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Abstract Accelerometry and heart rate (HR) are fre-
quently used indicators of physical strain during normal
daily life. The present study focused on the sensitivity
and reproducibility of accelerometry (body motility, the
intensity of body movement measured with accelerom-
etry) and HR (percentage maximal heart rate reserve,
%HRR,.x) in the assessment of physical strain during
walking in persons with a lower leg amputation, using
persons without an amputation as reference. Ten pa-
tients with an amputation of the leg and ten comparison
subjects performed, at an interval of 1 month, the same
walking protocol three times. Subjects walked at a pre-
ferred speed and at fixed speeds. At their preferred
walking speed, speed (0.63 vs 1.31 ms™!, P=0.001),
body motility [0.53 vs 0.91 (arbitrary unit), P=0.001]
and %HRR ., (42.5 vs 27.6, P=0.02) differed between
the amputation group and the comparison group. At
fixed walking speeds, only %HRR . differed between
groups (P <£0.002) and showed a session effect
(P=0.02). The relationship between body motility and
%HRR .« in the patient group was significantly dif-
ferent from that in the comparison group. It can be
concluded that accelerometry is strongly related with
walking speed, but not sensitive to differences and
changes in economy, contrary to %HRR,,,,. The use of
accelerometry as an indicator of the level of physical
strain in persons with an amputation is not feasible. The
added value of a calibration procedure has to be studied.
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Introduction

In physical medicine and rehabilitation many patients
have motor impairments with effects on walking econ-
omy (the energy needed in relation to walking speed).
One of the patient groups is formed by persons with a
leg amputation, who are an important patient group
within rehabilitation medicine. In a global study on the
incidence of lower extremity amputation, amputation
rates varied from 2.8 to 43.9 per 100,000 persons per
year (The Global Lower Extremity Amputation Study
Group 2000); in the Netherlands the incidence rate is
18-20 per 100,000 (Rommers et al. 1997).

In persons with an amputation, impairments and
disabilities related to walking often exist (Collin and
Collin 1995), and walking economy is decreased due
to their amputation, prosthesis and distorted gait
(Boonstra 1994; Fisher and Gullickson 1978; Gonzalez
et al. 1974; Huang et al. 1979; Pinzur et al. 1992;
Ward and Meyers 1995; Waters et al. 1976). Whether
this results in an increase in energy expenditure
(physical strain) depends on the patient’s adaptation
strategy with respect to walking speed: economy,
physical strain and walking speed form a triangle of
mutual influencing factors. Treatment and training of
persons with an amputation are, therefore, frequently
focused on these factors. Knowledge about their level
and changes is important to clinicians and therapists
in planning and evaluating therapy and optimisation
of prosthetic design, especially in the early phase of
rehabilitation.

Most studies on physical strain during prosthetic
walking are performed in a laboratory setting. In these
studies, oxygen uptake is a generally used and accepted
measure of physical strain. It is questionable, however,
whether walking performance in a laboratory is repre-
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sentative of daily life or natural walking performance.
Furthermore, although physical strain during walking is
a relevant issue in itself, the combination with data on
the actual amount of walking during daily life increases
its clinical relevance. This issue implies the importance
of physical strain assessment during natural walking,
which requires the ability to determine walking periods,
but also the ability to measure ambulatory physical
strain over long periods of time and during normal daily
life. Because measurement of oxygen uptake does not
meet these requirements, this method is not considered
as an option. Two alternatives that can be used to assess
physical strain during daily life are heart rate (HR)
measurement and accelerometry. Many studies have
been performed to assess the validity and sensitivity of
these methods. Generally, and despite some limitations
of each method (Astrand and Rodahl 1987; Haskell
et al. 1993; McArdle et al. 1991; Patterson et al. 1993;
Rose et al. 1994; Schutz et al. 2001; Westerterp 1999),
they are both considered to be feasible options.

