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nondisabled male volunteers

Annette Pantall, DO(UK), PhD;1–2* David Ewins, PhD2–3
1Georgia Institute of Technology, Atlanta, GA; 2Centre for Biomedical Engineering, University of Surrey, Guildford, 
United Kingdom; 3Douglas Bader Rehabilitation Centre, Queen Mary’s Hospital, London, United Kingdom

Abstract—A recent development in prosthetics is the osseoin-
tegrated fixation (OF), with improvements in comfort, fatigue, 
hip movement, and ease of prosthetic attachment reported. 
However, little information is available regarding muscle func-
tion. This study reports on selected gait parameters of the 
residual limb during the stance phase of level overground 
walking, focusing on muscle activity. Five males with trans-
femoral amputation (TFA) with OFs were recruited. Ground 
reaction force (GRF), lower-limb kinematics, and surface elec-
tromyography (sEMG) from residual-limb muscles were 
recorded. sEMG data were also collected from a group of 10 
nondisabled male subjects. Interstance variability of gait 
parameters was assessed by coefficient of multiple correla-
tions. Repeatability of GRF and hip kinematics was high, 
whereas repeatability of the sEMG was low for four of the five 
individuals with TFA. Interstance variability of the sEMG for 
gluteus medius (GMED) was significantly greater in the group 
with TFA. The main difference in sEMG between the groups 
was the phase, with GMED and adductor magnus displaying 
greater differences than their counterparts in the nondisabled 
group. Results demonstrate that muscles in the residual limb 
retain aspects of their previous functional pattern.

Key words: amputation, direct skeletal fixation, electromyog-
raphy, EMG, gait, locomotion, osseointegrated fixation, resid-
ual limb, transected muscle, transfemoral amputation.

INTRODUCTION

Development of prosthetic limbs for individuals with 
transfemoral amputation (TFA) has advanced consider-
ably, with the introduction of new materials, improved 
socket design, and increasing sophistication of prosthetic 
joints including feedback control systems [1]. However, 
despite current developments, approximately one-quarter 
of individuals with TFA remain dissatisfied with their 
prosthesis [2]. Socket discomfort, difficulty of attachment, 
control of the prosthetic limb, and increased energy expen-
diture during daily functional activities are factors contrib-
uting to the dissatisfaction. One of the main challenges in 
improving functional outcome lies in achieving a success-
ful interface between the extrinsic components (prosthesis 
and attachment) and the intrinsic component (residual 
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limb) at both the mechanical and control levels. A recent 
innovation that establishes a structural interface is the 
osseointegrated fixation (OF). Although this was origi-
nally conceived in the 1880s as described in Murphy’s 
comprehensive account of early attachment of prostheses 
to the skeleton [3], the first successful implant was not 
realized until 1990 [4]. In Europe, three types of systems 
are currently under development: the Intraosseous Trans-
cutaneous Amputation Prosthesis [5–6], the Endo-Exo 
Femur Prosthesis [7–8] and the Osseointegrated Prosthesis 
for Rehabilitation of Amputees (OPRA) [4,9–10]. The 
OPRA has the longest history, with several published 
patient outcomes, and is the system that the individuals in 
this study had implanted [4,9–12]. This procedure is still 
experimental, with fewer than 150 reported cases globally 
[7,9]. Decreased energy expenditure, increased functional 
outcome, increased range of hip movement, improved 
seating comfort, and ease of attachment of the prosthetic 
limb in subjects fitted with an OF are some of the benefits 
that have been reported [9–13].

