL-3 mobility. The clinically meaningful improve-
ments in performance-based safety, function, and mobility were
mirrored by a high preference for the MPK in 90% of subjects but
only in part by other patient-reported outcomes.

In the past years, MPKs have further evolved to better accom-
modate the needs of limited community ambulators [22,23].
Clinical investigations of increasing quality have been performed
to address gaps in the clinical evidence [24,25]. Furthermore,
results have been published from observational settings in larger
cohorts in Germany, where the mobility grade is not a limiting
factor for component selection [26–28].

Even in high-income countries, such as the U.K. and the U.S.,
advanced prosthetic components are still reserved for physically
more capable individuals [29,30]. However, the majority of individ-
uals with transfemoral amputation in most countries is older than
65 years [31] and does not usually reach the mobility level of a
community ambulator [32]. While budgetary aspects play an
important role in technology access, healthcare payers often
argue that there is a lack of sufficient clinical evidence for
advanced componentry in this population. Recent recommenda-
tions suggest that subjects with lower mobility should be trialed
with an MPK to assess their individual potential to benefit [2].

In light of the diversity of treatment options for transfemoral
amputees, it was the aim of the present work to appraise the cur-
rent state of the published clinical evidence for benefits of the
MPK technology in limited community ambulators.

The objective of the current analysis was to:
1. Provide an update of the systematic review published in

2014 [21] comparing the effects of MPKs in transfemoral
amputees with MFCL 2 or equivalent mobility grade (limited
community ambulators) on safety, performance-based func-
tion, and patient-reported outcomes.

2. Assess the effect of MPK use by performing a meta-analysis
of the existing published data.

Methods

Search strategy

A preparatory systematic literature search was conducted on 13
January 2020 [33]. The final analysis was conducted on 5 July
2021, in the scientific literature databases Medline, Cochrane
Library, CINAHL Complete, EMBASE, and Google Scholar. Search
terms used were related to MPKs and individuals with unilateral
knee disarticulation or transfemoral amputation and MFCL-2 or
low mobility as well as peripheral arterial disease (PAD).
Databases DARE, Cirrie (now NARIC Rehab Database), PEDRO, and
OT Seeker were also searched with the search term logic adapted
to their specific search structure. Full search terms are presented
in the Supplementary material.

The literature search was limited to English- and German-lan-
guage publications. The references of the analyzed papers were
searched for additional relevant publications. The authors of iden-
tified studies were contacted and invited to indicate in alignment
with the PRISMA reporting statement [34] whether they were
aware of unpublished work confirming or conflicting their publi-
cations. If ambiguity in the published literature required attention,
selected authors were invited to make their data available for the
meta-analysis.

Selection procedure

Titles and abstracts of identified publications were reviewed by
AH and AK independently and screened for inclusion and exclu-
sion criteria.

Inclusion criteria

1. Randomized or non-randomized comparative study that com-
pared the outcomes with use of one or more MPKs to those
with one or more NMPKs.

2. Study with results for subjects with knee disarticulation or
above knee or transfemoral amputation and MFCL-2 or
equivalent mobility grade. Limited community ambulators
either had to be the primary study group or their results had
to be presented as a separate subgroup analysis or as raw
data that allowed for a post hoc statistical analysis.

3. Study reported quantitative and comprehensible results of
validated outcome measures for safety, function, and mobility
with prosthesis use and/or of patient-reported outcomes for
perceived safety, function, and satisfaction with
the prosthesis.

Exclusion criteria

1. Study with implantable knee joints (total or partial knee
replacement).

2. Study that reported only opinions or qualitative evaluations
of the authors rather than concrete quantitative results that
allowed for an independent evaluation.

3. Duplicate, citation, content unrelated to objective of this
investigation.

Evaluation of methodological quality

AH and AK independently rated relevant publications for their
methodological quality. Any difference in rating or evaluation was
discussed until mutual agreement was reached. The assessment
was based on the State of the Science Evidence Report Guidelines
as recommended by the American Academy of Orthotists and
Prosthetists (AAOP) [35] Internal validity assessment was based on
18 and external validity assessment on eight items.

Analysis
Results allowing a direct comparison of subjects fitted with an
MKP and an NMPK were extracted. Data from mixed populations
but sufficient reporting of individual results to allow for a com-
parison were re-analyzed. For some of the studies, the authors
had direct access to the data, either as it stemmed from their
own research or as other original study authors kindly supplied
de-personalized data for re-analysis. If not indicated differently in
this paper, absolute and relative differences and effect sizes and
significance levels for suitable paired hypothesis tests were calcu-
lated using either a two-tailed paired t-test or Wilcoxon’s signed
rank test. In case relative differences are presented, the 95% confi-
dence interval (CI) was determined to check for statistical
significance.

All data handling was performed in accordance with all applic-
able data protection legislation.

Outcomes were categorized as to whether they favor the use
of MPKs, NMPKs, or none of the components. In case a suitable
parameter was used in at least three independent studies, a
meta-analysis of the parameter was conducted.
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Measures of treatment effect in the meta-analysis
The mean differences (MDs) or standardized mean differences
(SMDs) with 95%CIs were calculated for continuous outcomes
that were measured in the studies for MPKs and NMPKs.
Whenever possible, the MDs were presented, but many of the
studies did not allow for direct comparison of similar outcomes.
The differences between studies usually related to measured dis-
tances, times or measurement scales of outcomes, albeit the out-
comes related to the same principal construct. Hedges’ g with an
approximate bias correction as described by Hedges [36] was cal-
culated as the selected measure of effect size for SMDs.

Pooled estimates of overall differences for an outcome were
calculated with both a fixed-effect and a random-effects model
using inverse variance weighting and the DerSimonian and Laird
method [37] for estimating the between-studies variance within
the random-effects model. For both models, a t-test was used for
the pooled effect estimate.

Besides the outcomes reported as MD or SMD, change of
mobility grade made up a special case of meta-analysis for a sin-
gle proportion to calculate an overall proportion. A random inter-
cept logistic regression model was utilized for the meta-analysis
of this outcome [38].

Assessment of heterogeneity
Heterogeneity was assessed using Cochrane’s Q-test (p value
<0.10 is indicative of heterogeneity) and Higgins I2 statistic (low
heterogeneity, <25%; moderate heterogeneity, 25–75%; and high
heterogeneity, >75%) [39].

