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Mobility analysis of amputees (MAAT 3): Matching individuals based on comorbid
health reveals improved function for above-knee prosthesis users with
microprocessor knee technology
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aDepartment of Clinical and Scientific Affairs, Hanger Clinic, Austin, Texas, USA; bDepartment of Biomechanics, University of Nebraska at Omaha,
Omaha, Nebraska, USA; cSchool of Medicine, University of Utah, Salt Lake City, Utah, USA

ABSTRACT
The objective of this cross-sectional observational study was to determine whether the use of a
microprocessor knee for individuals with an above-the-knee amputation results in improved functional
mobility compared to their peers of matched comorbid-health with a non-microprocessor knee, and to
inform how this compares to the mobility observed in below-knee prosthesis users. A sample of 450
individuals with lower limb amputation were divided into three groups (n = 150 each). The groups
included: nonmicroprocessor knee users (NMPK, age: 57.6 ± 17.2 years), microprocessor knee users (MPK,
age: 56.5 ± 13.8 years), and below-knee prosthesis users (BKA, age: 58.4 ± 12.2 years). Primary outcome
measure was functional mobility measured through Prosthetic Limb Users’ Survey of Mobility (PLUS-M®).
Results showed MPK mobility (48.49 ± 0.86) was greater than NMPK (43.49 ± 0.86, p < 0.001), but less
than BKA (52.11 ± 0.86, p = 0.003). These results persisted when removing potential confounding effects
of age, body mass index, cause of amputation, and comorbid health (MPK: 47.15 ± 0.97; NMPK:
43.47 ± 0.88; BKA: 52.61 ± 0.91). In conclusion, these results show the use of a MPK can improve
functional mobility for individuals with an above-knee amputation.
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Introduction

Increased function is a commonly stated benefit of below-the-
knee amputation (BKA) compared to above-the-knee amputa-
tion (AKA). This assertion is often supported by statements of
reduced energy expenditure (McDonald et al., 2018; Pinzur,
Gold, Schwartz, & Gross, 1992; Tennant, Polfer, Sgromolo,
Krueger, & Potter, 2018) and volitional control of the knee
resulting in reduced falls (Kahle, Highsmith, & Hubbard, 2008;
Miller, Speechley, & Deathe, 2001; Sawers & Hafner, 2013).
Technological advancements of prosthetic knee joints have
been overlooked relative to many of these classic viewpoints.
For example, AKA was identified as a falls risk factor in the
seminal amputee falls study by Miller et al. in 2001 (Miller et al.,
2001). Miller et al. utilized patient chart reviews up to 1998.
Consider, however, that the microprocessor knee (MPK) was
commercially introduced in 1999 (Kannenberg, Zacharias, &
Probsting, 2014). The energy expenditure study from Pinzur
et al. similarly pre-dates MPK technology (Pinzur et al., 1992).
Ultimately, the comparative disadvantages of AKA may be
decreasing with improvements in prosthetic technology. More
recent studies support this suggestion with reported reduced
energy expenditure and decreased falls with MPK use (Hafner
& Smith, 2009; Kahle et al., 2008; Kaufman et al., 2008).

It is difficult to investigate the impact of MPKs on AKA
prosthesis users’ function for multiple reasons. These reasons
include selection bias due to prescription policy, costs of MPK

acquisition in controlled laboratory studies, and other diffi-
culties common to general amputee research. As a result, it is
not uncommon to see studies of low sample sizes or limited
external validity (Hafner, Willingham, Buell, Allyn, & Smith,
2007; Kaufman, Frittoli, & Frigo, 2012; Kaufman et al., 2008;
Sawers & Hafner, 2013).

An alternative approach might be to match patient groups
based on comorbid health. Comorbid health is used for deter-
mining plan of care for patients with lower limb amputation
(Group, 2017; Knezevic et al., 2016). Yet, there does not
appear to be any studies that have compared mobility
among comorbid-matched groups of MPK and NMPK. This
may be due to the need for a large pool of potential subjects to
permit matching.

The purpose of this study was to determine the impact of
MPK technology on the function of individuals with AKA.
This study utilized an approach of matching groups based on
comorbid health. It was hypothesized that MPK users would
report increased mobility compared to NMPK users. In addi-
tion, while systematic reviews have suggested improved mobi-
lity among those individuals with BKA due to the
preservation of their intact, anatomic knee joint (Fortington,
Rommers, Geertzen, Postema, & Dijkstra, 2012; Kahle et al.,
2016; Sansam, Neumann, O’Connor, & Bhakta, 2009), such
observations are based on older studies that had a limited
number of, if any, MPK users. Accordingly, MPK users were
compared to BKA prosthesis users. It was further
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hypothesized that MPK users’ mobility would be similar to
comorbid health matched BKA prosthesis users due to
improvements in technology closing the functional gap.

Methods

Study design

We performed a retrospective review of outcomes for patients
with lower limb amputation across multiple clinics within the
United States. A convenience sample of the most recent
patients seen at participating clinics from April 2016 through
August 2017 was extracted for analysis. In instances of
repeated measures on record, the decision was made a priori
that the patient’s highest mobility score would be used for
analysis as this best represented the patient’s greatest ability.
This retrospective database review was approved by Western
Investigational Review Board (Protocol #20170059).