Future progress lies in further synthesis of the pros-
thesis with the residual limb, both biomechanically and 
through a computer-controlled system. A direct biome-
chanical interface is achieved through connections from 
muscles or tendons to an extrinsic prosthetic component, 
a concept presented nearly a century ago by Biesalski and 
more recently by Weir et al. [14–15]. The OF increases 
the feasibility of a continuous interface between muscu-
lotendinous tissue and the prosthesis through its internal 
interaction with human tissue. Microprocessor-controlled 
systems involve transmitting signals from sensors intrin-
sic to the prosthesis (e.g., accelerometers, load cells, and 
gyrometers) or physiological sensors (signals emanating 
from muscles and nerves) to a microcomputer that modi-
fies movement of the prosthetic device [1,16]. The 
advantage of incorporating sensors detecting signals 
from nerves or muscles is that they may convey informa-
tion regarding the subject’s movement control strategy. 
Electrodes measuring surface electromyography (sEMG) 
represent the least invasive type of natural sensor for 
motor control. sEMG sensors, or myoprocessors, have 
been successfully incorporated in the upper limb, 
although not as yet in the lower limb during locomotion 
[17–20]. One reason why sEMG has not been success-
fully employed in lower-limb prostheses during locomo-
tion is that the muscle contraction is fluctuating in 
intensity and duration, producing a nonstationary sto-
chastic signal [21].

Greater incorporation of the residual limb with the 
prosthetic component requires understanding of mor-
phology, physiology, and biomechanics of the restruc-
tured limb, in particular the altered function of muscles. 
A TFA produces structural remodeling and altered func-
tional role of the muscles of the residual limb. For exam-
ple, rectus femoris (RF) and biceps femoris (BF) are 
transformed into uniarticular muscles, no longer having 
an action on the knee joint. These two muscles together 
with adductor magnus (AM) lose their fixed insertion 
points and therefore lack a strong anchor point on which 
to exert a force. RF therefore is no longer attached to the 
base of the patella, BF loses its connection to the fibula 
and tibia, and the hamstring portion of AM’s insertion to 
the adductor tubercle of the femur is lost. Instead, the 
transected muscles are sutured to the distal periosteum 
and myofascia [22]. The precise surgical attachment of 
transected muscles will depend on various factors, 
including the length of the residual limb and the individ-
ual’s anatomy. The potential force the transected muscle 
is able to apply to the femur will therefore vary between 
individuals. Subjects with high-level TFA lose much of 
the short head of the BF, thus changing the muscle from 
bicipital to unicipital. The properties of gluteus maxi-
mus’s (GMAX’s) attachment point to the iliotibial tract 
are modified because the tract is cleaved, thereby creat-
ing a mobile anchorage site. This muscle also has to 
functionally adapt to the imbalance that develops in the 
residual limb, with iliopsoas pulling the hip joint into 
flexion against the weakened hamstring group of mus-
cles. Although gluteus medius (GMED) is anatomically 
unaltered in individuals with TFA, functionally it will be 
affected as a result of the decrease in force of the adduc-
tor group. Although the effect of gross measures, such as 
the length of the residual limb or method of muscle fixa-
tion on clinical outcome have been reported, there is a 
dearth of research on changes that develop in the anat-
omy, histology, and function of muscles in the residual 
limb following amputation [23–26]. Jaegers et al. (1995) 
have reported 10–73 percent atrophy in the muscles of 
the residual limb of individuals with TFA, the atrophy 
being greater in cleaved muscles, biarticular muscles, and 
weakly anchored muscles [24]. Few sEMG studies have 
been performed on individuals with TFA during walking, 
the main one being by Jaegers et al. (1996) [27]. The only 
published report of sEMG in individuals with TFA fitted 
with an OF indicated changes in frequency of AM during 
isometric contraction [28]. In addition to the amplitude of 
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the sEMG, intrasubject variability is an important gait 
determinant because it indicates stability of the control 
system, an essential factor in the development of further 
synthesis between the residual limb and prosthesis. Only 
the intrasubject variability of loading parameters during 
walking in individuals with OF has previously been 
reported [29].