Presentation of results
Meta-analysis results are presented in forest plots. The studies
were sorted in order of decreasing standard error and, regardless
of detected statistical heterogeneity, pooled estimates are pre-
sented for fixed-effect and random-effects models. Displaying
both pooled estimates as opposed to choosing one model on the
basis of heterogeneity was done because the differences in
patient characteristics between the studies, which could not be
controlled for, would be better generalized by a random-effects
model than a fixed-effect model, even if low heterogeneity
was detected.

However for the sake of transparency, fixed-effect model esti-
mates were still included.

All analyses were conducted in R [40] with the packages meta
[41] and metafor [42].

Results

Literature search

The numerical results of the literature search are shown in
Figure 1. After removal of empty links, citations, other language
entries, and duplicates, 1127 items remained for title and, there-
after, 409 items for abstract review. Forty-eight publications were
reviewed in full text. Fifteen publications met the inclu-
sion criteria.

Davie-Smith and Carse [43] reported on a retrospective cohort
analysis in low mobility amputees characterized by an Amputee
Mobility Predictor score of 40 or lower. Jayaraman et al. [44]
described a randomized cross-over trial in MFCL-2 subjects and

Figure 1. Flowchart of literature review process and results. Final analysis run on 5 July 2021. Search strings and further information are presented in the
Supplementary material.
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vascular etiology while using the C-Leg. Lansade et al. [25] per-
formed a randomized cross-over study in low mobility amputees
utilizing the MPK Kenevo. Kaufman et al. [24] reported a prospect-
ive cross-over study in MFCL-2 amputees with four different MPKs
(C-Leg Compact, Rheo Knee 3, Plie 3, Orion 2) whose results were
pooled for analysis. Wong et al. [45] studied the impact of the C-
Leg on individuals with vascular amputation in a prospective
cohort study. Mileusnic et al. [23] described a prospective obser-
vational study on the first clinical use of the MPK Kenevo with
limited community ambulators. Hasenoehrl et al. [22] reported a
pilot study with prospective A-B-A design to evaluate an MPK
prototype for limited community ambulators with motion analysis
and clinical outcome instruments. Hahn et al. [26–28] published
two independent retrospective analyses of results of 1223 or 899
trial fittings with C-Leg or Genium, respectively.

Already discussed by Kannenberg et al. [21] were Kahle et al.
[9], Hafner and Smith [46], Theeven et al. [47,48] including the
respective study report by Seelen et al., provided as
Supplementary material [49], Burnfield et al. [50] and Eberly et
al. [51].

Authors of all but one study answered the invitation to
respond following the PRISMA statement. Hemmen responded on
behalf of Theeven et al. and identified the work by Telgenkamp
et al. as relating to the subject investigated here. Their random-
ized cross-over pilot study has been registered at the Netherlands
Trial Register under no. NTR6456. The results have been submit-
ted for publication and do not contradict the work presented ear-
lier by the authors.

We are also aware of the work of Morgan [52] relating in parts
to the subject matter addressed here. No results have been pub-
lished thus far.

Evaluation of methodological quality

The results of the evaluation of methodological quality of the
publications included in this review are presented in Tables 1
and 2.

The rating according to the AAOP SoSc Evidence Report
Guidelines identified the number of threats to internal validity
ranging from 2 to 7. One study had a threat to external validity.
The overall validity was assessed as “high” in nine studies,
“moderate” in three, and “low” in one.

A further specification of the study design and a summary of
the demographic information on the subjects are depicted in
Table 3. The meta-analysis included those subjects who had an
assigned mobility grade of MFCL-2 or equivalent or lower and for
whom outcomes could be compared between MPKs and NMPKs.
No attempt was made to further stratify for hip as an amputation
level or for bilateral amputations.

Results of the performance-based and patient-reported out-
comes regarding safety, subjects’ performance, usually denoted
by functional outcome measures or prosthetists’ assessments, and
patient-reported outcomes are depicted in Tables 4–16. Outcomes
were identified as eligible for the meta-analysis, if a comparison
was possible with results of at least two other studies. Outcomes
favoring MPKs are displayed with their respective absolute and/or
relative magnitude, effect sizes and statistical significances, wher-
ever possible. Outcomes are categorized as related to (a) safety
(number of falls, fear of falling, risks of falling, etc.), (b) perform-
ance, function, and mobility, and (c) subjects’ perception.
Outcomes that did not show statistical significance were
listed separately.

With use of an MPK, significant reductions in falls were found
by five studies [9,24,43,45,46], significant improvements in indica-
tors for the risk of falling in six studies [25,43–46,50], significant
improvements in the fear of falling by five studies [23,26,44–46],
and significant improvements in patients’ perception of safety in
three studies [26,28,47]. The latter were combined in the
meta-analysis.

Significant improvements in performance-based outcomes with
an MPK were reported for walking speed on level ground in five
studies [9,43,44,46,51], for slope ambulation in three studies
[9,46,50], for stair ambulation and uneven terrain mobility in two
studies each [9,46], for ADL performance in one study [47–49],
and for activity [24] and multitasking ability [46] in one study

Table 4. Subgroup analysis for subjects with MCFL-2.

Kahle et al. [9]
All analysis extracted from MCFL-2

p Values from two-tailed paired t-test

Outcomes for meta-analysis # falls, SSWS 75 m, FPWS 6 m, positive change of MCFL
Outcomes favoring MKP Safety

#falls (Dabs-1.67, Drel-79.0%, g: –1.32, p: 0.04)
Performance
SSWS 75 m (Dabs 0.11 m/s, Drel 18.6%, g: 0.52, p: 0.04)
FPWS 75 m (Dabs 0.11 m/s, Drel 15.4%, g: 0.53, p: 0.01)
FPWS UT (Dabs 0.14 m/s, Drel 25.2%, g: 0.66, p: <0.01)
MRPP (Dabs 2.7, Drel 38.8%, g: 0.73, p: 0.03)
MCFL Change 2 to 3 (Dabs 4, Drel 44.4%, p¼ 0.04)
Perception
Preference 89%

Outcomes w/o statistical significance Safety
# stumbles (Dabs-6, Drel-76.0%, g: 0.65, p: 0.21)
FPWS 6 m (Dabs 0.11 m/s, Drel 13.3%, g: 0.36, p: 0.08)

Outcomes favoring NMPK None
Other PEQ cited for total group only, only total score available

(Dabs 241.8, Drel 26%, g: 0.92, p: 0.01)