During the last decade, an activity monitor (AM) has
been developed (Bussmann et al. 2001), validated (Berg-
Emons et al. 2000; Bussmann et al. 1998a, b, ¢), and used
(Berg-Emons et al. 2001), and is planned to be used in
evaluative studies on the treatment of persons with a leg
amputation. The AM is based on long-term (>24 h)
ambulatory accelerometry—with sensors on thighs and
trunk—and aimed at the automatic 1-s detection of
mobility-related activities, such as walking, performed
during normal daily life. Additionally, ECG or HR can
be measured simultaneously. Thus, based on the accel-
erometer signals, the AM allows the automatic and al-
ready validated detection of walking periods and the
actual amount of walking (expressed in seconds) during
daily life. Furthermore, physical strain can be simulta-
neously assessed, from the AM accelerometer signals as
well as from the HR data.

In a previous study (Bussmann et al. 2000), we
examined the sensitivity of accelerometry and HR in
able-bodied subjects. The sensitivity to changes due to
an increase in walking speed was the highest for
accelerometry, while the sensitivity to changes due to
walking with a brace was lower for accelerometry than
for percentage maximal heart rate reserve (YoHRR,,,).
These results suggested a discrepancy in reaction

between accelerometry and %6HRR,,,,,. Because the AM
will be used in persons with an amputation—with their
differences in movement pattern, strain responses
and economy—the characteristics of (the changes in)
accelerometry and %6HRR,,,, should be studied in more
detail.

The aim of the present study therefore was to
examine whether HR or accelerometry is advantageous
in the assessment of physical strain during walking in
persons with an amputation. The study will focus on
aspects of reproducibility and sensitivity, and is based on
a walking protocol with preferred and fixed walking
speeds. The design, in turn, is based on some assump-
tions: walking economy is decreased in persons with an
amputation (leading to increased physical strain during
fixed walking speeds), economy improves in patients
during the initial phase of rehabilitation, and increase of
walking speed increases the level of physical strain. The
study was intended to answer the following questions:
(1) What is the reproducibility and sensitivity of
accelerometry and HR in assessing physical strain
during walking, in persons with an amputation (using
persons without an amputation as reference)?; and
(2) what is the relationship between accelerometry, HR
and walking speed?

Methods

Subjects

Ten persons with a leg amputation and ten persons without an
amputation participated in the study. Patients were recruited from
the Departments of Rehabilitation Medicine of the University
Hospital Rotterdam and Zuiderziekenhuis, and the rehabilitation
centre ‘De Hoogstraat’. From the start of inclusion—different for
each of the involved institutes—every patient who started gait
training and passed the inclusion and exclusion criteria was asked
to participate in the study. The inclusion criteria were: having
undergone a unilateral transtibial (TTA), through-knee (TKA) or
transfemoral (TFA) amputation; being able to perform at least two
of the speed levels used in the protocol; having the (initial) pros-
thesis less than 2 months. Exclusion criteria were diseases and
impairments influencing the walking pattern. Whether a patient
could be included or not was assessed by the rehabilitation spe-
cialist of the patient. Table 1 shows some characteristics of the
patients. The median of the time period between amputation
and receiving the prosthesis was 68 (range 39-131) days. For each

Table 1 Characteristics of the

patients (P), and summary data Subjects Gender (m/f) Age (years) Height (m) Mass (kg) Level

of the comparison subjects (C)
P1 m 66 1.96 81 TTA
P2 m 62 1.78 80 TTA
P3 m 65 1.75 70 TFA
P4 f 83 1.70 69 TTA
P5 m 48 1.68 80 TKA
P6 m 60 1.78 77 TFA
P7 m 76 1.75 75 TTA
P8 m 62 1.82 70 TTA
P9 m 58 1.75 71 TTA

o _ P10 m 66 1.84 96 TKA
TTA trans-tibial amputation; P1-P10 mean (SD) 64.6 (9.6) 1.78 (0.08) 76.9 (8.1)
TKA through knee amputation;  C1-C10 mean (SD) 61.3 (11.4) 1.77 (0.08) 77.0 (10.2)

TFA trans-femoral amputation




patient a matched comparison subject without amputation was
selected: mass (£10) kg; height (£0.10) m; age (£ 10) years. A
t-test showed no differences between the comparison subjects and
the patients with respect to mass, height and age. The comparison
subjects were recruited from relatives of members of the depart-
ment and patients, or by advertisements in the university hospital.
The study was approved by the Medical and Ethical Committee of
‘de Hoogstraat’. The subjects signed an informed consent form
before participating in the study.