Participants

The following inclusion criteria were set: (1) unilateral ampu-
tation described as BKA, AKA, or knee disarticulation, (2) age
18 or older, (3) has previously presented to prosthetics clinic
for evaluation of replacement prosthesis or routine follow-up
appointment, and (4) has the ability to read and understand
English or Spanish. There were no limitations based on ampu-
tation etiology or type of prosthetic foot utilized in combina-
tion with the prosthetic knee joint. The type of prosthetic foot
was noted based on the Healthcare Common Procedure
Coding System classification as belonging to one of the fol-
lowing categories: microprocessor foot (L5973), vertical load-
ing pylon foot (L5987), flex-walk foot (L5981), flex foot
system (L5980), hydraulic ankle-foot system (L5968), flexible
keel foot (L5972), multiaxis foot (L5978), and single-axis foot
(L5974). Mechanical characteristics and defining features of
these feet categories are provided elsewhere (AOPA, 2010).
The MPK user group was required to have an MPK. Inclusion
criteria were set based on validation limitations of the
Prosthetic Limb Users Survey of Mobility® (PLUS-M)
(Hafner et al., 2017; UWCORR, 2013). Patients were excluded
from analysis if outcomes had not been administered and/or
comorbidity data was incomplete.

Instruments

During their routine standard of care, patients that presented
to any of the prosthetics clinics were administered the PLUS-
M (Hafner et al., 2017, 2016; Hafner, Morgan, Abrahamson, &
Amtmann, 2016; Hafner et al., 2007; Morgan, Amtmann,
Abrahamson, Kajlich, & Hafner, 2014). The PLUS-M is avail-
able in three different formats. The participating clinics uti-
lized the 12-question paper format. The questions consist of
various tasks designed to assess lower limb prosthesis users’
functional mobility. Patients respond to questions on a 5-
point ordinal scale. Responses vary from “unable to do” up
to “without any difficulty”, with raw score values assigned
from 1 to 5, respectively. Scoring consists of summing the
response values to tabulate a raw score. The raw score is then

matched to a T-score, which is used for analysis and report-
ing. The T-score is scaled such that a score of 50 represents
the average score, and 1 standard deviation equates to 10
points. A higher score represents greater mobility (Hafner
et al., 2017; UWCORR, 2013). The minimal detectable change
(MDC) for the PLUS-M has been reported to be 4.5 points
(Hafner et al., 2017). Currently, there is not a published
minimal clinically important difference (MCID) for the
PLUS-M. However, the MDC and MCID are not applicable
to this between groups analysis as these values are only perti-
nent to repeated measures assessment to gauge individual-
level changes (Schmitt & Di Fabio, 2004).

The PLUS-M tool is used clinically because it is possible to
discern true change from the noted MDC (Hafner et al., 2017)
and the ability to translate the T-Score into a clinically mean-
ingful value (UWCORR, 2013). Once the patient has com-
pleted the PLUS-M assessment and the T-score determined,
the T-score can be converted to a percentile within the general
lower limb prosthesis user population. For example, the clin-
ician could communicate “your mobility is scored at 43.3
which puts you at the 25.2 percentile, meaning your mobility
is reported to be above 25.2% of all lower limb prosthesis
users” (UWCORR, 2013). This puts the patients’ scores into
meaningful context. It is noted the PLUS-M has been vali-
dated for use to assess functional mobility for individuals with
a lower limb amputation, are over age 18, and utilize a lower
limb prosthesis (Hafner et al., 2017).

In addition to the PLUS-M, during evaluation appoint-
ments, clinicians review comorbidities with the patient, which
are inclusive of the 18 items comprising the Functional
Comorbidities Index (FCI) (Table 1) (Groll, To, Bombardier,
& Wright, 2005). For this study, patients were categorized
according to their comorbid health quantified through the
FCI to form a point of comparison independent of any clin-
ician judgment of functional potential. For obesity, body mass
index (BMI) was calculated based on algorithms developed for
individuals with limb loss (Tzamaloukas, Leger, Hill, & Murata,
2000; Tzamaloukas, Patron, & Malhotra, 1994). Per the FCI
guidelines, individuals were categorized as obese with a BMI
threshold of 30.0 or greater. Unlike other comorbidity indices,
which were developed to inform a patient’s mortality
(Charlson, Pompei, Alex, & MacKenzie, 1987; Elixhauser,

Table 1. Functional comorbidities index.

(rheumatoid or osteoarthritis)
Osteoporosis
Asthma
COPD, ARDS, or emphysema
Angina
Congestive heart failure (or heart disease)
Heart attack (myocardial infarct)
Neurological disease (such as multiple sclerosis or Parkinson’s)
Stroke or TIA
Peripheral vascular disease
Diabetes (Types I and II)
Upper gastrointestinal disease (ulcer, hernia, reflux)
Depression
Anxiety or panic disorders
Visual Impairment (such as cataracts, glaucoma, macular degeneration)
Hearing Impairment (very hard of hearing, even with hearing aids)
Degenerative disc disease (back disease, spinal stenosis, or severe chronic
back pain)

Obesity (BMI >30)
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Steiner, Harris, & Coffey, 1998), FCI was developed to inform
the impact of a person’s health on physical function.
Importantly, it was not designed to inform K-level determina-
tion (DMERC, 2016). K-levels are used for coverage guidelines
for MPKs. The separation of FCI from coverage guidelines
limits its bias in patient categorization relative to MPK
(Knezevic et al., 2016). The FCI was designed and validated
for assigning a weighted score for an individual’s comorbid
health for predicting physical function (Groll et al., 2005).
Recently, an analysis of lower limb amputees reported modest
decreases in functional mobility with increased FCI
(Wurdeman, Stevens, & Campbell, 2018).

