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Abstract
Objective—To quantify the energy efficiency of locomotion and free-living physical activity
energy expenditure of transfemoral amputees using a mechanical and microprocessor-controlled
prosthetic knee.

Design—Repeated-measures design to evaluate comparative functional outcomes.

Setting—Exercise physiology laboratory and community free-living environment.

Participants—Subjects (N=15; 12 men, 3 women; age, 42±9y; range, 26 –57y) with transfemoral
amputation.

Intervention—Research participants were long-term users of a mechanical prosthesis (20±10y as
an amputee; range, 3–36y). They were fitted with a microprocessor-controlled knee prosthesis and
allowed to acclimate (mean time, 18±8wk) before being retested.

Main Outcome Measures—Objective measurements of energy efficiency and total daily energy
expenditure were obtained. The Prosthetic Evaluation Questionnaire was used to gather subjective
feedback from the participants.

Results—Subjects demonstrated significantly increased physical activity–related energy
expenditure levels in the participant’s free-living environment (P=.04) after wearing the
microprocessor-controlled prosthetic knee joint. There was no significant difference in the energy
efficiency of walking (P=.34). When using the microprocessor-controlled knee, the subjects
expressed increased satisfaction in their daily lives (P=.02).

Conclusions—People ambulating with a microprocessor-controlled knee significantly increased
their physical activity during daily life, outside the laboratory setting, and expressed an increased
quality of life.
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Limb loss affects approximately 1.9 million people in the United States,1 of whom 400,000
have amputations above the knee.2 Amputations because of dysvascular conditions accounted
for most (82%) limb loss and increased at a rate of 27% from 1988 to 1996.3 A sharp rise in
diabetes mellitus is a secondary consequence of obesity that is becoming an epidemic in high-
income countries.4 Once a person develops diabetes, there is a 9.9%, twenty-year cumulative
incidence of a lower-extremity amputation.5 Further, once a person undergoes a lower-limb
amputation, 26% will require a subsequent amputation within 12 months.6 War-related
amputations are also on the rise. In the military sector, Kevlar vests have proven dramatically
effective in preventing mortal injuries.7 However, exposed limbs are subjected to blast injuries,
resulting in increased amputation rates.

After lower-extremity amputation, a person is routinely prescribed a prosthesis that may
include a prosthetic foot, pylon, knee, and socket, depending on the level of amputation. There
are a number of presently available cost-effective mechanical prosthetic knee components for
transfemoral amputees. 8 For the transfemoral amputee, the proper selection of the prosthetic
knee is critical because this joint requires the highest degree of control for safe ambulation.9

According to Medicare, the most prescribed mechanical prosthesis for above-knee amputees
with a medium to high activity level is the Mauch SNS hydraulic knee (or its equivalent),10
which was first marketed in 1968.11 Over the last 10 years, a new generation of knees with
microprocessor control over swing and stance phases of gait has been used by more than 10,000
American transfemoral amputees (K. Walsh, Otto Bock Healthcare, written communication,
July 2007). Comparative studies have documented improved gait symmetry,12,13 lower
energy consumption,13–22 decreased cognitive demand,9,19,20,23 improved performance on
stair and hill descent,9 reduction in stumbles and falls,9 and increased satisfaction9 when using
a microprocessor-controlled knee.

Only 2 studies have evaluated the comparative effectiveness of microprocessor-controlled
knees by investigating patients in their free-living environment. Hafner et al9 asked subjects
to ambulate down a 19° grade and on an uneven terrain obstacle course. Klute et al24 quantified
step counts and minutes of activity of amputees in the community environment. However, no
study has quantified energy expenditure in the free-living environment. Therefore, the purpose
of this study was to quantify the comparative functional outcome of active transfemoral
amputees using a microprocessor-controlled knee. We hypothesized that a microprocessor-
controlled knee would give the patient improved prosthetic control that would result in
increased free-living activity.