The purpose of the study was to examine the patterns 
and variability in sEMG activity of hip joint muscles, 
vertical ground reaction force (GRF), and hip joint angles 
during the stance phase of walking in individuals with 
TFA with OFs. Locomotion has been selected because it 
is the most important functional activity for individuals 
with TFA [30]. Only the stance phase was analyzed 
because it is functionally more demanding than the swing 
phase of the gait cycle, with highest peaks in hip power, 
and it is during this phase that control by a myoprocessor 
is most critical [31]. A further factor for selecting the 
stance phase is that the highest error in identification of 
locomotion mode based on sEMG from gluteal and resid-
ual thigh muscles was reported during this phase in 
individuals with TFA [32]. Because the cleaved muscles, 
specifically RF, AM, and BF, no longer have a fixed bony 
distal insertion point, their functional role as actuators of 
the hip joint are diminished. Additionally the ability of 
the transected muscles to transmit force will vary as a 
consequence of differences in surgical attachments. An 
anticipated outcome of this loss of function is a less-
defined cyclical pattern of muscle activity as well as 
greater variability in muscle activity between stances. 
The first hypothesis investigated was that the cyclical 
pattern exhibited in intact muscles would be absent in 
individuals with OFs. The second hypothesis was that 
interstance variability of muscle activity would be greater 
in individuals with OFs than in nondisabled individuals.

METHODS

Procedure
Study group A consisted of 5 male individuals with 

TFA fitted with OFs and study group B of 10 male con-
trol subjects with intact limbs, all volunteers. The criteria 
for individuals with TFA were in accordance with those 
described by Sullivan et al. (2003) [12]. The criteria for 
group B subjects were that they must (1) be in good med-
ical health; (2) not have any pathology, significant con-
genital abnormality, trauma, or history of surgery that has 

affected their gait pattern; (3) not be clinically obese 
(body mass index [BMI] >30 kg/m); and (4) be male 
between 10 and 65 yr of age. All individuals with TFA 
had their limb removed more than 8 yr ago, were fitted 
more than 2 yr previously with OF (titanium implant with 
mechanical fixing and titanium abutment; Integrum AB; 
Mölndal, Sweden), and were able to walk unaided. The 
implant and abutment were in line with the long axis of 
the femur. The exoprosthesis was set up such that in the 
coronal (frontal) plane, the long axis of the exoprosthesis 
was in line with the abutment; in the sagittal plane, the 
long axis of the exoprosthesis was vertical at midstance; 
and in the transverse plane, the foot was parallel to the 
nominal direction of progression at midstance (i.e., nei-
ther in- or out-toed). Table 1 provides selected character-
istics of the individuals with TFA. The sEMG was 
measured from five hip muscles of the residual limb and 
from the right lower limb in the control subjects. The 
muscles recorded were GMAX, GMED, RF, AM, and 
BF. These muscles were selected because they are all 
superficial and exert different moments about the hip 
joint. The signal was collected using the Biometrics 
DataLINK DLK800 system (Biometrics Ltd; Gwent, 
United Kingdom) with surface preamplifier type SX230 
at a sampling rate of 1,000 Hz. The site selected for 
GMAX and GMED was in the location recommended by 
SENIAM (Surface ElectroMyoGraphy for the Non-Invasive
Assessment of Muscles) [33]. The electrode placement 
for RF, AM, and BF was determined by palpation and 
resistive testing. Figure 1 illustrates placement of the 
electrodes.

In addition to the sEMG electrodes, group A also had 
retroreflective markers placed on their lower limbs and 
pelvis in locations specified by a modified Helen Hayes 
system (Figure 2).

Kinematic data were recorded only in the individuals 
with TFA using a six-camera 60 Hz MacReflex marker 
detection system (Qualisys Medical AB; Partille, Swe-
den). GRFs were collected using a 3.3 m dual-platform 
walkway developed at the Gait Laboratory (Queen 
Mary’s Hospital; London, United Kingdom) [34] at a 
sampling rate of 2,000 Hz. Each subject was asked to 
perform three isometric contractions for 10 s for each of 
five muscles against resistance. The purpose of this was 
to aid in correct location of the electrodes [28]. Record-
ings took place while the subjects were lying supine for 
RF, AM, and BF and then either on their intact lower-
limb side for the group A or on their left side for group B 
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Subject Amputation 
Reason

Amputation 
Side

Dominant 
Side

Time of 
Amputation 

Before Study (yr)

Time of OF Surgery 
1* and 2† Before 

Study (yr)