Analysis

From the initial pool of patients extracted, individuals were initi-
ally removed based on inclusion/exclusion criteria. Unilateral
amputation level and age were the most prominent causes for
exclusion. Patients were then divided into three groupings:
NMPK (AKA and knee disarticulation patients utilizing a
NMPK), MPK (AKA and knee disarticulation patients utilizing
a MPK), and BKA. Each group was sorted in order of ascending
FCI. The mean FCI for the healthiest 150 patients in the NMPK
group was calculated. The mean FCI for the NMPK group was
used as the target for matching group means for the other two
groups. A rolling average with a window of 150 patients was
implemented for the MPK and BKA groupings to target and
match FCI mean to ± 0.01. A window of 150 was chosen based
on observation of a rapid deterioration of comorbid health with
further increase in sample size among the NMPK users. Group
mean FCI’s were confirmed for similarity through analysis of
variance. Group functional mobility was tested for significant
differences using a general linear univariate model with Fisher’s
LSD post hoc tests to determine specific group differences. In
order to check for potential confounding effects, a correlation
matrix was run to determine factors correlated with our matching
factor FCI. Analyses were subsequently run a second time with
significant potential confounders input as covariates. All statistical
analyses were performed using SPSS® v20.

Results

There were a total of 2296 patients with outcomes submitted. Of
note, outcomes are collected at follow up and adjustment
appointments while comorbidities are only verified at evaluation
appointments thus contributing to the attrition rate. Multiple
patients did not have mobility outcomes due to not having yet
received a prosthesis. From this initial sample, three groups were
identified (n = 150 each) (Figure 1). Data from 450 patients was
included for analysis (Table 2). Age and FCI were not signifi-
cantly different between groups (Table 2). However, the NMPK
group had shorter stature, lower body weight, and a resultant
decrease in BMI compared to the other MPK and BKA groups.

For PLUS-M T-scores, significant differences existed
between groups (F2,447 = 25.080, p < 0.001). Post-hoc tests
revealed the MPK group (48.49 ± 0.86) had significantly
greater mobility than the NMPK group (43.49 ± 0.86;
p < 0.001), but both these groups were significantly less than

the matched BKA group (52.11 ± 0.86; vs. NMPK: p < 0.001,
vs. MPK: p = 0.003).

A correlation matrix showed age and BMI to be weakly
correlated with FCI, while cause of amputation and K-level
were not. However, when cause of amputation was collapsed
into diabetic/dysvascular versus nondysvascular/diabetic
(Dillon, Major, Kaluf, Balasanov, & Fatone, 2018), a correla-
tion was noted. The comparison across groups was subse-
quently performed a second time inputting age, BMI, cause
of amputation (collapsed as noted), and FCI as potential
confounders. Group differences persisted after removing
potential confounding effects for age, BMI, cause of amputa-
tion, and FCI (F2,368 = 13.452, p < 0.001; MPK vs. NMPK:
P = 0.005; MPK vs. BKA: p < 0.001; NMPK vs. BKA:
p < 0.001; Figure 2).

Discussion

It was hypothesized that the use of a MPK improves functional
mobility for patients with an AKA. Our results supported this

Figure 1. Patients’ outcomes were initially reviewed, and then following inclu-
sion and exclusion criteria, groups were matched for comorbid health resulting
in three groups that were matched to the healthiest AKA patients with a non-
microprocessor knee (NMPK). The individuals with AKA with a MPK that were
matched were labeled the MPK group, while those that were matched with a
BKA were labeled the BKA group. AKA, above-the-knee amputation; BKA, below-
the-knee amputation; KDA, knee disarticulation amputation; FCI, functional
comorbidity index.
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hypothesis. Individuals that had an AKA and utilize a MPK
reported more than a 10% increase in mobility over their peers
that utilize a NMPK. The second hypothesis expected compar-
able mobility between the groups of MPK users and BKA pros-
thesis users matched for comorbid health but was not supported.
MPK users’mobility was almost 10% less than their peers with a
BKA. Practically, the use of a MPK cut the functional mobility
gap between patients with an AKA and those with a BKA in half.
This improvement in functional mobility persisted after
accounting for various potential confounding variables such as
age, BMI, cause of amputation, and FCI.

This study adds to the existing body of knowledge on MPK
use through its ability to match patient groups based on
comorbid health. This approach allowed for comparison of
patients with similar health status rather than simply compar-
ing patients with MPK versus those with NMPK, which is
often limited based on numerous factors including the K-level
assignment, which can be prone to misclassification (Dillon
et al., 2018). Comorbid health, and specifically FCI, is an
objective value assigned based on presence of comorbidities.
Matching groups in this manner allowed for analysis of simi-
lar patients without the bias associated with the clinician’s
expectations for the patient. It is recognized that clinicians are
able to capture other variables beyond comorbid health when
formulating their goals of care; however, these factors are
notably based on subjective information and can be suscep-
tible to error (Dillon et al., 2018; Hafner et al., 2016). We
attempted to mitigate some of the factors that have been
recognized as impacting a clinician’s judgment, such as age,
BMI, and cause of amputation, through covariate analysis.
Future work should investigate the impact of additional fac-
tors on mobility such as age, BMI, cause of amputation, and
FCI in conjunction with prosthetic componentry.
Importantly, this study is in alignment with previous studies
that report improved gait and functional outcomes with MPK
use (Kahle et al., 2008; Kannenberg et al., 2014; Sawers &
Hafner, 2013). The unique assessment of patient mobility
within their own environment provides increased ecological
understanding of MPK use for patients with AKA.