METHODS
Study Design

The study employed a repeated-measures experimental design whereby only the prosthetic
knee joint was changed. The same socket and suspension was used for both studies to eliminate
socket fit and suspension variables. Subjects served as their own controls. They were tested
with a mechanical fluid-controlled knee prosthesis (11 Mauch SNS,a 2 CaTach,b 1 Black
Max,c 1 Century 2000a) and retested with a microprocessor-controlled knee joint (Otto Bock
C-Legd). The mechanical prosthesis was tested first because the patients were already
acclimated to it. Each subject was then given an acclimation period before testing commenced
on the microprocessor-controlled knee. The average acclimation time was 18±8 weeks (range,

aÖssur, Grjothals 5, 110 Reykjavik, Iceland.
bCaTach Inc, 80-A Westpark Drive, Centerville, OH 45459.
cTruLife LTD, 3 Cookstown Industrial Estate, Tallaght, Dublin, 24 Ireland.
dOtto Bock, Max-Näder-Str 15, Duderstadt, 37115 Germany.
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10–39wk). The study design was chosen because it reproduced the clinical experience of most
transfemoral amputees. An experienced prosthetist, who was certified by the American Board
Certification in Orthotics and Prosthetics and had also successfully completed special training
in the application of the microprocessor knee, performed all alignment and fitting trials.
Prosthetic alignment was confirmed with an L.A.S.A.R. posture system.d

Participants
Fifteen subjects (12 men, 3 women; age, 42±9y; range, 26–57y) with a transfemoral amputation
participated in this study. The study was approved by the institutional review board, and
informed written consent was obtained. The criteria for enrollment included unilateral
transfemoral amputees age 18 and older, amputation for any reason, a minimum of 2 years
postamputation, Medicare functional classification level 3 or 4, and current use of a hydraulic
control mechanical prosthetic knee. The exclusion criteria were chronic residual limb skin
breakdown and secondary medical conditions that would prevent participation in the study.
Subjects were also excluded if they had an acute illness or chronic illness or required assistive
aids for ambulation. All subjects were required to pass a prosthetic evaluation and functional
evaluation conducted by a certified prosthetist. The certified prosthetist checked the prosthetic
alignment and observed the gait of each subject to confirm that the subject had obtained optimal
gait for each prosthetic knee. Participants in the study were required to be competent with their
mechanical knee prostheses before entering the study. These participants were all long-term
prosthesis users (20±10y; range, 3–36y). Their body mass index, without the prosthesis, was
25±4kg/m2 (range, 17–28kg/m2). The reasons for amputation were trauma (n=7), cancer (n=6),
peripheral vascular disease (n=1), and congenital (n=1). To be considered for this study, stump
volume must not have fluctuated significantly within the 6 months before the study. All subjects
were unlimited community ambulators. Subjects had no other neuromuscular problems or a
partial amputation of the contralateral limb that would preclude them from performing the test
protocol.

Experimental Testing
Energy efficiency—An accurate measure of oxygen cost under steady-state conditions was
obtained to quantify relative walking efficiency. Subjects walked on an electronically
controlled treadmille while breathing into a mouthpiece. Subjects breathed through a
disposable pneumotachograph that contained the mass spectrometer gas sampling port. The
pneumotachograph registered flow by comparing impact and stagnation pressures in a region
of slight narrowing of the flowing gas stream. Breath-by-breath measurements were made
using a commercially available automated systemf modified to interface to a respiratory mass
spectrometer.g The measurement system was calibrated by using precision-grade gas mixtures.
Procedures were applied to ensure appropriate temporal matching between volume (flow) and
expired gas fractions.25 Calculation of oxygen and carbon dioxide consumption was performed
using the Haldane transformation.26 A steady state was attained in approximately 2 to 3
minutes after exercise was begun. Testing was performed at 3 speeds of 1.6, 3.2, and 4.8km/
h. The primary outcome variable was the energy cost a meter (in mL·kg−1·m−1).27 This
describes the amount of oxygen needed to walk a unit distance—that is, the energy efficiency.
Subjects were also asked to rank their relative effort using the Borg Rating of Perceived
Exertion.28