The MRPP (Montreal Rehabilitation Performance Profile) was used to characterize stair descend. Bonferroni’s correction was reported.
Dabs¼ absolute difference; Drel¼ relative difference; ABC¼Activity based Balance Confidence Scale; ADAPT¼Assessment of Daily
Activity Performance in Transfemoral Amputees Test; AS1¼Activity Set 1; AS2¼Activity Set 2; AS3¼ Activity Set 3; AMP¼ amputee
mobility predictor; CL¼ C-Leg; CPCT¼ C-Leg compact; FPWS¼ Fastest possible walking speed; GC¼ gait cycle; g¼Hedges’ g;
GPS¼Gait Profile Score; LW¼ level walking; MCFL¼Mobility Classification Functional Level; MG¼Mobility Grade;
MPK¼microprocessor controlled knee; MRPP¼Montreal Rehabilitation Performance Profile; NMPK¼ non-microprocessor controlled
knee; PEQ Prosthesis Evaluation Questionnaire; PLUS-M¼ Prosthetic Limb Users Survey of Mobility; SSWS¼ self-selected walking speed;
TUG¼ Timed up and Go test; UT¼ uneven terrain.
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each. In addition, five studies [9,26,28,44,46] reported significant
improvements in functional level from MFCL-2 to MFCL-3 in about
50% of subjects.

Significant improvements in patient-reported prosthetic func-
tion and mobility when using an MPK were found in seven stud-
ies [9,23–26,28,43,44,47–49] and for quality of life in one
study [25].

It is especially noteworthy that across all 13 studies, not a sin-
gle outcome measure showed a significant benefit of NMPKs over
MPKs in subjects with MFCL-2 mobility.

Results of the meta-analysis
Safety-related outcomes demonstrating significant effects of MPK
in the meta-analysis are shown in Figure 2. Standardized mean
differences were used to represent the significant reductions in
number of falls, fear of falling, and TUG completion time.

Results related to performance-based function and mobility are
depicted in Figure 3. The change in mobility grade was observed
in six of the analyzed studies. The Houghton Scale analysis
remained inconclusive (g: 0.01, p¼ 0.96).

The meta-analysis of the patient-reported outcomes is shown
in Figure 4. The results of the PEQ domains of ambulation and
utility indicate favorable results for the MPK, whereas the subdo-
mains of appearance, residual limb health and well-being exhib-
ited favorable trends. The ABC scale exhibits favorable effects in
the fixed effect model.

Discussion

The number of studies addressing the effectiveness of MPKs in
limited community ambulators has increased notably over the

past years. We identified publications relating to a total of 13
research projects, with nine publications expanding on the find-
ings of Kannenberg et al. [21].

Designs and outcomes utilized in these studies varied widely
and covered a broad range of research approaches. This variability
also poses a challenge and limitation to a comparative
meta-analysis.

The meta-analysis provided clear insights that the use of MPKs
in limited community ambulators led to a reduction in falls, fear
of falling, an improvement in walking speed, mobility grade and
patient-reported ambulation, utility and activity-based bal-
ance confidence.

Results on safety

Performance-based and patient-reported safety is the basis for
comprehensive prosthesis use in everyday life and improvements
in function and mobility [54,55]. The extent of improvements
found in safety was comparable to those known for subjects with
higher mobility levels. Fear of falling and safety perception has a
severe impact on lifestyle as individuals usually actively avoid
activities that they perceive as associated with a higher fall risk.
That may result in social withdrawal and considerable decline in
quality of life. In this context, Kaufman et al. reported that 30% of
their subjects refused to revert from the MPK to their original
NMPK due to fear of falling.

The reduction of TUG time indicates a reduced risk of falling
[56]. Earlier findings of Burnfield et al. [50] were confirmed by
Lansade et al. [25] with the magnitude of the group effect equal-
ing the minimal detectable change (MDC) identified by Resnik
and Borgia [57].

Table 5. Hafner et al. report on the MFCL-2 subgroup separately.

Hafner and Smith [46]
All analysis extracted from MFCL-2 subgroup

p Values from two-tailed paired t-test

Outcomes for meta-analysis # falls, fear of falling, positive change of MCFL, attention speed as SSWS, PEQ ambulation, PEQ appearance,
PEQ residual limb, PEQ sounds, PEQ utility, PEQ well being

Outcomes favoring MKP Safety
#falls (Dabs-0.5, Drel-100.0%, g: –1.31, p: 0.01)
Fear of falling (Dabs-4.2, Drel-4.5%, g: 1.47, p: 0.01)
Fear of stumbles (Dabs: 11.6, Drel: 15.7%, g: 0.90, p: 0.05)
Performance
Stair mobility (Dabs-5.7, Drel 172.7%., g: 1.89, p: 0.01)
Hill mobility (Dabs-2.1, Drel 38.9%, g: 0.60, p: 0.01)
Hill speed (Dabs-0.46 m/s, Drel 27.1%, g: 1.22, p: 0.002)
Obstacle course (Dabs-0.09 m/s, Drel 11.3%, g: 0.33, p: 0.02)
Attention speed (Dabs-0.1 m/s, Drel 12.1%, g: 0.54, p: 0.02
Multitasking (Dabs-15.0s, Drel 21.2%, g: 1.00, p: 0.04
MFCL change: (Dabs-4, Drel 50%, p¼ 0.03)

Outcomes w/o statistical significance Safety
# stumbles
# semi-controlled falls
Performance
Activity avoidance (VAS)
Attention accuracy (VAS)
Mental energy expenditure, confidence while walking, difficulty with concentration
Perception
Frustration with falls
Embarrassment with falls
Satisfaction VAS
PEQ ambulation, appearance, frustration, perceived response, residual limb, social burden, sounds, utility, well-being.

Outcomes favoring NMPK None
Comments AMP changes correlate strongly with MG changes

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily Activity Performance in
Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility Predictor; CL: C-Leg; CPCT: C-Leg compact; FPWS:
fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW: level walking; MCFL: Mobility Classification Functional Level; MG: mobility
grade; MPK: microprocessor controlled knee; MRPP: Montreal Rehabilitation Performance Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis
Evaluation Questionnaire; PLUS-M: Prosthetic Limb Users Survey of Mobility; SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.
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Across the 13 research projects, over 15 different outcome
parameters were chosen to characterize safety. Most parameters
indicated a favorable effect of MPKs. Fewer parameters indicated
trends or remained insensitive. Not a single parameter hinted
toward a decline of safety associated with the use of MPKs in lim-
ited community ambulators. The technical differences between
MPK and NMPK that result in different safety profiles were
described earlier by Blumentritt et al. [4] and Kannenberg et al.
[21]. It may be noted that there are remarkable differences in
design, safety, and functionality of the MPKs available [58–60].