Our group values are consistent with previous reported
PLUS-M data. Individuals in the NMPK group had an average
T-Score of 43.5, which is less than the 48.1 overall reported by
PLUS-M developers for patients with an AKA (UWCORR,
2013). But, the 48.5 for the matched MPK group is above the
48.1 average reported for the PLUS-M among patients with
AKA. As the group of patients with an AKA that comprised of
the sample used in developing the PLUS-M was likely com-
prised of a mix of these individuals, as well as healthier
individuals overall, it stands to reason that the PLUS-M devel-
opment sample would be between our groups. For patients
with a BKA, the patient sample used to develop the PLUS-M
had average T-Score of 51.5, which is just slightly less than
our BKA group.

Our findings are also consistent with those observed in
earlier MPK cross-over trials. Self-reported mobility has
been reported using both the Prosthetic Evaluation
Questionnaire (PEQ) (Hafner & Smith, 2009; Kahle et al.,

Table 2. Group demographics (n = 150 in each group).

NMPK MPK BKA

Gender (M) 103 120 123
Age (years) 57.6 (17.2) 56.5 (13.8) 58.4 (12.2)
Height (m) 1.715 (0.120) b,c 1.766 (0.090) a 1.769 (0.099) a

Mass (kg) 81.6 (23.1) b,c 92.3 (18.6) a 95.1 (25.8) a

Body mass index (kg/m2) 30.6 (7.1) b,c 32.6 (5.6) a 32.1 (7.5) a

Amputation etiology
DV 56 39 72
Trauma 37 46 28
Infection 12 10 18
Cancer/tumor 11 8 0
Congenital 7 4 3
Other 10 6 8
NR 17 37 21

Foot type
MPF 3 4 5
VL (L5987) 15 17 32
FW (L5981) 37 83 50
FF (5980) 19 26 15
Hydraulic AF (L5968) 7 3 16
Flex keel (L5972) 19 2 10
Multiaxis (L5978) 4 1 2
Single axis 7 0 3
NR 39 14 17
FCI 1.82 (1.22) 1.83 (1.15) 1.82 (0.39)

NMPK, nonmicroprocessor knee; MPK, microprocessor knee; BKA, below knee
amputation; M, males; m, meters; kg, kilograms; DV, diabetes/dysvascular; NR,
not reported; VL, vertical loading; FW, flex-walk; FF, flex-foot; AF, ankle-foot;
FCI, functional comorbidity index; a, Sig vs NMPK, p < 0.05; b, Sig vs MPK,
p < 0.05; c, Sig vs BKA, p < 0.05

Figure 2. Group differences for mobility calculated from the Prosthetic Limb
Users’ Survey of Mobility (PLUS-M). Significant differences were found between
the matched above-the-knee prosthesis users with a NMPK and those with a
MPK. These differences were also observed while accounting for potential
confounding effects of age, body mass index, cause of amputation, and comor-
bid health status. Other significant group differences are noted (p < 0.05). *, Sig.
at p < 0.05. NMPK, nonmicroprocessor knee group; MPK, microprocessor knee
group; BKA, below-the-knee amputation group.
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2008; Kaufman et al., 2008) and the physical function scale of
the SF-36 (Gerzeli, Torbica, & Fattore, 2009; Seelen, Hemmen,
Schmeets, Ament, & Evers, 2009). In both cases, MPK use
showed significant improvements. Our subjects’ self-reported
outcomes are consistent with the physical findings of
Kaufman et al. who noted an increase in energy burned over
the course of an entire day with the use of an MPK despite a
nonsignificant decrease in oxygen consumption rates
(Kaufman et al., 2008).

It is not clear whether amputation level can accurately
inform potential walking ability. There has been recent litera-
ture that has supported this (Gaunaurd et al., 2013; Knezevic
et al., 2016; Stineman et al., 2010; van Eijk et al., 2012;
Webster et al., 2012), and literature that has refuted this
assumption (Czierniecki, Turner, Williams, Hakimi, &
Norvell, 2012; Gremeaux et al., 2012; Suckow et al., 2012).
Notably, the impact of advanced knee joint technology on
walking ability was only reported in one of these publications
(Gaunaurd et al., 2013) while older publications preceded the
commercialization of MPKs. Fortington et al. (Fortington
et al., 2012) recently noted “poorer performance by people
with a transfemoral amputation versus a transtibial level was
apparent where compared”. This statement however was
made based on studies from 1987 and 1996 (Datta,
Ariyaratnam, & Hilton, 1996; Holden & Fernie, 1987), prior
to the introduction of MPKs. This study adds to the growing
body of literature that shows improved function with MPK
use, but additionally provides insight into the amount of
functional deficit that can be restored between a patient with
AKA and BKA. To the authors’ collective knowledge this
insight has otherwise not been discussed.

