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Systematic Review

General estimates of the energy cost of walking in
people with different levels and causes of lower-limb
amputation: a systematic review and meta-analysis
Sanne Ettema1,2 , Elmar Kal3 and Han Houdijk4

Abstract
Background: Energy cost of walking (ECw) is an important determinant of walking ability in people with a lower-limb amputation.
Large variety in estimates of ECw has been reported, likely because of the heterogeneity of this population in terms of level and cause of
amputation and walking speed.
Objectives: To assess (1) differences in ECw between people with and without a lower-limb amputation, and between people with
different levels and causes of amputation, and (2) the association between ECw and walking speed.
Study design: Systematic review and meta-analysis.
Methods:We included studies that compared ECw in people with and without a lower-limb amputation. A meta-analysis was done
to compare ECw between both groups, and between different levels and causes of amputation. A second analysis investigated the
association between self-selected walking speed and ECw in people with an amputation.
Results: Out of 526 identified articles, 25 were included in the meta-analysis and an additional 30 in the walking speed analysis.
Overall, people with a lower-limb amputation have significantly higher ECw compared to people without an amputation. People with
vascular transfemoral amputations showed the greatest difference (+102%) in ECw. The smallest difference (+12%) was found for
people with nonvascular transtibial amputations. Slower self-selected walking speed was associated with substantial increases in
ECw.
Conclusion:This study provides general estimates on the ECw in peoplewith a lower-limb amputation, quantifying the differences as
a function of level and cause of amputation, as well as the relationship with walking speed.
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Background

In the Netherlands, the incidence of lower-limb amputations is 20
per 100,000 population.1 Each year, about 3,200 lower-limb
amputations are performed.2 The group of people with a lower-
limb amputation is heterogeneous, including persons with
different levels and causes of amputation and concomitant factors.
This heterogeneity is considered a main contributor to differences
in the level of functioning between persons with a lower-limb
amputation.3 Level of amputation can be roughly divided into
amputations below and above the knee, with transtibial and
transfemoral amputations being the most common. The etiology

of amputation can be roughly divided into vascular causes and
nonvascular causes. Generally, lower-limb amputations with a
vascular cause are performed in older persons with medical
comorbidities including diabetes, whereas lower-limb amputa-
tions because of nonvascular causes often include younger persons
with fewer comorbidities.4 It has been established that both level
and cause of amputation have a major effect on walking ability in
people with a lower-limb amputation.3,5-7

Walking ability in people with a lower-limb amputation is often
assessed in terms of energy cost of walking (ECw). ECwhas shown
to be related to quality of life and participation in social activities.8

It has frequently been found that people with a lower-limb
amputation have increased ECw compared to persons without an
amputation.6 After undergoing lower-limb amputation, one can
choose towalkwith orwithout use of a prosthesis, whichwill both
increase the ECw.6 Walking without a prosthesis results in the
highest ECw, as additional energy is needed to support body
weight on crutches. Walking with a prosthesis also results in
greater ECw, as the economy of gait is constrained by the
prosthesis. People walking with a prosthesis show reduced ankle
push-off power resulting from a reduced ability to plantar flex
their ankle. Consequently, people with a lower-limb amputation
need to use other, less efficient, strategies for propulsion and leg
swing.9-11 Impaired balance control is considered as another factor
contributing to increased ECwwhile walkingwith a prosthesis.7,12

People with a lower-limb prosthesis are known to be less stable

1Heliomare Research and Development, Wijk aan Zee, the Netherlands
2AmsterdamMovement Science, Faculty of Behavioral andMovement Sciences, Vrije
Universiteit Amsterdam, Amsterdam, the Netherlands
3Department of Clinical Sciences, Division of Physiotherapy, Brunel University
London, London, United Kingdom
4University of Groningen, University Medical Center Groningen, Center for Human
Movement Sciences, Groningen, the Netherlands

Corresponding author:

Han Houdijk, Center for Human Movement Sciences, University of Groningen,
University Medical Center Groningen, Antonius Deusinglaan 1, 9713 AV Groningen,
the Netherlands. Email: h.houdijk@umcg.nl

Associate Editor: Andrew Sawers

Copyright © 2021 International Society for Prosthetics and Orthotics

DOI: 10.1097/PXR.0000000000000035

Ettema et al. www.POIjournal.org 417

Copyright © 2021 International Society for Prosthetics and Orthotics

https://orcid.org/0000-0002-4316-8845
mailto:h.houdijk@umcg.nl
http://dx.doi.org/10.1097/PXR.0000000000000035
www.POIjournal.org


during steady-state walking compared to people without an
amputation.12,13 This requires the use of compensatory strategies
to maintain balance, resulting in increased energy demands.12,14-16