Daily energy expenditure—The TDEE was estimated using the DLW method.29 This is
the most accurate and robust method available to estimate energy expenditure in free-living

eQ-Stress TM65; Quinton Cardiology Systems Inc, 2121 Terry Ave, Seattle, WA 98121.
fModel CPX-D; Medical Graphics Corp, 350 Oak Grove Pkwy, St. Paul, MN 55127.
gModel 1100; PerkinElmer Life and Analytical Sciences Inc, 940 Winter St, Waltham, MA 02451.
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conditions.30 This procedure required that the research volunteers consumed water containing
isotopes of oxygen and hydrogen. Accurately weighed doses of deuterium (.978g/kg of BW)
and oxygen-18 (.092g/kg of BW) were administered orally. Three urine samples were collected
before dosing, and then 3 timed urine samples were collected a day for 10 days. The urine
samples were analyzed by using a continuous flow isotope-ratio mass spectrometer.h Analysis
of TDEE involved the use of standardized techniques.31,32 Measurement of the difference in
clearance of the 2 isotopes from the body represented carbon dioxide production,33,34 which
in turn reflected energy expenditure. The TEF was estimated to be 10% of TDEE.35 BMR
with respiratory quotient was measured using indirect calorimetry36 before the DLW was
consumed. The TDEE was partitioned into the BMR, TEF, and PAEE. The portion of TDEE
attributed to physical activity was calculated as the ratio of PAEE to TDEE.

Prosthesis Evaluation Questionnaire—The condition-specific PEQ was used to
quantify patient satisfaction. The PEQ is a reliable and valid tool for evaluating persons with
lower-limb amputations.37 The questionnaire is composed of 9 validated scales (ambulation,
appearance, frustration, perceived response, residual limb health, social burden, sounds, utility,
well-being). Scales have been validated for internal consistency and temporal stability.37

Data Analysis
Statistical analysis was performed using a commercial analysis package.i A 2-factor repeated-
measures analysis of variance was performed to compare outcomes using the mechanical knee
compared with the microprocessor-controlled knee prosthesis. A multivariate approach was
used to compare simultaneously the energy efficiency at all walking speeds. Similarly, all PEQ
subscales were compared simultaneously. A paired t test was used to compare the PAEE and
portion of TDEE attributed to physical activity between the 2 prosthetic knees. Statistical
significance was set at P equal to .05.

RESULTS
The functional limitation of each subject was evaluated by assessing their energy efficiency.
The energy efficiency was 2.3% lower (95% confidence interval, −6.6 to 2.0) when using the
microprocessor-controlled knee (fig 1A). However, this difference was not statistically
significant (P=.34). Notably, the subject’s perception was that it was easier to walk with the
microprocessor-controlled knee than with the mechanical prosthesis (P=.02) (fig 1B).

The disability of the research participants was quantified by measuring the TDEE in their free-
living environment. The TDEE was higher when the participants wore the microprocessor-
controlled knee compared with the mechanical prosthesis (14.1 vs 13.0MJ/d, respectively) (fig
2). The average BMR for the research participants was 7.2±1.0MJ/d. There was a significant
increase (P=.04) in PAEE when using the microprocessor-controlled prosthesis compared with
the mechanical prosthesis (5.5 vs 4.4MJ/d, respectively). Further, there was a significant 6%
increase (P=.02) in the portion of TDEE attributed to physical activity. The amputees expended
33% of their TDEE in physical activity when using the mechanical prosthesis compared with
39% for the microprocessor-controlled prosthesis.

An important aspect of this study was the patient’s perception of the 2 prosthetic knee joints
(fig 3). The microprocessor-controlled knee was rated significantly better than the mechanical
prosthesis (P=.02). The microprocessor-controlled knee scored better in 8 of 9 categories on
the PEQ. The only category in which the microprocessor-controlled knee scored lower was

hThermoFinnigan Delta; Thermo Fisher Scientific Inc, 81 Wyman St, Waltham, MA 02454.
iVersion 9.1; SAS Institute, 100 SAS Campus Dr, Cary, NC 27513–2414.
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perceived response. In this category, 8 of 15 subjects rated the microprocessor-controlled knee
equal or better than the mechanical prosthesis, whereas the remaining 7 subjects scored the
microprocessor-controlled prosthesis sufficiently lower such that the overall mean was less for
the microprocessor-controlled knee.