The improved mobility with the use of a MPK may be due
to the advantages of a device that uses sensors to determine
the user’s movement and adjust the knee function accord-
ingly. This is similar to the anatomical leg whereby indivi-
duals have the ability to sense and adjust their knee and leg
function according to the task that is presented. A NMPK, on
the other hand, is an entirely passive device which does not
change its functionality based on the task or movement of the
user. Importantly, the MPK is able to adjust but still lacks
ability to compensate for concentric muscle activation of the
knee which is likely the reason the functional gap between the
MPK and BKA persists.

The retrospective nature of this study has limitations. First,
there is potential for selection bias as certain individuals may
not have been provided an MPK due to their limited func-
tional potential. Recall bias is an issue with medical history
reporting. Importantly patient report medical history is com-
monly for physician history taking, and was the manner used
in the original validation of the FCI (Groll et al., 2005). The
clinical process of collecting outcomes at evaluation and fol-
low-up appointments, but only systematically reviewing
comorbidities at evaluation may also be a problem as there
are instances where the mobility outcomes score was collected
at a follow-up after an evaluation. This issue is mitigated by
our time window of 16 months for analysis, meaning the
maximum time between a review of comorbidities and mobi-
lity score could only be 16 months. It is possible in that
16 months that a person may have added a comorbid

condition or eliminated one and thus changed their FCI;
however, it is not likely a large enough percentage to impact
these results. In line with this, however, future work should
investigate longitudinal changes in comorbid health following
provision of a new prosthesis. We attempt to address these
limitations through large enough sample sizes to overcome
any variance from error associated with the potentially small
percentage of individuals whose FCI may have changed.
Additionally, we only categorize MPK users based on device
type rather than specific MPK type. There are different algo-
rithms and sensors utilized by each MPK to determine appro-
priate response from the knee during walking and as such
certain MPKs may be more responsive and function better
than others. However, for this study we were only able to
capture MPK classification consistent with payer coding sys-
tems and unable to effectively extract manufacturer make and
model. Future work should examine specific models within
the classification of MPK. An additional limitation includes
the fact that while some patients may have not been provided
a MPK due to access issues, indeed there were likely indivi-
duals in the NMPK group that were deemed noncandidates
clinically based on other factors beyond comorbid health
which may also impact their mobility. We attempt to mini-
mize this bias by limiting our group sizes so as to only include
the healthiest individuals with a NMPK increasing their
chances of inherent functional potential being consistent
with those with MPK that were of similar health.

Conclusion

There have been previous studies that have concluded the use
of a MPK promotes increased function for patients with an
AKA. This study built upon and advanced this evidence by
utilizing a pragmatic approach whereby patients’ mobility was
examined within their natural external environments. Patients
were matched based on the objective criterion of comorbid
health. The results revealed for comorbid health matched
patients, those patients with a MPK have increased mobility
over their peers that were only provided a NMPK. The resul-
tant increase in mobility elevated the MPK users’ average
mobility closer to their peers with a BKA. Future work should
attempt to investigate differences in specific make and models
of MPKs.

Abbreviations

AKA above-the-knee amputation
BKA below-the-knee amputation
MPK microprocessor knee
NMPK nonmicroprocessor knee
FCI functional comorbidities index
PLUS-M Prosthetic Limb Users Survey of Mobility
BMI body mass index

Disclosure statement

The authors declare no conflict of interest with this work.

ASSISTIVE TECHNOLOGY 5



Funding

Support for this work was partially provided by a Small Grant Award
(EB-043016) from the American Orthotics and Prosthetics Association.

References

AOPA. (2010). AOPA Prosthetics Foot Project. American orthotics and
prosthetics association. 1–44. Retrieved May 15, 2018, from http://
www.aopanet.org/wp-content/uploads/2013/12/Prosthetic_Foot_
Project.pdf

Charlson, M., Pompei, P., Alex, K., & MacKenzie, C. (1987). A new
method of classifying prognostic comorbidity in longitudinal studies:
Development and validation. Journal of Chronic Diseases, 40, 373–383.

Czierniecki, J., Turner, A., Williams, R., Hakimi, K., & Norvell, D.
(2012). The effect of rehabilitation in a comprehensive inpatient
rehabilitation unit on mobility outcome after dysvascular lower extre-
mity amputation. Archives of Physical Medicine and Rehabilitation, 93
(8), 1384–1391. doi:10.1016/j.apmr.2012.03.019

Datta, D., Ariyaratnam, R., & Hilton, S. (1996). Timed walking test- an
all-embracing outcome measure for lower limb amputees? Clinical
Rehabilitation, 10, 227–232. doi:10.1177/026921559601000307

Dillon, M. P., Major, M. J., Kaluf, B., Balasanov, Y., & Fatone, S. (2018).
Predict the medicare functional classification level (K-Level) using the
amputee mobility predictor in people with unilateral transfemoral and
transtibial amputation: A pilot study. Prosthetics and Orthotics
International, 42(2), 191–197. doi:10.1177/0309364617706748

DMERC. (2016). Local Coverage Determinations. Retrieved Dec 21, 2016,
from https://www.cms.gov/medicare-coverage-database/details/lcd-
details.aspx?LCDId=33787&ContrId=140&ver=9&ContrVer=
2&CntrctrSelected=140*2&Cntrctr=140&name=CGS+Administrators
%2c+LLC+18003%2c+DME+MAC&DocType=Active&LCntrctr=140*
2&bc=AgACAAQAAAAAAA%3d%3d&

Elixhauser, A., Steiner, C., Harris, D., & Coffey, R. (1998). Comorbidity
measures for use with administrative data. Medical Care, 36(1), 8–27.