Over the past 50 years, many studies have investigated the ECw
in people with a lower-limb amputation. The seminal study of
Waters et al6 was one of the first studies to systematically
investigate the ECw for people with different levels and causes of
amputation. The results showed that the ECw in people with a
lower-limb amputation is dependent on both level and cause of
amputation. They reported increases of 25% and 55% in ECw, for
persons with a nonvascular amputation at the transtibial and
transfemoral level, respectively, compared to persons without an
amputation. For persons with a vascular amputation, the reported
values were even higher, with increases of 65% and 120% for
persons with a transtibial and transfemoral amputation, re-
spectively. These values as reported by Waters et al6—and
reevaluated in a later review17—are still often used as reference
values in clinical practice because the study of Waters et al is
actually the only study that systematically compared ECw in
subgroups stratified for all levels and causes of amputation within
one study. However, it can be questioned whether the values
provided by Waters et al6,17 are applicable to the current
population of people with a lower-limb amputation because the
sample size in the study was rather small (approximately 15
persons for each subgroup of people with an amputation and five
people without an amputation) to generalize the results to the
whole population of persons with a lower-limb amputation, which
might limit precision of the provided estimates. Moreover, patient
characteristics, prosthetic developments, and assessment methods
may have changed over time. In the years following the seminal
research of Waters et al,6 the ECw for people with a lower-limb
amputation has been assessed in many other studies.9,18-20

However, these studies have predominantly focused on one
specific cause or level of amputation.9,18-20 In addition, a great
variety of types of prostheses has been analyzed, as ECw has often
been used as an outcome to test a newly developed prosthesis.21,22

Few of these studies included a control group of people without an
amputation. Moreover, studies differ in their experimental pro-
tocol, using different walking speeds and walking surfaces.23,24

Walking speed has been shown to substantially influence ECw,
both in people with and without lower-limb amputation.25 ECw is
known to have a U-shaped relation with walking speed, increasing
at both slow and fast walking speeds.25 It has been shown that, in
contrast to persons without an amputation, people with a lower-
limb amputation walk at speeds slower than their most economic
speed.26 Therefore, differences in self-selected walking speed can
be associated with differences between individuals and subgroups.
This can be controlled by studies that use a fixed imposed walking
speed rather than self-selected walking speed to assess the ECw.
However, these ECw outcomes are not representative for walking
in daily life.

Hence, despite the availability of a large (and still growing)
amount of quantitative data on the ECw with a lower-limb
prosthesis, general estimates on the magnitude of the difference in
energy cost relative to walking in persons without a lower-limb
amputation are difficult to derive from the available data because
of the heterogeneity between study populations and designs. Still,
clinical practice and prosthetic developments need such

information to set patient-specific expectations for ECw and to
develop benchmarks and interventions to reduce the ECw.
Therefore, the purpose of this study was to compare the ECw
between people with and without a lower-limb amputation, and to
assess towhat extent ECw differs as a function of level and cause of
amputation. In addition, we investigated the association between
self-selected walking speed and ECw of people with a lower-limb
amputation, to assess how self-selected walking speed might
account for the variation in energy cost between and within
subgroups.

Methods

Search strategy

We performed an electronic search via the following databases
until March 2020: PubMed, Physiotherapy Evidence Database,
and Cumulative Index to Nursing and Allied Health Literature. A
detailed description of the applied search strategy is provided in
Appendix 1 (Supplemental Digital Content 1, http://links.lww.
com/POI/A46). Searches were prelimited using the following
criteria: English language and abstract available. Articles were
further selected by reading title and abstract, after which a final
selection was made based on the full article. Articles were selected
for two types of analysis. In analysis 1, we compared the ECw
between people with a lower-limb amputation, stratified for level
(transtibial vs transfemoral) and cause (vascular vs nonvascular)
of amputation, and persons without an amputation. In analysis 2,
we assessed the effect of self-selected walking speed on ECw.
Articles selected for analysis 2 did not need to include people
without an amputation. All included articles needed to provide
explicit data concerning average and standard deviation of ECw
and walking speed and meet all other inclusion criteria described
below. When an article had been selected for either analysis 1 or
analysis 2, but did not provide all required details, the author was
approached to provide the exact data. One author (S.E.) selected
articles and extracted data. Another author (H.H.) checked the
selection and data extraction of all articles. If discrepancies
existed, the authors conferred to reach consensus on the specific
issue.