Protocol

In a corridor a trajectory of about 40 m was created, bordered by
light gates. Subjects walked these 40 m back and forth, with
smooth turns at the borders. The number and duration of walks
depended on the ability of the subjects.

After a 15-min resting period in the corridor (the subject sitting
in a wheelchair, reading a magazine) to obtain a steady resting
state, the subjects walked for 2 min at their preferred speed. After
this a 10-min resting period was prescribed, again to obtain a
steady resting state. Then, a non-randomised fixed-speed test was
performed, in which walking speed was increased every minute by
0.278 m s~ (1 km h™"), starting at 0.278 m s™'. A researcher, using
a one-wheeled distance meter to which a calibrated real-time cycle-
speed computer was attached, determined the walking speed. The
researcher was trained to walk at the prescribed walking speed, and
the subjects were asked to walk next to the researcher. The walking
speed was increased to the subject’s maximum walking speed, or
until 1.93 ms™' (7 km h™") was reached. The measurements of
each session had a mean duration of about 45 min. After the initial
session, the measurements were repeated twice (sessions 1, 2, and
3), at an interval of 1 month.

The subjects were asked to avoid excessive activities and not to
drink more than two standard glasses of alcoholic drinks on the
day preceding the measurements. On the day of the measurement
they were not allowed to drink coffee, to smoke, or to perform
heavy tasks. All measurements took place in the morning.

Instruments

Four  1C-3031 uni-axial ~ piezo-resistive  accelerometers
(1.5%1.5x1 cm) were used. Before each measurement the acceler-
ometers were calibrated (+1 g, —1 g). On each leg, one sensor
was attached to the skin at the ventral side of the thigh, halfway
between the spina iliaca anterior superior and the upper side of
the patella; with the subject standing, these sensors were sensitive
in the anterior-posterior (sagittal) direction. The other two sensors
were attached to the skin of the sternum, perpendicular to one
another: with the subject standing, one sensor was sensitive in the
anterior-posterior (sagittal) direction and one in the cranio-caudal
(longitudinal) direction (Bussmann et al. 2001). Sensor placement
is primarily based on the requirements of activity detection
(Bussmann et al. 2001), but the same configuration is also used in
the previous study about the assessment of physical strain
(Bussmann et al. 2000). The sensors were attached such that, with
the subject standing, their axes were as close as possible to the
vertical or horizontal plane; a maximal deviation of 15° was
allowed.

The accelerometers were connected to a portable Vitaport data
recorder (6x11x3 cm, 500 g.) that was carried by the subject; the
signals were digitally stored on a memory card, each with a sam-
pling frequency of 32 Hz. Analysis took place after the measure-
ments by means of the Vitagraph software and by routines written
in Signal Processing and Inferencing Language (S.P.I.L.). ECG (V5
bipolar lead, according to Mason-Likar) was simultaneously re-
corded on the same recorder, with a sample frequency of 128 Hz.
Flashes of the light gates at the borders of the trajectory were also
recorded on the Vitaport recorder, using a photocell attached to the
clothes of the subject.
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Data analysis

Accelerometry

In the present study body motility (the intensity of body move-
ment measured with accelerometry) was the main accelerometry
variable. The analysis of the accelerometer signals was similar to
that in the study performed by Bussmann et al. (2000). From each
measured signal a motility signal was derived, which depends on
the variability of the acceleration signal around the mean.
Therefore, the measured signals of the four sensors were succes-
sively high-pass filtered, rectified and smoothed. The high-pass-
filtered signal was calculated by subtracting the low-pass-filtered
derivative (Finite Impulse Response, 0.3 Hz for the legs, and
0.6 Hz for the trunk) from the measured signal, smoothing oc-
curred by moving average and downscaling the sample frequency
to 1 Hz. The more intense or dynamic an activity is, the more
variable the accelerometer signals, and the higher the motility of
these signals. The four motility signals were added and divided by
4, to obtain the body motility signal used in this and the previous
study.