Fortington, L., Rommers, G., Geertzen, J., Postema, K., & Dijkstra, P.
(2012). Mobility in elderly people with a lower limb amputation: A
systematic review. Journal of the American Medical Directors
Association, 13(4), 319–325. doi:10.1016/j.jamda.2010.12.097

Gaunaurd, I., Roach, K., Raya, M., Hooper, R., Linberg, A., Lafferrier, J.,
. . . Gailey, R. (2013). Factors related to high level mobility in male
service members with traumatic lower-limb loss. Journal of
Rehabilitation Research and Development, 50(7), 969–984.
doi:10.1682/JRRD.2013.02.0035

Gerzeli, S., Torbica, A., & Fattore, G. (2009). Cost utility analysis of knee
prosthesis with complete microprocessor control (C-Leg) compared
with mechanical technology in transfemoral amputees. The European
Journal of Health Economics, 10(1), 47–55. doi:10.1007/s10198-008-
0102-9

Gremeaux, V., Damak, S., Troisgros, O., Feki, A., Laroche, D., Perennou,
D., . . . Casillas, J. (2012). Selecting a test for the clinical assessment of
balance and walking capacity at the definitive fitting state after uni-
lateral amputation: A comparative study. Prosthetics and Orthotics
International, 36(4), 415–422. doi:10.1177/0309364612437904

Groll, D., To, T., Bombardier, C., & Wright, J. (2005). The development
of a comorbidity index with physical function as the outcome. Journal
of Clinical Epidemiology, 58(6), 595–602. doi:10.1016/j.
jclinepi.2004.10.018

Group, T. R. (2017). VA/DoD Clinical Practice Guidelines: Rehabilitation
of Lower Limb Amputation. (VA/DoD) Retrieved Nov 16, 2017, from
https : / /www.heal thqual i ty .va .gov/guide l ines/Rehab/amp/
VADoDLLACPG092817.pdf

Hafner, B., Gaunaurd, I., Morgan, S., Amtmann, D., Salem, R., & Gailey,
R. (2017). Construct validity of the prosthetic limb users survey of
mobility (PLUS-M) in adults with lower limb amputation. Archives
Physical Medica Rehabilitation, 98(2), 277–285. doi:10.1016/j.
apmr.2016.07.026

Hafner, B., Morgan, S., Abrahamson, D., & Amtmann, D. (2016).
Characterizing mobility from the prosthetic limb user’s perspective:

Use of focus groups to guide development of the prosthetic limb users
survey of mobility (PLUS-M). Prosthet Orthot International, 40(5),
582–590. doi:10.1177/0309364615579315

Hafner, B., Morgan, S., Askew, R., & Salem, R. (2016). Psychometric
evaluation of self-report outcome measures for prosthetic applica-
tions. Journal of Rehabilitation Research and Development, 53(6),
797–812. doi:10.1682/JRRD.2015.12.0228

Hafner, B., & Smith, D. (2009). Differences in function and safety
between medicare functional classification Level-2 and −3 transfe-
moral amputees and influence of prosthetic knee joint control.
Journal of Rehabilitation Research and Development, 46(3), 417–
433.

Hafner, B., Willingham, L., Buell, N., Allyn, K., & Smith, D. (2007).
Evaluation of function, performance, and preference as transfemoral
amputees transition from mechanical to microprocessor control of the
prosthetic knee. Archives of Physical Medicine and Rehabilitation, 88
(2), 207–217. doi:10.1016/j.apmr.2006.10.030

Holden, J., & Fernie, G. (1987). Extent of artificial limb use following
rehabilitation. Journal of Orthopaedic Research, 5, 562–568.
doi:10.1002/jor.1100050411

Kahle, J., Highsmith, M., & Hubbard, S. (2008). Comparison of non-
microprocessor knee mechanism versus C-Leg on prosthesis evalua-
tion questionnaire, stumbles, falls, walking tests, stair descent and
knee preference. Journal of Rehabilitation Research and Development,
45(1), 1–14.

Kahle, J., Highsmith, M., Schaepper, H., Johannesson, A., Oredurff, M.,
& Kaufman, K. (2016). Predicting walking ability following lower limb
amputation: An updated systematic literature review. Technology and
Innovation, 18(2–3), 125–137. doi:10.21300/18.2-3.2016.125

Kannenberg, A., Zacharias, B., & Probsting, E. (2014). Benefits of
microprocessor-controlled prosthetic knees to limited community
ambulators: Systematic review. Journal of Rehabilitation Research
and Development, 51(10), 1469–1496. doi:10.1682/
JRRD.2014.05.0118

Kaufman, K., Frittoli, S., & Frigo, C. (2012). Gait asymmetry of transfe-
moral amputees using mechanical and microprocessor-controlled
prosthetic knees. Clinical Biomechanics, 27(5), 460–465. doi:10.1016/
j.clinbiomech.2011.11.011