Inclusion criteria

The following inclusion criteria were used when selecting studies:
(1) participants are at least 18 years of age; (2) inclusion of a
control group without amputation (analysis 1 only); (3) inclusion
of participants with transtibial or transfemoral amputation; (4)
measurement of energy consumption during walking (for people
with an amputation: during walking with prosthesis); (5) energy
consumption measured by indirect calorimetry; and (6) the article
is not a case-study or a review article.

Data extraction, outcome measures, and risk-of-
bias assessment

The following informationwas extracted from the selected articles:
(1) subject characteristics (e.g. age and sex); (2) level of
amputation; (3) cause of amputation; (4) system used for
measuring oxygen consumption and calculation of the ECw; (5)
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type of prosthetic component used; (6) study design (instructions,
duration, and environment); (7) ECw; and (8) walking speed at
which ECw was assessed.

When an article investigated the ECw for a group of people with
mixed levels and/or causes of amputation, the author was
approached to provide additional information needed to subgroup
persons according to the level and cause of amputation. Subgroups
with fewer than three participants were excluded from further
analysis. When a particular study tested multiple types of
prostheses in the same group of participants, the ECw andwalking
speed related to the prosthesis with the most widespread clinical
use at the time of the study were used for further analysis (see
Appendix 2, Supplemental Digital Content 1, http://links.lww.
com/POI/A46, for detailed selection, not chosen options are
provided in italics). The prosthesis with most widespread clinical
use was selected by one author with longstanding experience in the
field (H.H.). In the case that ECw had been assessed during both
overground and treadmill walking, we used the ECw during
overground walking for further analysis because this most closely
resembles walking in daily life.27 For each study, one combination
of walking speed and ECw was used for analysis. If ECw had been
assessed both at imposed and self-selected walking speeds, we used
ECw values at self-selected walking speed for further analysis.
Furthermore, when ECw had been measured only at multiple
imposed walking speeds, we selected the ECw associated with the
walking speed that was closest to the average self-selected walking
speed of the specific subgroup. Average self-selected walking speed
for each specific subgroup was based on the preferred walking
speed found in other selected studies: transfemoral vascular: 0.52
m·s21; transfemoral nonvascular: 1.00 m·s21; transtibial vascular:
0.79 m·s21; and transtibial nonvascular: 1.34 m·s21. Summary
information regarding study protocols of included studies is
presented in Appendix 3 (Supplemental Digital Content 1. http://
links.lww.com/POI/A46).

Two of the reviewers (S.E. and E.K.) independently assessed the
risk of bias of the included studies with the Newcastle-Ottawa
Scale (NOS28), which was modified for the study purpose (see
Appendix 4, Supplemental Digital Content 1, http://links.lww.
com/POI/A46). The NOS contains items on participant selection,
comparability of the study groups, and outcome assessment. The
scale ranges from 0 to 11 for analysis 1 and from 0 to 7 for analysis
2, as comparability items were not relevant for analysis 2. Higher
NOS scores reflect a lower risk of bias.

Energy cost calculations

In this study, we analyzed the gross metabolic ECw expressed inml
O2·kg

21·m21. When studies only reported oxygen consumption
( _VO2; mL O2·kg

21·min21), ECw was calculated by dividing
oxygen consumption by walking speed (in m·min21). When actual
metabolic energy expenditure (EE) was provided in J·kg·s, it was
converted into mL·O2·kg

21·m21 according to Equation (1), with
walking speed (v) expressed in m·min21. Respiratory exchange
ratio (RER) was assumed to be equal to 1.29

ECw ¼ Joules
_EE 3 60 3 v

ð4:940 3RERþ 16:040Þ (1)

Meta-analysis calculations

To perform a meta-analysis with the data collected for analysis 1,
the SD of ECw was needed. When articles did not report SD, 95%
confidence interval (CI) was used to determine SD, according to
Equation (2). Studies to which Equation (2) was applied are
indicated with an asterisk (*) in Appendix 2 (Supplemental Digital
Content 1, http://links.lww.com/POI/A46). When articles did not
report SD nor 95% CI and when these data could not be retrieved
from the original author, articles were excluded from analysis 1.