The study results presented in this review were predominantly gen-
erated with MPK with linear hydraulic units for comprehensive
stance and swing phase control, namely C-Leg, C-Leg Compact (no
longer available), Genium, and Kenevo. Few studies have
attempted to identify the differential clinical effectiveness of differ-
ent MPKs with results clearly suggesting significant differences in
the capabilities of the various MPK technologies [61–64]. A large
cross-sectional study with 602 individuals with unilateral transfe-
moral amputation and MFCL-3 mobility found that only two of the
four MPKs studied were able to significantly reduce the number of

Table 6. Theeven et al. investigated the impact of C-Leg (CL) and C-Leg Compact (CPCT) on MCFL-2 subgroups with high, intermediate (int) and low activity level.

Theeven et al./Seelen et al.
MFCL-2 stratified to subgroups low, int. and high.

p Values from Wilcoxon signed rank test for paired observations

Outcomes for meta-analysis PEQ ambulation, PEQ appearance, PEQ residual limb, PEQ sounds, PEQ utility, PEQ well-being, patients perception safety on stumbles
Outcomes favoring MKP Safety

Patients perception safety on
� Stumbles (Dabs 12.2, Drel 17.6%, g: 0.79, p< 0.001)
� Stops (Dabs 7.8, Drel 10.3%, g: 0.52, p: 0.005)
� Sidesteps (Dabs 10.3, Drel 14.2%, g: 0.70, p: 0.002

Patients perception stability on
� Stops (Dabs 10.8, Drel 14.7%, g: 0.73, p< 0.001)
� Sidesteps (Dabs 7.6, Drel 10%, g: 0.54, p: 0.007)
� Obstacle clearance (Dabs 13.3, Drel 18.9%, g: 0.81, p: 0.001)

Performance
ADAPT performance scores
AS1 total (p¼ 0.0001 CL; 0.002 CPCT)
AS1 high (p¼ 0.01 CL; 0.019 CPCT)
AS3 high (p¼ 0.023)
AS1 int (p¼ 0.004 CL; p¼ 0.008 CPCT)
AS2 int (p¼ 0.016 CL)
SAI CL int. (Dabs 5.5, Drel 171.9%, , p< 0.025)
SAI CL high (Dabs 5.3, Drel 147.2%, , p< 0.025)
SAI CPCT int. (Dabs 4,6, Drel 143.8%, , p< 0.025)
SAI CPCT high (Dabs 5,2, Drel 144.4%, p< 0.025)

Perception
ADAPT perceived difficulty (VAS):

� Total group AS2 (p¼ 0.023) and AS3 (p¼ 0.008) (CL)

Preference: 28 out of 29

PEQ
Ambulation high (Dabs 11.8, Drel 17.2%, g: 0.79, p: 0.06)
Resid. limb high (Dabs 13.8, Drel 27.0%, g: 0.66, p: 0.003)
Utility high (Dabs 8.7, Drel 12.9%, g: 0.60, p: 0.04)
Satisfact. w. walking high (Dabs 10.6, Drel 15.0%, g: 0.55, p: 0.04)
Ambulation int (Dabs 8, Drel 11.3%, g: 0.47, p: 0.009)
Utility int (Dabs 11.6, Drel 17.1%, g: 0.76, p: 0.02)
Satisfact. w. walking int (Dabs 28.1, Drel 49.8%, g: 1.37, p: 0.007)

Outcomes w/o statistical
significance

Performance
ADAPT AS2 high
ADAPT AS3 high CL
ADAPT AS2 int
ADAPT AS3 int
ADAPT all AS in low
Perception
ADAPT perceived difficulty total group for CPCT
ADAPT perceived difficulty in subgroup stratification
PEQ subscales as not cited above.
SAI and HAI in “Low” and all not cited above.

Outcomes favoring NMPK None
Comments Absolute changes on ADAPT are presented in graphs only

The ADAPT [70] instrument investigates three different activity sets (AS 1–3). Significant outcomes were observed in the groups high and intermediate while no sig-
nificant change was to be detected in group “low”. Results for SAI and HAI were extracted from Seelen et al.
Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily Activity Performance in
Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility Predictor; CL: C-Leg; CPCT: C-Leg compact; FPWS:
fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW: level walking; MCFL: Mobility Classification Functional Level; MG: mobility
grade; MPK: microprocessor controlled knee; MRPP: Montreal Rehabilitation Performance Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis
Evaluation Questionnaire; PLUS-M: Prosthetic Limb Users Survey of Mobility; SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.
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injurious falls compared to a historical control group using NMPK.
The C-Leg and the Orion significantly prevented injurious falls,
whereas the Rheo and the Pli�e knees did not [64]. Any attempt to
further clarify the differential effectiveness of the available MPKs

would be commended. Caution is recommended with regards to
claims of “parity” of different MPKs as this may lead to improper
clinical decisions [64]. Equivalence or non-inferiority between differ-
ent MPKs has not yet been studied.

Table 7. As only relative differences were reported, TUG, ABC, and Houghton scores could not be utilized for the meta-analysis.

Burnfield/Eberly et al. MFCL-2 amputees on C-Leg Compact
p Values from two-tailed paired t-test

Outcomes for meta-analysis SSWS (free walking); FPWS (fast walking)
Outcomes favoring MKP Safety

TUG (Dabs 6.8 s, Drel 38.4%, g: n.a., p< 0.02)
ABC (Dabs 15.6, Drel 26.0%, g: n.a., p< 0.001)
Performance
Level walking
SSWS (Dabs 0.11 m/s, Drel 20.0%, g: 0.54, p< 0.001)
Cadence (Dabs 7.0, Drel 9.2%, g: 0.39, p: 0.001)
Stride length (Dabs 0.1 m, Drel 11.9%, g: 0.55, p: 0.003)
FPWS (Dabs 0.17 m/s, Drel 23.7%, g: 0.69, p< 0.001)
Cadence (Dabs 8.8 m, Drel 10.1%, g: 0.50, p: 0.002)
Stride length (Dabs 0.13 m, Drel 13.6%, g: 0.55, p< 0.001)
Single limb support SSWS (%GC), p¼ 0.048