Kaufman, K., Levine, J., Brey, R., McCrady, S., Padgett, D., & Joyner, M.
(2008). Energy expenditure and activity of transfemoral amputees
using mechanical and microprocessor-controlled prosthetic knees.
Archives of Physical Medicine and Rehabilitation, 89(7), 1380–1385.
doi:10.1016/j.apmr.2007.11.053

Knezevic, A., Petkovic, M., Mikov, A., Jeremic-Knezevic, M., Demesi-
Drljan, C., Boskovic, K., & Jelicic, Z. (2016, Sep-Oct). Factors that
predict walking ability with a prosthesis in lower limb amputees.
Srpski arhiv za celokupno lekarstvo, 144(9–10), 507–513. doi:10.2298/
SARH1610507K

McDonald, C., Kramer, P., Morgan, S., Halsne, E., Cheever, S., & Hafner,
B. (2018). Energy expenditure in people with transtibial amputation
walking with crossover and energy storing prosthetic feet: A rando-
mized within-subject study. Gait & Posture, 62, 349–354. doi:10.1016/
j.gaitpost.2018.03.040

Miller, W., Speechley, M., & Deathe, B. (2001). The prevalence and risk
factors of falling and fear of falling among lower extremity amputees.
Archives of Physical Medicine and Rehabilitation, 82, 1031–1037.
doi:10.1053/apmr.2001.24295

Morgan, S., Amtmann, D., Abrahamson, D., Kajlich, A., & Hafner, B.
(2014). Use of cognitive interviews in the development of the PLUS-M
item bank. Quality of Life Research, 23(6), 1767–1775. doi:10.1007/
s11136-013-0618-z

Pinzur, M., Gold, J., Schwartz, D., & Gross, N. (1992). Energy demands
for walking in dysvascular amputees as related to the level of amputa-
tion. Orthopedics, 15(9), 1033–1036.

Sansam, K., Neumann, V., O’Connor, R., & Bhakta, B. (2009). Predicting
walking ability following lower limb amputation: A systematic review
of the literature. Journal of Rehabilitation Medicine, 41(8), 593–603.
doi:10.2340/16501977-0393

Sawers, A., & Hafner, B. (2013). Outcomes associated with the use of micro-
processor-controlled prosthetic knees among individuals with unilateral

6 S. R. WURDEMAN ET AL.

http://www.aopanet.org/wp-content/uploads/2013/12/Prosthetic_Foot_Project.pdf
http://www.aopanet.org/wp-content/uploads/2013/12/Prosthetic_Foot_Project.pdf
http://www.aopanet.org/wp-content/uploads/2013/12/Prosthetic_Foot_Project.pdf
https://doi.org/10.1016/j.apmr.2012.03.019
https://doi.org/10.1177/026921559601000307
https://doi.org/10.1177/0309364617706748
https://www.cms.gov/medicare-coverage-database/details/lcd-details.aspx?LCDId=33787%26ContrId=140%26ver=9%26ContrVer=2%26CntrctrSelected=140*2%26Cntrctr=140%26name=CGS+Administrators%2c+LLC+18003%2c+DME+MAC%26DocType=Active%26LCntrctr=140*2%26bc=AgACAAQAAAAAAA%3d%3d%26
https://www.cms.gov/medicare-coverage-database/details/lcd-details.aspx?LCDId=33787%26ContrId=140%26ver=9%26ContrVer=2%26CntrctrSelected=140*2%26Cntrctr=140%26name=CGS+Administrators%2c+LLC+18003%2c+DME+MAC%26DocType=Active%26LCntrctr=140*2%26bc=AgACAAQAAAAAAA%3d%3d%26
https://www.cms.gov/medicare-coverage-database/details/lcd-details.aspx?LCDId=33787%26ContrId=140%26ver=9%26ContrVer=2%26CntrctrSelected=140*2%26Cntrctr=140%26name=CGS+Administrators%2c+LLC+18003%2c+DME+MAC%26DocType=Active%26LCntrctr=140*2%26bc=AgACAAQAAAAAAA%3d%3d%26
https://www.cms.gov/medicare-coverage-database/details/lcd-details.aspx?LCDId=33787%26ContrId=140%26ver=9%26ContrVer=2%26CntrctrSelected=140*2%26Cntrctr=140%26name=CGS+Administrators%2c+LLC+18003%2c+DME+MAC%26DocType=Active%26LCntrctr=140*2%26bc=AgACAAQAAAAAAA%3d%3d%26
https://www.cms.gov/medicare-coverage-database/details/lcd-details.aspx?LCDId=33787%26ContrId=140%26ver=9%26ContrVer=2%26CntrctrSelected=140*2%26Cntrctr=140%26name=CGS+Administrators%2c+LLC+18003%2c+DME+MAC%26DocType=Active%26LCntrctr=140*2%26bc=AgACAAQAAAAAAA%3d%3d%26
https://doi.org/10.1016/j.jamda.2010.12.097
https://doi.org/10.1682/JRRD.2013.02.0035
https://doi.org/10.1007/s10198-008-0102-9
https://doi.org/10.1007/s10198-008-0102-9
https://doi.org/10.1177/0309364612437904
https://doi.org/10.1016/j.jclinepi.2004.10.018
https://doi.org/10.1016/j.jclinepi.2004.10.018
https://www.healthquality.va.gov/guidelines/Rehab/amp/VADoDLLACPG092817.pdf
https://www.healthquality.va.gov/guidelines/Rehab/amp/VADoDLLACPG092817.pdf
https://doi.org/10.1016/j.apmr.2016.07.026
https://doi.org/10.1016/j.apmr.2016.07.026
https://doi.org/10.1177/0309364615579315
https://doi.org/10.1682/JRRD.2015.12.0228
https://doi.org/10.1016/j.apmr.2006.10.030
https://doi.org/10.1002/jor.1100050411
https://doi.org/10.21300/18.2-3.2016.125
https://doi.org/10.1682/JRRD.2014.05.0118
https://doi.org/10.1682/JRRD.2014.05.0118
https://doi.org/10.1016/j.clinbiomech.2011.11.011
https://doi.org/10.1016/j.clinbiomech.2011.11.011
https://doi.org/10.1016/j.apmr.2007.11.053
https://doi.org/10.2298/SARH1610507K
https://doi.org/10.2298/SARH1610507K
https://doi.org/10.1016/j.gaitpost.2018.03.040
https://doi.org/10.1016/j.gaitpost.2018.03.040
https://doi.org/10.1053/apmr.2001.24295
https://doi.org/10.1007/s11136-013-0618-z
https://doi.org/10.1007/s11136-013-0618-z
https://doi.org/10.2340/16501977-0393