Walking speed and HR

For calculating walking speed during the preferred part of the
protocol, the light flashes were used. Based on the time period
between flashes and the known distance between the light gates,
mean walking speed during the last part of the preferred walking
interval was calculated.

HR was calculated from the R-R intervals by means of the
Vitagraph software. The HR during a specific walking speed
period (HRpeeq) was derived from the mean HR during the last
10 s of that period. Validity of this procedure was tested by
pilot measurements and by detailed analysis of the data from
the present study. The resting heart rate (HR,) was derived
from the mean HR in the 14th min of the resting period in
the sitting posture at the beginning of a measurement. The
maximum heart rate (HR,.x) was determined from the for-
mula: HR,,x=220-age (e.g. Miller et al. 1993). From these
data  %HRR,,, was calculated as: (HRgpeea—HRes)/
(HR ax—HR )x100 (Dallmeijer et al. 1996; Janssen et al. 1996;
Karvonen et al. 1957).

Statistics

Most of the statistical procedures were based on linear regression
analysis with random coefficients (Verbeke and Molenberghs 1997).
By means of this technique, means (per session, speed, and group)
were estimated and tested on significance of differences and chan-
ges. The calculated P value was regarded as a measure of sensitivity
to change or difference. With the same technique regression equa-
tions, their standard deviations of intercept and slope (both rep-
resenting between-subject variance) and their residual standard
deviation (representing within-subject variability) were calculated.
Furthermore, differences in intercept and slope were tested on
significance. The strength of relationships was expressed by Pear-
son’s correlation coefficient (r).

Reproducibility between the three sessions was calculated for
the comparison group by means of a reliability coefficient (RC):
the between-subject variance divided by the between-subject
variance and the within-subject variance (similar to the intraclass
correlation coefficient). From the within-subject variance the
standard error of measurement (SEM) was calculated by taking
the root square. These variances were calculated by means of
ANOVA.

For the linear regression analysis with random coefficients SAS
6.2 for Windows was used. Other statistical procedures were per-
formed with SPSS for Windows (release 7.5.2). An alpha value of
<0.05 was taken as the level of significance.
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Table 2 Mean data on body motility (au arbitrary units), percentage maximal heart rate reserve (%HRR,,,x) and walking speed of the
patient group [session 1 (sy), 2 (s»), and 3 (s3)] and the comparison group (mean, X, of all sessions), at preferred and fixed speeds

Variable Patient Comparison Patient versus comparison
Xs, Xs, Xs; P session Xi23 SEM RC P group

Preferred walking speed

Body motility (au) 0.53 0.56 0.59 0.20 0.91 0.08 0.87 0.001

HRRmax (%) 42.5 39.3 31.8 0.22 27.6 3.5 0.83 0.02

Speed (m s 1) 0.63 0.66 0.73 0.45 1.31 0.07 0.87 0.001

028 ms™'

Body motility (au) 0.35 0.35 0.38 0.05 0.35 0.04 0.77 0.68

HRRmax (%) 27.8 25.3 19.8 0.25 12.8 3.9 0.48 0.001

0.56m s

Body motility (au) 0.48 0.48 0.48 0.60 0.50 0.03 0.60 0.36

HRR ax g%) 38.1 34.6 30.6 0.32 11.3 43 0.60 0.001

0.83ms"

Body motility (au) 0.62 0.60 0.62 0.72 0.63 0.06 0.36 0.93

HRR .« (%) 46.1 44.3 38.2 0.52 15.6 4.5 0.76 0.002

Differences between sessions in the patient group, and differences between the patient and comparison group were tested (P session and P
group, respectively). Data on reproducibility in the comparison group are provided by the standard error of measurement (SEM) and the

reliability coefficient (RC)

Results

Two of the ten patients (P8 and P10, Table 1) were not
measured for the third time. The eight remaining pa-
tients all performed at 0.28 m s™' and 0.56 m s™' in the
fixed speed test. Four of them (P1, P2, P7, and P9) were
able to walk at least three speed levels in all sessions.