Heel rise prosthetic limb, SSWS and FPWS (p: 0.33/0.019)
Slope ascend
Speed (Dabs 0.13 m/s, Drel 27.7%, g: 0.56, p: 0.01)
Cadence (Dabs 9.7 ,Drel 14.3%, g: 0.59, p: 0.01)
Stride length (Dabs 0.10 m, Drel 11.9%, g 0.52, p: 0.02)

Slope descend
Speed (Dabs 0.14 m, Drel 36.2%, g: 0.64, p< 0.001)
Cadence (Dabs 10.9, Drel 16.0%, g: 0.57, p< 0.02)
Stride length (Dabs 0.13 m, Drel 13.7%, g: 0.57, p: 0.003)

Perception
PEQ ambulation (Dabs 1.6, Drel 25.4%, g: n.a., p: 0.04)

Outcomes w/o statistical significance Houghton’s Scale (p: 0.058)
Single limb support FPWS (%GC) prosthetic side
EMG signals (various)

Outcomes favoring NMPK None-
Other Both publications report in detail on further biomechanical parameters (kinematic and kinetic)

as well as EMG. The data suggest in general either an increase in symmetry or remain not significant.
We refrain from detailed reporting here

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily Activity Performance in
Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility Predictor; CL: C-Leg; CPCT: C-Leg compact; FPWS:
fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW: level walking; MCFL: Mobility Classification Functional Level; MG: mobility
grade; MPK: microprocessor controlled knee; MRPP: Montreal Rehabilitation Performance Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis
Evaluation Questionnaire; PLUS-M: Prosthetic Limb Users Survey of Mobility; SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.

Table 8. Subgroup analysis on original data.

Hahn et al. [26] MOBIS 2 data extracted from 463 subjects

Outcomes for meta-analysis Fear of falling, change of mobility grade
Outcomes favoring MKP # subjects reporting

Safety
Reduced fear of falling 87%; 95%CI [84%; 90%]
Perception of safety 85%; 95%CI [82%; 88%]
Performance
# subjects rated by CPO to have improved
Relieve of sound leg 95%; 95%CI [93%; 97%]
Attention 90%; 95%CI [87%; 93%]
Gait harmonization 93%; 95%CI [90%; 95%]
Gait speed variation 86%; 95%CI [83%; 89%]
Overall effort 84%; 95%CI [81%; 87%]
Reduction walking aids 37%; 95%CI [27%; 41%]
Change MG2 to MG3 50%; 95%CI [45%; 54%]

Outcomes w/o statistical significance None
Outcomes favoring NMPK None
Other Confidence intervals of subgroup MOBIS 2 extracted in post hoc analysis

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily Activity
Performance in Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility Predictor; CL:
C-Leg; CPCT: C-Leg compact; FPWS: fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW: level walking;
MCFL: Mobility Classification Functional Level; MG: mobility grade; MPK: microprocessor controlled knee; MRPP: Montreal Rehabilitation
Performance Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis Evaluation Questionnaire; PLUS-M: Prosthetic Limb Users
Survey of Mobility; SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.
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Table 10. Subgroup extracted from original data.

Hahn et al. [28] All analysis extracted from MG2 prior on NMPK

Outcomes for meta-analysis Change mobility grade
Outcomes favoring MKP Safety

# subjects reporting improved
Safety perception 100%; 95%CI [91.2%; 100%]
Performance
# subjects rated improved by CPOs (functional benefits)
Symmetry 95.5%; 95%CI [89.6%; 100%]
Relief sound side 89.3%; 95%CI [77.6%; 100%]
Attention 89.7%; 95%CI [78.2%; 100%]
Variability speed 78.6%; 95%CI [63.1%; 94.1%]
Overall effort 85.7%; 95%CI [72.5%; 98.9%]
# subjects rated improved by prosthetist
(Advanced maneuvers)
Stair ambulation (alt. desc.) 41.3%; 95%CI [22.8%; 60%]
Ramps (desc.) 86.8%; 95%CI [74.0%; 99.6%]
Walking backwards 75.0%; 95%CI [58.7%; 91.3%]
Small steps 65.0%; 95%CI [47.0%; 83.0%]
Obstacles 84.0%; 95%CI [70.2%; 97.8%]
Heavy loads 78.2%; 95%CI [62.6%; 93.8%]
“door test” 92.3%; 95%CI [82.6%; 100%]
Perception
# subjects reporting improvement in
Toileting 56.0%; 95%CI [37.3%; 74.7%]
Stair ambulation (alt. desc.) 88.9%; 95%CI [77.0%; 100%]
Standing ramps 92.0%; 95%CI [81.8%; 100%]
Variability gait speed 92.6%; 95%CI [82.7%; 100%]
Carrying w visual obstruction 88.0%; 95%CI [75.7%; 100%]

Outcomes w/o statistical significance None
Outcomes favoring NMPK None
Other

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily
Activity Performance in Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility
Predictor; CL: C-Leg; CPCT: C-Leg compact; FPWS: fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score;
LW: level walking; MCFL: Mobility Classification Functional Level; MG: mobility grade; MPK: microprocessor controlled knee; MRPP:
Montreal Rehabilitation Performance Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis Evaluation Questionnaire; PLUS-
M: Prosthetic Limb Users Survey of Mobility; SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.

Table 11. The exploratory pilot study by Hasenoehrl et al. showed high heterogeneity of subjects’ baseline status and subsequent performance.

Hasenoehrl et al. Analysis extracted from publication

Outcomes for meta-analysis TUG, SSWS, FPWS
Outcomes favoring MKP
Outcomes w/o statistical significance TUG, 2min walk test, SSWS, FPWS, AMP, BBS, MG change, observed fall events,

Houghton’s Scale, OPUS, LCI, ABC, SF-36, 3D gait analysis
Outcomes favoring NMPK None
Other Due to the low number of patients and the heterogeneity of the group the

authors used descriptive analysis only. The explicit reporting of the
individual scores allowed for post hoc analysis and use in the meta-analysis

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily Activity
Performance in Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility Predictor; CL: C-
Leg; CPCT: C-Leg compact; FPWS: fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW: level walking; MCFL:
Mobility Classification Functional Level; MG: mobility grade; MPK: microprocessor controlled knee; MRPP: Montreal Rehabilitation Performance
Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis Evaluation Questionnaire; PLUS-M: Prosthetic Limb Users Survey of Mobility;
SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.