DISCUSSION
To maintain an amputee’s functional status, every effort is made to return the person with a
lower-limb amputation to a satisfying locomotor status in their personal living environment.
The primary reason expressed by people with lower-extremity amputations for curtailed or
limited use of a prosthesis is that walking with the artificial limb is too exhausting.38 The key
finding in this study is that transfemoral amputees using a microprocessor-controlled knee
spontaneously increased their daily physical activity outside of the laboratory setting. The
increase in PAEE with the microprocessor-controlled knee represented more physical
movement rather than an increased effort to walk because the energy efficiency of locomotion
was statistically equivalent for both prosthetic knees.

The mechanism responsible for the increased activity in patients using a microprocessor-
controlled knee is explained by changes in the gait and balance of these patients.39 The gait
improved by placing more reliance on the prosthetic limb when using the microprocessor-
controlled knee. The participants walked with a more normative gait pattern, which included
stance phase knee flexion and an external knee flexion moment during loading response. The
improved balance characteristics when using the microprocessor-controlled knee reduced the
risk of falling. Falls are a significant problem that affects people with a lower-limb amputation.
Among community-living people with a lower-extremity amputation, 52% fell in the past 12
months, 49% were fearful of falling, and 65% had low balance confidence scores.40 Moreover,
people with a transfemoral amputation are at significantly greater risk of falling.38,40
Importantly, falling experience and balance confidence are associated with mobility capability
and social activity.41 We have determined that after receiving a microprocessor-controlled
knee, amputees had improved balance,39 which resulted in greater confidence to increase their
personal activity level. Notably, the patients in this study perceived that it was easier for them
to walk with the microprocessor-controlled knee. This also contributed to their increased
activity levels.

Energy expenditure as measured by oxygen consumption rate is important for amputees. The
energy cost of ambulation is greater for amputees than for nonamputees.18 Several studies
have compared the energy consumption of the microprocessor-controlled with
nonmicroprocessor-controlled knees. These studies generally report lower energy expenditure
when using a microprocessor-controlled knee.13–15,19,21,42,43 One study has also
demonstrated an improvement in the rate of oxygen consumption for a person with bilateral
knee disarticulations.22 There does not appear to be any difference in oxygen consumption
rate between different microprocessor-controlled knees.16,21 The results of the present study
are similar to reports in the literature. Overall, the users experienced a 2.3% decrease—that is,
improvement—in the energy efficiency of walking when using their microprocessor-controlled
knees. This difference was not statistically significant. However, the users perceived the
microprocessor-controlled knee to require less effort during ambulation. Therefore, the
improved energy efficiency could be considered clinically significant.

This is the first study to measure the TDEE of amputees using the DLW method. This technique
is regarded as the criterion standard for measuring all components of energy expenditure
including the energy cost for spontaneous and voluntary physical activity. The amputees in
this study expended more energy than young able-bodied subjects,44 healthy elderly,44,45 or
overweight subjects.46 The total energy expenditure by research participants in this study was
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comparable to the energy expenditure of elite female runners,47,48 mountain climbers,49 and
soldiers.50,51 The portion of TDEE attributed to physical activity for the subjects in this study
(33% and 39%, respectively, for the passive mechanical prosthesis and the microprocessor-
controlled prosthesis) was higher than for elderly subjects (23%),45 normative weight people
(30%),46 and overweight people (32%).46 This high proportion of energy expenditure explains
why amputees frequently complain about fatigue.