SD ¼
ffiffiffiffiffi

N
p

3 ðupper limit 95% CI2 lower limit 95% CIÞ
3:92

(2)

Meta-analysis

Meta-analyses were conducted with RevMan 5.3 (The Nordic
CochraneCentre, Copenhagen,Denmark). Since all included studies
used the same outcome measure with similar (or converted to
similar) units of measurement, data were pooled using the mean
difference (MD). Significance level was set at P , 0.05. Random
effects models were used (as a high level of heterogeneity was
evident, and.5 studieswere available). Statistical heterogeneitywas
confirmed by visual inspection of the forest plots, and with the I2-
statistic, with heterogeneity considered to be present if x2 was
significant (P, 0.1).30We subgrouped studies according to the level
(transtibial vs transfemoral) and cause (vascular vs nonvascular) of
amputation, to assess if ECw would be different for people with
different combinations of levels and causes of amputation.When an
article provided data for different subgroups of persons (i.e. different
levels/causes of amputation) but for just one single control group, the
means and SDs for this particular control group were used as many
times in the same analysis, but we divided the sample size by the
number of comparisons it was included in.30

Analysis of walking speed

The relationship between walking speed and ECw was analyzed
descriptively by fitting a polynomial through the available data of
ECw and self-selected walking speed of different subgroups. The
curves were second-order polynomial fits through all data points of
a specific subgroup, which were described by the function:
ECw5 av2 1 bv1 c. Walking speed was expressed in m·s21. For
each study, only one specific estimate of ECw (i.e. at actual or
approximated self-selected walking speed) was added to this
analysis. These analyses were performed in Matlab (The Math-
works, Natick, MA) using the function polyfit.

Results

Literature search

Figure 1 shows the flow of study selection. In total, our search
identified 526 articles. After screening of titles and abstracts, 40
potential articles were selected for analysis 1 and 87 additional
potential articles for analysis 2. Application of the inclusion and
exclusion criteria eventually resulted in the inclusion of 35 articles
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in analysis 1 and 41 additional articles in analysis 2.Most common
reasons for exclusion at this stage were unavailability of full-text
paper, measurement of energy consumption by other means than
indirect calorimetry, and data for a group of persons that had
already been presented in an earlier published article that was
already included (Figure 1). Regarding analysis 1, the results of 10
articles were only descriptively synthesized, but not included in the
meta-analysis. Reasons for this were that the required data could
not be extracted reliably andmissing data could not be obtained by
contacting the authors31-36 (N5 6), standard deviations could not
be obtained20,37 (N 5 2), outlying data (extremely high ECw
values38; N 5 1), or analysis of ECw in the presence of external

stimuli39 (N5 1; referred to as “other” in Figure 1). In analysis 2,
11 articles were fully excluded from analysis because no accurate
data extraction was possible (N 5 11).

In sum,we selected 25 articles for themeta-analyses in analysis 1
and 30 additional articles for the walking speed analysis in
analysis 2.

Study characteristics

Participant characteristics

In total, 367 persons with a lower-limb amputation and 282
persons without an amputation participated in the selected articles

Figure 1. Flowchart of inclusion of articles.
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for analysis 1 and 362 additional persons with a lower-limb
amputation participated in the selected articles for analysis 2.
Table 1 shows the number and type of specific subgroups that were
described in the included articles for analysis 1 and analysis 2.
Most of the included articles investigated persons with a non-
vascular transtibial or transfemoral amputation. Considerable
heterogeneity was noted in terms of participants’ characteristics,
such as mean age (range controls: 23–60 years; range people with
amputation; 22–73 years), sex (85% male), walking speed (range
controls: 0.83–1.56 m·s21; range people with amputation:
0.45–1.50 m·s21), and time since amputation (range: 9 weeks–31
years). For details for each of the studies, please see the overview
tables in Appendix 2 and Appendix 3 (Supplemental Digital
Content 1, http://links.lww.com/POI/A46).

Experimental protocol

In analysis 1, 18 articles assessed ECw using preferred walking
speed, whereas 7 articles used an imposed fixed walking speed.
Regarding walking surface, 12 articles performed their measure-
ments on a treadmill and 13 articles performed overground
measurements, either indoor or outdoor. In analysis 2, 20 articles
studied ECwwhile walking at preferredwalking speed, whereas 10
articles studied ECw at an imposed fixed speed. In analysis 2, 20
articles investigated ECw using a treadmill and 10 articles
investigated ECw during overground walking. The duration of
the walking trials varied between 2 and 20 minutes. All studies,
except for two, did report the requirement of steady state walking.
In both analysis 1 and analysis 2, 14 studies used the average value
over the last 2 or 3minutes of their walking trials for analysis of the
energy cost. Other studies took the average over shorter periods,
whereas two studies in analysis 1 and 3 studies in analysis 2 did not
provide clear information about the use of averaging methods
when calculating the energy cost.