Table 9. Subgroup extracted from publication.

Wong et al.
4 subjects with MFCL 2

p Values from two-tailed paired t-test

Outcomes for meta-analysis # falls; fear of falling, risk of falling (TUG)
Outcomes favoring MKP
Outcomes w/o statistical significance # falls (Dabs �0.75, Drel �60.0%, g: �0.67, p: 0.21)

Fear of falling (Dabs �3.0, Drel �80.0%, g: �0.84, p: 0.24)
TUG (Dabs �26.3, Drel �45.1%, g: �0.39, p: 0.35)
ABC (Dabs �41.1, Drel �118.7%, g: �1.05., p: 0.09)
BBS (Dabs �2.25, Drel �7.3%, g: �0.09., p: 0.56)
Houghton (Dabs 2.75 ,Drel 100.0%, g: 0.58, p: 0.19)

Outcomes favoring NMPK None
Other

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily
Activity Performance in Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility
Predictor; CL: C-Leg; CPCT: C-Leg compact; FPWS: fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score;
LW: level walking; MCFL: Mobility Classification Functional Level; MG: mobility grade; MPK: microprocessor controlled knee; MRPP:
Montreal Rehabilitation Performance Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis Evaluation Questionnaire; PLUS-
M: Prosthetic Limb Users Survey of Mobility; SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.
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The reduction in falls has a major impact on the cost-effective-
ness of exo-prosthetic components [19]. Kuhlmann et al. [65] con-
firmed the cost-effectiveness of the C-Leg in a population with
unilateral transfemoral amputation with an average age around
65 years, even after stratification into sub-populations with and
without diabetes mellitus. The sensitivity analysis identified that
falling had the largest impact on the model outcomes. A further
analysis investigating the effects in populations with even higher
age and primarily vascular etiology in Sweden confirmed the
importance of effective falls prevention [66].

Performance, function, and mobility

The use of MPKs in limited community ambulators may lead to an
improvement in mobility grade rating. This effect had first been

observed by Kahle et al. [9] and Hafner and Smith [46] and has
meanwhile been confirmed by four additional studies [22,26,28,44].

Mobility grade rating is a complex clinical process based to a
large extent on a consensus of the clinical team and an extensive
assessment of the subject. It includes the evaluation of the sub-
ject’s mobility potential. Most studies refer to the definitions of
the MFCLs [30]. Alternative rating systems, such as the German
“Aktivit€atsklassen” (“activity classes”) [67] or the MOBIS system
[68] are very similar. Lansade et al. [25] referred to the ICF classifi-
cation with additional factors to characterize the patient. In the
UK, the SIGAM classification is used [29]. Davie-Smith and Carse
[43] were utilizing an AMPPro threshold of �40 for pragmatic rea-
sons. Jayaraman et al. [44] supported their assessment by meas-
ures including gait speed, BBS, and AMPPro measurements.
Several attempts have been reported to objectify mobility grade

Table 13. The authors kindly provided their de-personalized data set for meta-analyses.

Kaufman et al. Analysis from original data

Outcomes for meta-analysis # falls, PEQ ambulation, PEQ appearance, PEQ residual limb, PEQ sounds, PEQ utility, PEQ well being
Outcomes favoring MKP Safety

# falls (Dabs �2.91, Drel �62.1%, g: –0.50, p¼ 0.05)
Performance
Activity time (Dabs 4%, Drel 20.%, g: 2.5, p: 0.02)
Sitting time (Dabs 9%, Drel 17%, g: 2.96, p: 0.01)
Perception
PEQ dimensions
Appearance (Dabs 10.9, Drel 17.0%, g: 0.55, p< 0.01)
Utility (Dabs 9.9, Drel 18.4%, g: 0.52, p< 0.01)

Outcomes w/o statistical significance Gait complexity
PEQ dimensions
Ambulation
Frustration
Perceived response
Residual limb health
Social burden sounds
Well being

Outcomes favoring NMPK None
Other All analysis extracted from MG2. p Values from two-tailed paired t-test

The individual MPK assignment remained blinded.
Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily Activity Performance in
Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility Predictor; CL: C-Leg; CPCT: C-Leg compact; FPWS:
fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW: level walking; MCFL: Mobility Classification Functional Level; MG: mobility
grade; MPK: microprocessor controlled knee; MRPP: Montreal Rehabilitation Performance Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis
Evaluation Questionnaire; PLUS-M: Prosthetic Limb Users Survey of Mobility; SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.

Table 12. Analysis from publication.

Mileusnic et al. All group analysis

Outcomes for meta-analysis #falls, fear of falling
Outcomes favoring MKP Safety

# non-stumblers (Drel 42%, p: 0.044)
Performance
Wheelchair dependence -(Drel 43%, p: 0.005)
Perception
Responders for
Concentration 79%; 95%CI [61%; 97%]
Perceived exertion 84%; 95%CI [67%; 100%]
Level walking 79%; 95%CI [42%; 86%]
Uneven ground 64%; 95%CI [42%; 86%]
Improved standing 69%; 95%CI [46%; 92%]
Preference 89%; 95%CI [78%; 100%]

Outcomes w/o statistical significance Fear of falling, LCI, PLUS-M, Houghton’s Scale, number of non-fallers, stairs, satisfaction with prosthesis
Outcomes favoring NMPK None
Other Confidence interval analysis was conducted retrospectively based on the information given in the publication

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily Activity Performance in
Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility Predictor; CL: C-Leg; CPCT: C-Leg compact; FPWS:
fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW: level walking; MCFL: Mobility Classification Functional Level; MG: mobility
grade; MPK: microprocessor controlled knee; MRPP: Montreal Rehabilitation Performance Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis
Evaluation Questionnaire; PLUS-M: Prosthetic Limb Users Survey of Mobility; SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.

MPKS IN LIMITED COMMUNITY AMBULATORS 11



Table 16. Davie-Smith et al. applied 18 times Bonferroni’s correction to significance level.