When walking at their preferred speed, body
motility and walking velocity were significantly lower in
the patient group than in the comparison group, while
%HRR .« was significantly higher (Table 2). At their
preferred speed, walking velocity, body motility and
%HRR,,x did not show significant changes over time
within the patient group, although the patient data at
preferred speed show a general trend towards the mean
values of the comparison group. During the fixed speed
test, no differences were found in body motility be-
tween the patient and comparison group at any speed;
%HRR .« was, however, significantly higher in the
patient group at each speed (Table 2). When patient
data were analysed for each speed, both body motility
and %HRR,,.x showed no significant changes over
time (i.e. between sessions). When the data were
pooled, however, a significant session effect was found
for % HRR,,x (P=0.02), but not for body motility
(P=0.57). Increasing walking speed by 0.28 ms™'
(fixed walking-speed test) caused significant changes in
body motility as well as in %HRR,,,,,, both in patients
and comparison subjects; the P values of body motility
and %HRR,,x were not different (all P=0.0001). The
data on reproducibility also did not show a clear trend
in favour of body motility or %HRR ..

The slope of the body motility-%6HRR .« regression
lines of the patient data and the comparison data was
significantly different (P=0.001), in contrast to the
intercept (P=0.89) (Fig. 1). Both the between-subject

variance (23.0 vs 18.4 %HRR,,,x) and within-subject
variance (9.3 vs 4.1 %HRR,,,,,) of this relationship was
larger in the patient group than in the comparison
group. % HRR,,,.«, and especially body motility, showed
a clear relationship with walking speed (Fig. 2). The
intercept and slope of the regression line of the patient
data and the comparison data were not significantly
different for the body motility data (P=0.83 and 0.61,
respectively), whereas for the %HRR,,, data the
intercept and slope were different (both P=0.001).
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Fig. 1 Scatter plot (crosses patients, circles comparisons) and
estimated linear curves and regression equations of body motility
against percentage maximal heart rate reserve (Y%oHRR,,x) of the
patient data (dotted line), and comparison subject data (continuous
line). Patients: %HRR,x=1.3+(69.0xbody motility), R=0.28;
comparisons: %HRR.x=2.1+(20.8xbody motility), R=0.36;
slope different between groups (P <0.05)



Body motility (arbitrary unit)
[}

Walking speed (m/s)

100

80 1

60 1

Maximal Heart Rate Reserve (%)
++ +

Walking speed (m/s)

Fig. 2 Scatter plot (crosses: patients; circles: comparisons) and
estimated linear curves and regression equations of a body motility
and b % HRR ., against walking speed of the patient data (dotted
line) and comparison subject data (continuous line). a Patients: body
motility =0.23 + (0.467xwalking speed), R=0.88; comparisons:
body motility =0.21 + (0.506xwalking speed), R=0.90. b Patients:
%HRR . = 14.8 + (36.2xwalking speed), R=0.33. Comparisons:
body motility=_8.5+ (8.5xwalking speed), R=0.40; slope and
intercept different between groups (P <0.05)

Discussion

The present study has provided further insight into the
potential of ambulatory accelerometry in the measure-
ment of physical strain in persons with an amputation of
the leg. Results show that accelerometry is strongly re-
lated with walking speed, but that it is not sensitive to
differences and changes in economy, in contrast to
%HRR,.x. Therefore, accelerometry as used in the
present study cannot be used as an indicator of physical
strain in impaired walking.
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The present study is an example of applied, patient-
related research, which can be criticised from a meth-
odological point of view, e.g. with regard to the duration
of the walking intervals, the non-random testing order,
and not using a reference measure for physical strain.
For several reasons (e.g. poor physical capacity of the
patients, time burden and load on the subjects, limita-
tions in measurement time) an incremental walking
speed protocol, with relatively small changes in walking
speed and short time intervals, was the best choice from
the balance between practical feasibility and methodo-
logical validity. Choices were supported by pilot mea-
surements, which showed a clear plateau or levelling of
HR within 60 s, provided that speed increments were
not too large. Additional analysis of the HR data of the
present study supported this assumption. Another initial
comment may be that in the present study no reference
measure of physical strain was used. However, to ad-
dress the questions asked at the outset of this study,
measurement of oxygen uptake, for example, was actu-
ally not necessary. This was partly the result of the
chosen protocol, with its assumptions on ‘‘certain”
changes (e.g. due to walking speed, recovery/treatment)
and “‘certain” differences (e.g. between groups) with re-
spect to the level of physical strain.