Risk-of-bias assessment

Appendix 5 (Supplemental Digital Content 1, http://links.lww.
com/POI/A46) shows the NOS scores of each study for analysis 1
and analysis 2. Mean score and SDwere 6.46 2.2 (range: 2–9) for
analysis 1 and 4.5 6 0.9 (range: 2–6) for analysis 2. For most
studies, stars were awarded for clear descriptions of the study
groups and the applied protocol. Overall, starswere oftenwithheld
for items relating to the selection and follow-up of study groups, as
this was often not explicitly described. In analysis 1, comparability
of the groups was often achieved in terms of age and sex of the

participants, but only in a few studies were groups comparable in
terms of physical fitness or physical activity levels.

Data analysis

Meta-analyses

A total of 25 studies (describing 37 comparisons) were included in
the meta-analysis that investigated the difference in ECw between
people with and without an amputation at self-selected walking
speed. The results showed that persons without an amputation
overall have significantly lower ECw compared to people with a
lower-limb amputation (MD5 0.06 mL·O2·kg

21·m21, 95%CI5
[0.04–0.07], Z 5 8.80, P , 0.001; Figure 2). Considerable
heterogeneity was present (I25 88%). Subgroup analyses revealed
that the difference in ECw was significantly different as a function
of levels and causes of amputation (x2(3) 5 165.92, P, 0.001, I2

5 98.2%). ECw was significantly higher compared to controls in
all four subgroups (Figure 2). The highest ECw was observed for
people with a vascular transfemoral amputation (MD 5 0.18
mL·O2·kg

21·m21, 95% CI 5 [0.16–0.21]), followed by the
nonvascular transfemoral group (MD 5 0.07 mL·O2·kg

21·m21,
95% CI5 [0.06–0.08]) and the vascular transtibial group (MD5

0.06 mL·O2·kg
21·m21, 95% CI 5 [0.03–0.09]), whereas the

smallest (yet still significant) difference in ECw was observed for
the nonvascular transtibial group (MD 5 0.02 mL·O2·kg

21·m21,
95% CI5 [0.01–0.03]). As can be seen in Table 2, the increase in
ECw was significantly different between all subgroups (P# 0.02),
except for the comparison of the nonvascular transfemoral group
and vascular transtibial group (P 5 0.58).

When expressed as a percentage of the weighted average of ECw
of the respective control groups, the ECw for people with a lower-
limb amputation at self-selected walking speed was 35% higher
compared to people without an amputation. When separately
assessed for each of the subgroups, ECw values were 12% higher
for the nonvascular transtibial group, 36% for the vascular
transtibial group, 41% for the nonvascular transfemoral group,
and 102% for the vascular transfemoral group.

Descriptive synthesis

We descriptively synthesized the results of the 10 articles that were
excluded from the meta-analysis because no reliable data
extraction was possible. All of the excluded articles investigated
the ECw related to level of amputation and did not directly
compare groups with different causes. Most of the articles showed

Table 1. Overview of number of articles included in the different analyses by level and cause of amputation.

Analysis 1—influence of level and cause of
amputation on ECw
(25 articles, describing 37 subgroups)

Analysis 2—influence of walking speed on
ECw
(55 articles, describing 78 subgroups)

Transfemoral—vascular 3 5

Transfemoral—nonvascular 15 32

Transtibial—vascular 3 9

Transtibial—nonvascular 16 32
Abbreviation: ECw, energy cost of walking.
NB: Please keep in mind that the number of articles and subgroups shown for analysis 2 is equal to the sum of the articles in analysis 1 and the additionally included articles in
analysis 2.
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results that were similar to the results found in the meta-analysis.
Do Nascimento Garcia et al,38 Herr and Grabowski,36 Gailey
et al,20 Jaegers et al,33 Schnall et al,39 and Ladlow et al35 all showed
significant increases in ECw for persons with a nonvascular
amputation at the transtibial or transfemoral level compared to

persons without an amputation, with the largest increase found for
persons with a transfemoral amputation. This result was also
found by Ganguli et al,32 but they did not report any significance
values. Similar results were reported by Pinzur et al,37 in people with
vascular transtibial and transfemoral amputations, but they did not