Davie-Smith et al.
Authors kindly provided re-analyzed data on request for meta-analysis and

effect size determination

Outcomes for meta-analysis #falls, gait speed, ABC
Outcomes favoring MKP Safety

# falls (Dabs �1.41, Drel �73.1%, g: �0.56, p¼ 0.007)
Performance
2 minWT (Dabs 16.84 m, Drel 18.1%, g: 0.54, p¼ 0.001)
Gait speed (Dabs 0.14 m/s, Drel 17.9%, g: 0.53, p¼ 0.001)
AMP (Dabs 3.49, Drel 9.6%, g: 1.01, p< 0.001)
L-TEST (Dabs �8.01 s, Drel �21.1%, g: �0.56, p< 0.001)
Perception
ABC (Dabs 9.66, Drel 14.7%, g: 0.56, p< 0.001)
PLUS-M (Dabs 4.67, Drel 10.6%, g: 0.47, p¼ 0.004)

Outcomes w/o statistical significance EQ-5D-5L (Dabs 0.08, Drel 12.1%, g: 0.53, p¼ 0.01), GPS, SCS
Outcomes favoring NMPK None
Other Low mobility classification based on AMP �40. p Values from paired t-test, gait

speed derived from 2 minWT. For #falls outlier correction was applied and p
values from group comparison

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily Activity
Performance in Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility Predictor; CL: C-
Leg; CPCT: C-Leg compact; FPWS: fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW: level walking; MCFL:
Mobility Classification Functional Level; MG: mobility grade; MPK: microprocessor controlled knee; MRPP: Montreal Rehabilitation Performance
Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis Evaluation Questionnaire; PLUS-M: Prosthetic Limb Users Survey of Mobility;
SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.

Table 15. Jayaraman et al. provide both groups with the same foot component.

Jayaraman et al.
Data extracted from original publication

p Values relate to ANOVA analysis

Outcomes for meta-analysis Fear of falling (mFES), risk of falling (TUG), MG change
Gait speed, PEQ-A

Outcomes favoring MKP Safety
mFES (Dabs 1.42, Drel 16.7%, g: 1.55, p¼ 0.004)
Performance
10 mWT: (Dabs �2.6 s, Drel �14.4%, g: �0.33, p¼ 0.045)
Speed 10 mWT (Dabs 0.1 m/s, Drel 15.2%, g: 0.34, p¼ 0.009)
Change MG2 to MG3 50%; 95%CI [12%; 88%]
Perception
PEQ-A (Dabs 22.77, Drel 38.5%, g: 1.15, p¼ 0.003)

Outcomes w/o statistical significance 6 minWT, BBS, AMPPRO, FSST, TUG
Outcomes favoring NMPK None
Other MG change cited in publication based on changes in the 10 mWT gait speed

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily Activity
Performance in Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility Predictor; CL: C-
Leg; CPCT: C-Leg compact; FPWS: fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW: level walking; MCFL:
Mobility Classification Functional Level; MG: mobility grade; MPK: microprocessor controlled knee; MRPP: Montreal Rehabilitation Performance
Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis Evaluation Questionnaire; PLUS-M: Prosthetic Limb Users Survey of Mobility;
SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.

Table 14. Data extracted from original publication.

Lansade et al. Data extracted from intent to-treat analysis

Outcomes for meta-analysis Risk of falling (TUG), # falls
Outcomes favoring MKP Safety

TUG (pp analysis) (Dabs 3.7 s, Drel 16.0%, g: 0.70, p¼ 0.001)
Perception
LCI-5 (Dabs 2.4, Drel 5.6%, g: 0.34, p¼ 0.02)
QUEST 2.0 (Dabs 0.8, Drel 17%, d: n.a., p¼ 0.001)
SF-36 (MCS) (Dabs 3.86, Drel 7.4%, g: 0.45, p¼ 0.04)

Outcomes w/o statistical significance # falls, # fallers, SF-36 PCS
Outcomes favoring NMPK None
Other p Values from two-tailed paired t-test

Dabs: absolute difference; Drel: relative difference; ABC: Activity based Balance Confidence Scale; ADAPT [53]: Assessment of Daily
Activity Performance in Transfemoral Amputees Test; AS1: Activity Set 1; AS2: Activity Set 2; AS3: Activity Set 3; AMP: Amputee Mobility
Predictor; CL: C-Leg; CPCT: C-Leg compact; FPWS: fastest possible walking speed; GC: gait cycle; g: Hedges’ g; GPS: Gait Profile Score; LW:
level walking; MCFL: Mobility Classification Functional Level; MG: mobility grade; MPK: microprocessor controlled knee; MRPP: Montreal
Rehabilitation Performance Profile; NMPK: non-microprocessor controlled knee; PEQ: Prosthesis Evaluation Questionnaire; PLUS-M:
Prosthetic Limb Users Survey of Mobility; SSWS: self-selected walking speed; TUG: timed up and go test; UT: uneven terrain.
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rating and correlations with various clinical instruments were
observed [69]. To date, no unambiguous method of objectifying
mobility grade has been established. The observation that
advanced hydraulic MPKs improve the potential of subjects to
exceed the level of limited community ambulators is of utmost
importance. It implies that withholding such therapeutic options
purely on grounds of the MFCL classification may severely restrict
the functional and mobility potential of individuals with a transfe-
moral amputation, including exposing them to a higher risk of
falling. Recent adaptations of treatment guidelines have helped
overcome this restriction [70] and expert work groups recom-
mended “that if consideration is to be given to the provision of a
microprocessor knee for an individual who currently utilizes his/
her prosthesis at the K2 level (… ) a trial of usage should be con-
sidered…” [2]. However, the restrictions to appropriate access to
advanced prosthetic componentry implemented by many health-
care payers have remained unchanged [30].

Theeven et al. [47,48]. characterized limited community ambu-
lator subgroups based on walking speed and activity level.
Kannenberg et al. [21] concluded that further research was
required for amputees with walking velocities slower than 0.5 m/
s. Kaufman et al. [24] reported to have closed this evidence gap
by showing significant benefits in this group in their study. The
effects on self-selected walking speed improvement are well dem-
onstrated by the meta-analysis.

Most parameters referring to aspects of performance, function,
and mobility reflect walking on level ground, stairs, ramps, or
uneven terrain. Biomechanical gait analysis was used as well as
the characterization of ADL. The finding of Mileusnic et al. [23]
of significant reduction in wheelchair use is especially
noteworthy. While the individual responses may differ, most stud-
ies identified significant benefits of MPK use in limited community
ambulators. Not a single parameter indicated significance in favor
of NMPKs.