The differences between persons with and without
amputation, with respect to walking speed and
%HRR,,« are in correspondence with the literature
(Boonstra et al. 1994; Fisher and Gullickson 1978;
Gonzalez et al. 1974; Huang et al. 1979; Jaegers et al.
1993; James 1973; Pinzur et al. 1992; Ward and Mey-
eres 1995; Waters et al. 1976), although some authors
reported non-significant differences in physical strain at
preferred walking speed, due to lowering of the walking
speed (Fisher and Gullickson 1978; Gonzalez et al.
1974; Waters et al. 1976). It is generally accepted that
prosthetic walking is less economical, and that walking
at fixed speeds requires more energy. At preferred
walking speed, body motility, “%aHRR,.x and velocity
differed between both groups. At the fixed speeds,
however, body motility was not different, in contrast to
%HRR,,.«. This indicates that the relationship between
body motility and %HRR,,,« is not identical in both
groups. This finding is demonstrated in Fig. 1: the data
points of the patients are clearly positioned above the
data points of the comparison group, and the slope of
the patient curve is significantly steeper than the slope
of the comparison regression line. The interpretation of
these findings is fairly clear. Impaired walking of pa-
tients with an amputation surely leads to a decreased
economy and subsequently to a higher physical strain
level at fixed walking speeds. In our study, this is re-
flected in %HRR,,,,, but not in body motility. This
indicates that body motility is not sensitive to differ-
ences in physical strain due to prosthetic gait, and does
not support, with respect to this aspect, the use of body
motility in favour of HR. This is in agreement with our
previous study (Bussmann et al. 2000), in which
%HRR .« was found to be more sensitive to changes
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due to impaired walking (walking with a brace) than
body motility.

The pooled data of %HRR,.x during the fixed-speed
protocol showed a significant session effect. This sup-
ported the assumption that the patients’ economy in-
creased in time. A session effect was not statistically
expressed in the pooled body motility data, and not in
the body motility and %HRR,,,, data per speed,
probably due to different reasons. The patient and
comparison data showed that body motility is not sen-
sitive to differences in economy; the session results sug-
gest that body motility is not sensitive to changes in
economy either. The fact that only significant changes in
the pooled % HRR .« data were found can be explained
from a statistical power problem of the data per speed,
related to the relatively small n, a small time effect, and
the large within-subject variance (expressed by RCs and
SEM values, see Table 2). This despite the fact that the
statistical procedure we used makes optimal use of
incomplete records (e.g. absence of data for higher
walking speeds). It has to be noted that the between-
subject variance was substantial for both body motility
and %HRR,,,,, contributing to high RCs. Therefore,
the SEM values are also provided as an indicator of the
absolute within-subject variance. If these SEM values
are expressed relative to the mean differences between
both groups at s;, then no clear differences are found
between body motility and %HRR ..

The better reproducibility of body motility compared
to HR found in the previous study (Bussmann et al.
2000) was not confirmed in the present study. This is
merely the effect of body motility and not of %HRR ,.«:
both in the present and in the previous study a rather
low level of reproducibility was found in the determi-
nation and calculation of the 9%HRR,... The
%HRR .« is based upon HR,,x, HRpeeq, and HR .
Additional analysis showed that difference in HR, .
between sessions was an important determinant of the
low reproducibility. Although these differences were
also partly found in HRg,ceq, the %HRR,,,x Was seri-
ously affected by it. No logical explanations could
be found for the changes in HR. The most obvious
explanation—changes in drug use affecting HR, e.g.
beta-blockers (Baak et al. 1987, Wilmore et al.
1985)—appeared not to be the reason. When %9 HRR .«
is used as indicator of physical strain, careful determi-
nation of all components of it remains important.