Few studies have examined the effect of prosthetic intervention on activity level in the daily
lives of lower-extremity amputees. Measurements in the free-living environment are important
because they document changes that affect net health outcomes. This study demonstrated a
spontaneous increase in physical activity when the transfemoral amputees switched from a
mechanical to a microprocessor-controlled prosthetic knee component. Our findings differ
from those reported by Klute et al,24 who did not find any significant difference in steps a day
or minutes a day of activity for the same types of prosthetic components—that is, Mauch SNS
versus C-Leg knees. Our findings also differ from those of Hafner et al,9 who reported
nonsignificant differences in step frequency and daily distance traveled between mechanical
and microprocessor-controlled prosthetic knees. The difference in reported outcomes between
these 2 studies and the current study is related to the methodologic difference of these studies.
The current study quantified changes at the metabolic level. The studies by Klute24 and
Hafner9 used a surrogate measure—that is, step counts—to imply changes at the metabolic
level. These 2 methods are not equivalent. For example, a person could walk the same number
of steps and expend differing amounts of energy by walking uphill versus downhill. Using the
DLW method allowed us to quantify changes in metabolic energy expenditure more accurately.

Study Limitations
There are some limitations to be considered in this study. The knee accommodation time in
this study was 4.5 months. This may not have been enough time for all subjects to adapt, but
a recent study9 has shown that 3.5 months was the average time required for accommodation
to a microprocessor-controlled knee. Further, although this study demonstrates that patients
can benefit from a microprocessor-controlled knee, this study was conducted on patients who
could be considered unlimited community ambulators. This study does not define the
characteristics of patients who can benefit from a microprocessor-controlled knee. People with
limited ambulatory ability may not be able to take advantage of advanced technologic features
in a microprocessor-controlled knee. However, based on results from Hafner,9 K-level 2
ambulators appear to benefit from reduced stumbles and falls. Additional research needs to be
performed to define clearly which patients can benefit from this advanced technology.

CONCLUSIONS
Some insurance companies have been reluctant to provide coverage for microprocessor-
controlled knees. These third-party payers acknowledge that microprocessor-controlled lower-
limb prostheses represent a promising new technology.52 They consider microprocessor-
controlled lower-limb prostheses investigational and experimental because of a lack of
sufficient evidence substantiating their effectiveness in reducing disability and improving
function over passive mechanical leg prostheses.52 Specifically, they state, “there is a paucity
of peer-reviewed, randomized studies evaluating the effectiveness of microprocessor
controlled lower limb prostheses. … the evidence supporting the broad effectiveness of
microprocessor-controlled prosthetic knees remains inconclusive.”52 Data presented in this
study and others9,12–23,39,42,43 demonstrate that microprocessor-controlled knees offer
significant efficiency and effectiveness over conventional lower-limb prostheses. This study
has demonstrated that when using a microprocessor-controlled knee, patients are more active
in their free-living environment and report an improved quality of life.
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Fig 1.
(A) Energy efficiency. (B) Rating of perceived exertion while walking at 3 speeds. There was
a nonsignificant (P=.34) improvement in energy efficiency when using the microprocessor-
controlled knee. The subject’s perception was that it was easier to walk with the
microprocessor-controlled knee (P=.002). Error bars are the SDs of the data. Abbreviation:
RPE, rating of perceived exertion.

Kaufman et al. Page 11

Arch Phys Med Rehabil. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2.
TDEE using the mechanical prosthesis (SNS) compared with the microprocessor-controlled
knee (C-Leg). The TDEE was partitioned into the BMR, TEF, and PAEE. The PAEE was
significantly higher when using the microprocessor-controlled prosthesis (P=.04). Error bars
are the SDs of the data.
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Fig 3.
Results of the condition-specific PEQ used to quantify patient satisfaction for the mechanical
prosthesis (SNS) and the microprocessor-controlled knee (C-Leg). The microprocessor-
controlled knee rated significantly better than the mechanical prosthesis (P=.02).
Abbreviations: AM, ambulation; AP, appearance; FR, frustration; PR, perceived response; RL,
residual limb health; SB, social burden; SO, sounds; UT, utility; WB, well-being. Error bars
are the SDs of the data.
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