Figure 2. Results of meta-analysis of safety-related outcomes. (A) The number of falls presented as standardized mean difference between MPK and NMPK. (B) The
fear of falling presented as standardized mean difference between MPK and NMPK. (C) The “timed up and go” completion time presented as standardized mean dif-
ference between MPK and NMPK.
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Results on patient-reported outcomes

Kannenberg et al. [21] reported a discrepancy between the results
of performance-based and patient-reported outcomes. This was
no longer found in this update. The meta-analysis identified that
patient-reported outcomes, such as the PEQ domains of ambula-
tion and utility significantly favored MPK use. Other PEQ domains
showed trends in the same direction. The ABC scale showed
favorable effects in the fixed effect model but remained insensi-
tive in the random effects model.

Lansade et al. [25] demonstrated highly significant improve-
ments in the QUEST 2.0 that measures satisfaction with the fitting
process and prosthesis, significant improvements in the LCI-5 for
ADL performance, and SF-36 for quality of life and psychological
well-being. Hahn et al. [28] presented an improvement in per-
ceived ease of a multitude of ADLs that was independent of the

mobility level of the subjects, with toileting being an especially
sensitive ADL. Mileusnic et al. [23] reported trends in favor of the
MPK for the Houghton Scale, the LCI-5 and the facilitation of a
number of specific activities.

It was noticeable that improvements in the LCI-5 primarily
occurred in the basic activities. That seems to reflect the basic
improvements in safety by an MPK.

Hahn et al. [28] found that toileting and specifically perceived
safety while performing it turned out to be a particularly sensitive
activity in a regression analysis. The benefit of an MPK in this
activity was most clearly perceived by individuals with severe
mobility restrictions. It is easily conceivable that an MPK may
have a beneficial effect in such a vulnerable situation. This finding
may underline that dimensions usually captured by commonly
used validated assessment instruments may not be able to cover
all important aspects of everyday life in their entirety. Aspects of

Figure 3. Results of meta-analysis of outcomes related to function, performance and mobility. (A) Change of mobility grade from 2 to 3 with MPK fitting. (B) Change
in self-selected walking speed presented as standardized mean difference between MPK and NMPK. (C) Change in fastest possible walking speed presented as standar-
dized mean difference between MPK and NMPK.
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self-care and maintenance of independence in body hygiene have
rarely been studied in prosthesis users.

Methodological aspects

Quality assessment was based on the AAOP SoSc Evidence Report
Guidelines. Kannenberg et al. [21] used a procedure also utilized
in a Cochrane review as suggested by Hofstad et al. [71].

Preparatory work highlighted the limitations of the latter to
appropriately differentiate the variety of research approaches to
be analyzed in the current work. Alternative rating approaches,
such as CAPS or JBI, allow for evaluating inclusion/exclusion crite-
ria but fall short on assigning an overall quality rating. Generally,
the methodology to assess quality of research in exo-prosthetic
components remains challenging. While most approaches identify
the lack of blinding as an inherent problem not only to this field

Figure 4. Results of meta-analysis of patient-reported outcomes (PEQ domains). (A) The PEQ domain ambulation presented as mean difference between MPK and
NMPK. (B) The PEQ domain appearance presented as mean difference between MPK and NMPK. (C) The PEQ domain residual limb health presented as mean differ-
ence between MPK and NMPK. (D) The PEQ domain sounds presented as mean difference between MPK and NMPK. (E) The PEQ domain utility presented as mean dif-
ference between MPK and NMPK. (F) The PEQ domain well-being presented as mean difference between MPK and NMPK. (G) The activity-based balance confidence
(ABC) scale presented as mean difference between MPK and NMPK.
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as a quality limitation, mitigation measures, such as within-subject
designs and repeated crossovers, often remain unrewarded.

The wide range of outcome measures used in the different
clinical studies was striking. While the studies generally addressed
the topics of safety, functional performance and patient-reported
outcomes, the number of parameters used to provide quantifica-
tion was vast.

Limitations

The body of evidence and the number of subjects included in the
studies has increased considerably over the past years. Not a sin-
gle study found any outcomes that demonstrated systematic ben-
efits in favor of NMPK. The studies investigated a multitude of
perspectives and covered a variety of settings and aspects of ben-
efits of MPKs in the population of limited community ambulators.

The challenge of effective blinding in prosthetics limits the
options for conducting studies to meet the formal criteria of high-
quality research. Some studies suffered from high attrition that
limits generalizability but also reflects the challenge of natural
progression of underlying conditions, such as vascular disease
and diabetes, especially during longer observation periods. All
studies reported that some outcomes did not improve as

expected, or that not all subjects experienced benefits of the
intervention. While that reflects the reality of everyday clinical
practice, it must also be considered that comorbidities and cogni-
tive restrictions that may affect performance and perception are
common in the studied population. In some studies, accommoda-
tion and training times may have been too short for
these subjects.

These factors limit the universal generalizability of the results
of this systematic review and meta-analysis. On the same token,
there is no scientific basis for generally withholding MPKs with lin-
ear hydraulic units from individuals with low mobility.

The meta-analysis was limited by the vast variety of parame-
ters characterizing clinical outcomes. Exploration of sources of
study heterogeneity for an influence that moderator variables,
such as the assessed study quality, might have on effect sizes was
limited due to the relatively small number of studies that were
pooled for the same outcome.

The same problem applied to any exploration of possible pub-
lication bias.

Different reporting standards limited the use of important data
in a comparative analysis. Kahle et al. [9] reported overall results
on PEQ, Burnfield et al. [50] reported on TUG, ABC, Houghton,
and PEQ reporting the MD and significance level from paired

Figure 4. Continued.
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testing. Hafner and Smith [46] reported on SF-36 as total score.
These data could not be transformed to fit the requirements of
the meta-analysis as means and group standard deviations were
missing. This is particularly regrettable as the results of the publi-
cations indicated their informative value leading to the assump-
tion that the data may have helped to further resolve or
minimize ambiguity.

Conclusions

The results of this updated systematic review and meta-analysis
suggest that limited community ambulators may experience
reduced falls, fear of falling, and risk of falling, improve mobility
grade and patient-reported of ambulation and utility. The avail-
ability of meaningful clinical evidence has increased significantly.
A lack of clinical evidence may no longer be used as an argument
for withholding MPK technology from individuals with transfe-
moral amputation and low mobility. Trial fittings of limited com-
munity ambulators with MPKs may be considered a means to
identify specific responders. Further research to study the specific
needs and characteristics of that population may be considered.
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