Although their relationships are different in patients
and comparison subjects, body motility and %HRR .«
are significantly associated, which is also found by Eston
et al. (1998). This reflects mainly the sensitivity of both
body motility and HR to changes in walking speed. The
relationship within the comparison group (with respect
to * and residual standard deviation) is comparable
with the relationship found in the previous study by
Bussmann et al. (2000). The regression equations found
in that study are not directly comparable with the ones
found in the present study, due to a different scaling of
the body motility values. In the present study, the rela-

tionship between body motility and %HRR,,,« in the
patient group was not very strong, which is due to
within-subject variance and, more predominantly, to
between-subject variance in the body motility-
%HRR ., relationship.

The fixed-speed test showed that body motility did
not differ between the groups at all three speeds. This
suggests that the differences found at preferred speed
were solely a result of differences in walking speed, ra-
ther than a result of inherent differences in walking
pattern and movement co-ordination between the
groups. This finding is also apparent from the strong
relationship between body motility and walking speed in
both groups, with no significant differences in regression
lines. Despite a considerable difference in movement co-
ordination and economy the relationship between body
motility and walking speed is not different between the
patient and comparison group. In the study by Buss-
mann et al. (2000), walking with decreased economy due
to walking with a brace had no or only a small effect on
body motility, but the effects were significant at higher
speeds. Possibly, the speeds performed in the present
study were too low to show systematic differences in
body motility. Generally, it can be stated, however, that
body motility is non-sensitive or shows low sensitivity to
changes in economy and that body motility is probably a
more feasible indicator of walking speed than of physical
strain.

At the start of the study we assumed that the
economy of prosthetic walking would express itself, at
least partly, in body motility. However, in the present
study body motility was shown to be independent of
walking with or without a prosthesis, whereas it
showed a close relationship with walking speed. Thus,
body motility in itself can not regarded to be a valid
measure of strain during prosthetic walking. One of the
possible solutions for using body motility as a measure
of strain is individual calibration of the body motility
signal, using, for example, oxygen uptake as reference.
In that case, the relationship between body motility
and oxygen uptake is determined from a calibration
measurement based on a standardised protocol, per-
formed before the actual, long-term measurement
during daily life. During or after this long-term mea-
surement, motility data are transformed to oxygen
uptake or energy expenditure, using a calibration
equation derived from the calibration measurement.
Such a procedure—applied to HR data—is also de-
scribed by Haskell et al. (1993). The simultaneous
availability of already validated AM data on postures
and motions (such as walking) may be important;
combination of these data together with data on body
motility or HR—or both—may increase the validity of
the assessment of physical strain during normal daily
life. Bouten et al. (1994) reported little added value of
individual calibration concerning the relationship be-
tween accelerometer output and energy expenditure. In
their study, however, healthy subjects were involved,
with probably smaller between-subject differences in



economy than in the present study. Therefore, studying
the feasibility and validity of individual calibration is
worth being studied in the future.

The similar relationships between body motility and
walking speed in patients and comparison subjects
suggest that walking speed, and not movement pattern,
does affect body motility. Furthermore, the clear rela-
tionship between body motility and walking speed sug-
gests that body motility may be used as an indicator of
walking speed. In combination with a calibration pro-
cedure or with another measure of physical strain (e.g.
HR), body motility can be used in assessing economy of
walking during daily life, similar to walking speed in the
physiological cost index (Engsberg et al. 1994).

It can be concluded that accelerometry is strongly re-
lated with walking speed, but not sensitive to differences
and changes in economy, in contrast to %o HRR ... When
physical strain is simultaneously assessed during AM
measurements in persons with an amputation—with its
data on postures and motions—accelerometry is not a
feasible option at this time. The added value of a cali-
bration procedure should be studied.
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