transfemoral limb loss: A systematic review. Journal of Rehabilitation
Research and Development, 50(3), 273–314. doi:10.1682/JRRD.2011.10.0187

Schmitt, J. S., & Di Fabio, R. P. (2004). Reliable change and minimum
important difference (MID) proportions facilitated group responsiveness
comparisons using individual threshold criteria. Journal of Clinical
Epidemiology, 57, 1008–1018. doi:10.1016/j.jclinepi.2004.02.007

Seelen, H., Hemmen, B., Schmeets, A., Ament, A., & Evers, S. (2009). Cost
and consequences of a prosthesis with an electronically stance and swing
phase controlled knee joint. Technology and Disability, 21, 25–34.

Stineman, M., Kwong, P., Xie, D., Kurichi, J., Ripley, D., Brooks, D., . . .
Bates, B. (2010). Prognostic differences for functional recovery after
major lower limb amputation: Effects of the timing and type of inpatient
rehabilitation services in the veterans health administration. Polymyalgia
Rheumatica, 2(4), 232–243. doi:10.1016/j.pmrj.2010.01.012

Suckow, B., Goodney, P., Cambria, R., Bertges, D., Eldrup-Jorgensen, J.,
Indes, J., . . . England., V. S. (2012). Prediciting functional status
following amputation after lower extremity bypass. Annals of
Vascular Surgery, 26(1), 67–78. doi:10.1016/j.avsg.2011.07.014

Tennant, D., Polfer, E., Sgromolo, N., Krueger, C., & Potter, B. (2018).
Characterization of disability following traumatic through knee and
transfemoral amputations. Injury, 49(6), 1193–1196. doi:10.1016/j.
injury.2018.03.029

Tzamaloukas, A., Leger, A., Hill, J., & Murata, G. (2000). Body mass
index in patients with amputations on peritoneal dialysis: Error of
uncorrected estimates and proposed correction. Advances in
Peritoneal Dialysis. Conference on Peritoneal Dialysis, 16, 138–142.

Tzamaloukas, A., Patron, A., & Malhotra, D. (1994). Body mass index in
amputees. Journal of Parenteral and Enteral Nutrition, 18(4), 355–358.
doi:10.1177/014860719401800414

UWCORR. (2013). Prosthetic limb users survey. Retrieved Dec 20, 2016,
from www.plus-m.org

van Eijk, M., van der Linde, H., Buijck, B., Geurts, A., Zuidema, S., &
Koopmans, R. (2012). Predicting prosthetic use in elderly patients
after major lower limb amputation. Prosthetics and Orthotics
International, 36(1), 45–52. doi:10.1177/0309364611430885

Webster, J., Hakimi, K., Williams, R., Turner, A., Norvell, D., &
Czerniecki, J. (2012). Prosthetic fitting, use, and satisfaction following
lower-limb amputation: A prospective study. Journal of Rehabilitation
Research and Development, 49(10), 1493–1504.

Wurdeman, SR., Stevens, PM., & Campbell, JH. (2018). Mobility analysis
of amputees II: comorbidities and mobility in lower limb prosthesis
users. American Journal Of Physical Medicine & Rehabilitation, 97(11),
782–788. doi: 10.1097/PHM.0000000000000967

ASSISTIVE TECHNOLOGY 7

https://doi.org/10.1682/JRRD.2011.10.0187
https://doi.org/10.1016/j.jclinepi.2004.02.007
https://doi.org/10.1016/j.pmrj.2010.01.012
https://doi.org/10.1016/j.avsg.2011.07.014
https://doi.org/10.1016/j.injury.2018.03.029
https://doi.org/10.1016/j.injury.2018.03.029
https://doi.org/10.1177/014860719401800414
http://www.plus-m.org
https://doi.org/10.1177/0309364611430885
https://doi.org/10.1097/PHM.0000000000000967

	Abstract
	Introduction
	Methods
	Study design
	Participants
	Instruments
	Analysis

	Results
	Discussion
	Conclusion
	Abbreviations
	Disclosure statement
	Funding
	References