Figure 2. Pooled results of studies that investigated energy cost of walking in people with a lower-limb amputation. TF/NV, transfemoral, nonvascular
amputation; TF/V, transfemoral, vascular amputation; TT/NV, transtibial, nonvascular amputation; TT/V, transtibial, vascular amputation. NB1: Average
preferred walking speed for each group was as follows: transtibial nonvascular: 1.20 6 0.51 m·s21; transtibial vascular: 0.82 6 0.15 m·s21; transfemoral
nonvascular: 1.026 0.20m·s21; and transfemoral vascular: 0.626 0.11m·s21. NB2: For two of the included studies,55,59 SDwas obtained using Equation
(2), as no other methods could be applied. However, this equation is typically recommended for studies with larger samples. To investigate whether using
this equation influenced our results, we performed the meta-analysis also without these two studies, but this had minimal effect on the outcomes, and the
main and subgroup effects remained unaffected.
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report significance values either. The studies of Kark et al34 and
Eckard et al31 seemed to deviate slightly from the results in themeta-
analysis. Kark et al34 investigated ECw in transtibial amputees and
transfemoral amputeeswith different causes of amputation, but only
found significantly increased ECw for transfemoral amputees
compared to people without an amputation. Eckard et al31 did not
find any differences inECw ina group consisting of both peoplewith
transtibial and transfemoral nonvascular amputations compared to
persons without an amputation.

The relation between ECw and self-selected walking speed

Figure 3 shows the association between self-selected walking speed
and ECwacross different causes and levels of amputation and people
without an amputation. Average preferred walking speed for each
group was as follows: transfemoral vascular: 0.62 6 0.11 m·s21;
transfemoral nonvascular: 1.02 6 0.20 m·s21; transtibial vascular:
0.826 0.15 m·s21; and transtibial nonvascular: 1.206 0.51 m s21.;

The results indicate that ECw is moderately to strongly associated
with self-selected walking speed in all subgroups, as shown by the R2

values. It can be observed that especially persons with an amputation
because of vascular reasons generally walk below their most
economic walking speed, which contributes to their increase in
ECw compared to persons without an amputation. Note that the
variation in ECw that could be accounted for by differences in
walking speed (i.e. a shift of a specific group on their speed–ECw
curve to the left ascending flank) seems substantial relative to the
variation accounted for by cause or level of amputation alone (i.e. an
upward shift of the speed–ECw curves between groups).

Discussion

The aim of this study was to provide quantitative estimates of
differences in ECw between people with and without a lower-limb

amputation and to investigate the influence of cause of amputa-
tion, level of amputation, and walking speed using a systematic
review and meta-analysis of previous literature. In agreement with
our expectations and previous research,6 the results of this study
showed that ECw is significantly higher in people with an
amputation who walk with a lower-limb prosthesis compared to
people without an amputation (35%). On average, the difference
in ECw is most pronounced in people with a transfemoral
amputation because of vascular reasons (102%), followed by
nonvascular transfemoral amputation (41%), vascular transtibial
amputation (36%), and lowest after nonvascular transtibial
amputation (12%). Furthermore, results suggest that reductions
in self-selected walking speed seem to be a major contributor to the
higher ECw in people with an amputation.

In total, we included 25 articles in the meta-analysis, which
described 37 comparisons between designated subgroups of people
with a lower-limb amputation and people without an amputation.
These comparisons were, however, not distributed equally
between subgroups. Specifically, people with amputations because
of vascular problems were underrepresented in literature. Only
four articles in themeta-analysis investigated ECw for personswith
a vascular amputation, together including 47 persons with an
amputation. From these articles, data on three vascular-transtibial
groups (n 5 23) and three vascular–transfemoral groups (n 5 24)
could be derived. It should be acknowledged that this limited
amount of data reduces the reliability of the estimates for these
subgroups. Please note that most articles that were only included in
the descriptive synthesis showed similar results to those in the
meta-analysis, both in terms of ECw and in terms of relative
underrepresentation of people with a vascular amputation.

Generally, the results of ourmeta-analysis are in agreement with
the study ofWaters et al,6 as both studies indicate the highest ECw
for persons with a vascular transfemoral amputation and the
lowest ECw for nonvascular transtibial amputations. Although the

Table 2. Overview of pairwise comparisons of energy cost of walking between different subgroups.

Significant effects (p,0.05) are indicated with an asterisk (*).
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current meta-analysis shows that people with an amputation have
higher ECw compared to people without an amputation, these
differences were smaller than those reported by Waters et al.6

Waters et al6 reported the highest ECw values among all included
studies for each single subgroup of people with an amputation.
WhereWaters et al6 reported an increase between 25%and 120%,
we found an average increase between 12% and 102%. This
overestimation could be a result from the relatively small
population studied by Waters et al,6 which might not have been
fully representative for the general population of people with a
lower-limb amputation. In addition, improved rehabilitation and/
or prosthetic technology in recent years may have contributed to
these different estimates. Worthy of note, however, no clear trend
between year of publication and differences in energy cost can be
observed among the included studies (Figure 2). Albeit that we only
included studies at self-selected comfortable walking speed, while
the advantages of some modern prostheses have been shown to be
more apparent at slow or high walking speeds.40

Our results show that self-selected walking speed partly
accounts for the higher ECw in people with a lower-limb
amputation. The relation between walking speed and ECw can be
modeled as a U-shaped function.41,42 For healthy individuals without
an amputation, costs areminimal around 1.2m·s21 but rise rapidly at
lower and faster walking speeds. Figure 3 provides additional insight
into the effect of walking speed on ECw by visualizing the position of
the curves of all subgroups relative to each other. The coefficients of

these curves do not have a physiological meaning, but only serve to
describe the relationship between self-selected walking speed and
ECw for each of the subgroups. It is expected that the speed–ECw
curves of people with a lower-limb amputation are shifted upward as
a consequence of reduced gait economy.25 Figure 3 demonstrates that
irrespective of such an upward shift, a substantial part of the
difference in ECw at self-selected walking speed is because of the fact
that peoplewith a lower-limb amputation, and especially thosewith a
vascular cause of amputation, walk at slow speeds on the steeply
ascending side of the speed–ECw curve. Hence, differences in ECw at
self-selected walking speed between groups could partly be explained
by their lower self-selectedwalking speeds, next to the upward shift of
the speed–ECw curve. Note that an accurate analysis of the
speed–ECw curves could not be performed in this study because
data of subgroupswere not available over comparable and full ranges
of the walking speed spectrum. Therefore, we cannot draw definitive
conclusions on the potential upward shift or shift in most economic
speed for these subgroups.

Previous studies have shown that for people with a lower-limb
amputation, especially those with vascular cause of amputation
and transfemoral amputation, preferred walking speed is generally
slower than their most economic speed.25,26 People might reduce
speed because of balance problems and associated fear of falling,43

but it has been shown that the reduction in walking speed might
also be related to energetic limitations. People with a lower-limb
amputation generally have a reduced aerobic capacity, especially

Figure 3. The effect of walking speed on ECw. The average ECw and walking speed derived from analysis 1 is indicated with an asterisk (*) for each
subgroup. CO, controls; TT, transtibial; TF, transfemoral. The values of the coefficients a, b, and c represent the description of the second-order polynomial
function for each subgroup. CO: a5 0.06, b520.19, c5 0.32, R2 5 0.17; TF vascular: a5 1.58, b522.40, c5 1.24, R2 5 0.93; TF nonvascular: a5
0.73, b521.66, c5 1.16, R25 0.60; TT vascular: a5 1.23, b522.28, c5 1.27, R25 0.75; TT nonvascular5 a5 0.27, b520.72, c5 0.66, R25 0.27.
ECw, energy cost of walking.
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people with a vascular cause of amputation.44 The combination of
reduced capacity and high demand increases the relative aerobic
load at a given walking speed, which is known to affect quality of
life in people with a lower-limb amputation.8 Reducing self-
selected walking speed may therefore be necessary to maintain
aerobic load within sustainable limits, that is, at an acceptable
percentage of maximal aerobic capacity.6,26 Yet this comes at the
expense of walking economy. Consequently, next to level and
cause of amputation, self-selected walking speed (and underlying
factors such as physical fitness and fear of falling) needs to be taken
into account as an important predictor of the ECw of individuals
with lower-limb amputation.

Our current review complements recent work by van Schaik
et al,45 who performed a systematic review and meta-analysis of
the metabolic requirement of daily activities, including walking, in
people with lower-limb amputation. In contrast to our analysis,
this earlier study used energy consumption per unit of time
(mL·O2·kg

21·min21) as outcome of interest. In agreement with our
results, they found a significant effect of level of amputation on
energy requirement of walking, but no effect of cause of
amputation was found. This was attributed to the low number of
studies reporting on people with vascular cause of amputation.
Van Schaik et al45 showed that walking at slower speeds resulted in
lower energy consumption per unit of time—which is in line with
the idea that people with a lower-limb amputation probably walk
slower to reduce the relative aerobic load of walking. However,
when energy consumption is expressed per unit of time, it is
ignored that such a decrease in walking speed reduces walking
economy (i.e. energy cost per unit distance). Our current review
thus provides further important insights into the effects of reduced
preferred walking speed on energy cost of people with different
levels and causes of amputation. In addition, we also show how
slower self-selectedwalking speed in personswith an amputation is
related to an increase in energy cost, both as function of level and
cause of amputation, which was not available in the study by van
Schaik et al.45

Limitations

One main limitation of the current review is the heterogeneity of
the included studies in terms of group size, participant character-
istics (e.g. age and time since amputation), and study character-
istics (e.g. walking speed and duration, treadmill vs overground
walking). Our risk-of-bias assessment highlights the importance of
standardizing measurement protocols and measuring and report-
ing possible confounding factors. This heterogeneity—which has
also been discussed by others7,45,46—could explain the consider-
able range of estimates for increased ECw at preferred walking
speed between studies. Moreover, this heterogeneity may influence
the accuracy of our estimates, when factors such as group size,
participants, and study characteristics were not distributed equally
over the different subgroups. Although there were not enough
studies available to statistically investigate the effect of such
factors, inspection of the included studies did not point to clear
systematic differences in these factors between subgroups. Our
second limitation is related to converting all outcomes into the
same unit. The applied equations included some assumptions
about resting metabolism and RER. In Equation (1), RER was

assumed to be equal to 1; this value might be slightly too high to
achieve during walking for people with an amputation. However,
Equation (1) was applied to only 3 studies in analysis 1 and 6
studies in analysis 2.Moreover, effect of lower bound RER values
would not exceed 5% in ECw and would not have affected our
overall conclusions. A final limitation pertains to the fact that this
systematic review was not prospectively registered with PROS-
PERO, which would in hindsight have been preferred.

Further research

The current meta-analysis provides quantitative estimates of ECw
in people with a lower-limb amputation with different causality
and at different levels. However, the reliability of these results may
be affected by the heterogeneity of the studies that were combined.
Therefore, future research should clearly report and standardize
factors such as walking speed, walking surface, and duration of the
walking trial. Moreover, the risk-of-bias assessment shows the
importance of matching possibly confounding factors such as age
and physical fitness when comparing different groups of persons
with and without amputations, and of providing detailed in-
formation regarding data analysis (i.e. walking at steady state and
calculation of ECw). Related to this, there is a clear need for studies
that investigate the interaction of level and cause of amputation
and walking speed within a single study. This is essential to better
understand the effects of these factors on the ECw after
amputation. Furthermore, future research should especially focus
on the ECw and walking speed of people with an amputation
because of vascular reasons because data for this specific patient
group are scarce while the incidence of dysvascular amputation is
the highest of all causes in Western countries. This group is also
known to have limited exercise capacity, which compounds the
negative effects of high aerobic demand of walking for regaining
walking ability.26,44

Conclusion

This systematic review provided updated quantitative estimates
of ECw of people with a lower-limb amputation at their preferred
walking speed, stratified for level and cause of amputation. Based
on our meta-analysis, differences in ECw of 112% and 141%
were found for people with nonvascular transtibial and trans-
femoral amputations compared to people without an amputa-
tion, respectively, and more pronounced differences in ECwwere
found for people with vascular transtibial (136%) and trans-
femoral amputations (1102%). Moreover, our data suggest that
a slow preferred walking speed may be a key factor for the
observed increase in ECw in people with a lower-limb amputa-
tion. The estimates provided in this review study can be used as
reference values in clinical practice, to improve patient expecta-
tions, guide clinical decision making, and benchmark prosthetic
developments.
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88. Tekin L, Safaz Ý, Göktepe AS, et al. Comparison of quality of life and
functionality in patients with traumatic unilateral below knee amputation
and salvage surgery. Prosthet Orthot Int 2009; 33: 17–24.

89. Torburn L, Powers CM, Guiterrez R, et al. Energy expenditure during
ambulation in dysvascular and traumatic below-knee amputees: a com-
parison of five prosthetic feet. J Rehabil Res Dev 1995; 32: 111.

90. Traballesi M, Delussu AS, Averna T, et al. Energy cost of walking in
transfemoral amputees: comparison between Marlo Anatomical Socket
and Ischial Containment Socket. Gait Posture 2011; 34: 270–274.

91. Hsu MJ, Nielsen DH, Yack HJ, et al. Physiological measurements of
walking and running in peoplewith transtibial amputationswith 3 different
prostheses. J Orthop Sports Phys Ther 1999; 29: 526–533.

92. Macfarlane R and Jeffcoate W. Factors contributing to the presentation of
diabetic foot ulcers. Diabet Med 1997; 14: 867–870.

93. Rosenblatt NJ, Bauer A and Grabiner MD. Relating minimum toe clear-
ance to prospective, self-reported, trip-related stumbles in the community.
Prosthet Orthot Int 2017; 41: 387–392.

94. IJmker T, Noten S, Lamoth C, et al. Can external lateral stabilization re-
duce the energy cost of walking in persons with a lower limb amputation?
Gait Posture 2014; 40: 616–621.

Ettema et al. www.POIjournal.org 427

Copyright © 2021 International Society for Prosthetics and Orthotics

www.POIjournal.org