Residual-Limb 
Length from 

Perineum (mm)

Exoprosthesis
at Study

A1 RTA Right Right 14.3 OF surgery 1: 4.6; 
OF surgery 2: 4.1

185 OB 3R80, OB 1D10 foot, 
OB 4R39 torsion adaptor

A2 RTA Left Right 15.4 OF surgery 1: 5.6; 
OF surgery 2: 5.1

245 OB 3R80, OB 1D10 foot, 
OB 4R39 torsion adaptor

A3 RTA Right Right 14.0 OF surgery 1: 6.8; 
OF surgery 2: 6.2

191 OB C-Leg, OB 1D10 
foot, OB 4R39 torsion 
adaptor

 A4 RTA Right Right 17.3 OF surgery 1: 2.7; 
OF surgery 2: 2.2

225 OB 3R80, OB 1D10 foot, 
OB 4R39 torsion adaptor

A5 Gunshot Left Right 8.3 OF surgery 1: 4.6; 
OF surgery 2; 4.1

235 OB 3R80 knee, OB 1D10 
foot, OB 4R39 torsion 
adaptor

Figure 1.
Schematic diagram illustrating placement of electrodes on right 
lower limb.

for GMAX and GMED. We collected 30 s of data from 
the relaxed muscles. The subjects were then asked to 
resist extension, flexion, adduction, and abduction of the 
hip joint for approximately 10 s. The force applied to the 
prosthetic limb in group A or the right lower limb in 
group B was either the maximum force that the subject 
was comfortable with or the maximum that the experi-
menter could apply. The sEMG trace was checked in real 
time and adjustments were made to the amplification for 
both groups and position of the electrodes where neces-
sary for the group with TFA.

Following this, the subjects practiced walking along 
the walkway to become accustomed to walking with 

attached electrodes and markers. They were then 
requested to walk at their normal pace along a 10 m
walkway containing the dual 3.3 m force plates in the 
center until approximately 20 complete contacts on a sin-
gle plate had been recorded. The number of recorded tri-
als ranged from 10 to 23.

Data Reduction
The average walking speed for both groups was com-

puted from the force plate data by customized software 
developed at the Gait Laboratory [34]. Normalization of 
the gait speed relative to leg length was calculated accord-
ing to Hof [35]. Hip and knee joint kinematic data were 
processed using Visual3D version 3.13.0 software (C-
Motion Inc; Germantown, Maryland) for the individuals 
with TFA. The sEMG, GRF, and kinematic data were pro-
cessed by a customized MATLAB 6.5 program (The 
MathWorks; Natick, Massachusetts). Gait cycles and 
stance/swing phases were identified by using timings 
determined from applying a threshold (5 N) to the vertical 
GRF recorded by the force plates. The hip angle was 
defined as the angle between the thigh segment and Helen 
Hayes pelvis segment (coordinate segment and refer-
ence). Flexion, adduction, and rotation were calculated as 
the transformation about the relevant axis using the 
appropriate Cardan sequence. The knee angle was defined 
as the angle between the shank segment and the reference 
thigh segment with the appropriate transformation about 
the mediolateral axis to determine flexion/extension.

Table 1.
Description of 5 subjects with transfemoral amputation fitted with osseointegrated fixation (OF).

*OF surgery 1 = implant inserted.
†OF surgery 2 = abutment fitted.
OB = Ottobock, RTA = road traffic accident.
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The moving average 

Figure 2.
Subject with transfemoral amputation with lower-limb markers attached according to modified Helen Hayes marker system. ASIS = 
anterior superior iliac spine.

value (MAV) of sEMG was cal-
culated using zero phase digital filtering with a window 
of 100 ms. Each variable was time normalized to 30 
points by using cubic spline interpolation. The duration 
between time points was sufficiently long, approximately 
20 ms, to detect physiological changes in muscle activity. 
The sEMG MAVs were normalized to the maximum 
amplitude recorded during the trial for each subject and 
muscle and divided into individual stance and swing 
cycles [36]. Pearson correlation coefficient (r), coeffi-
cient of variation, variance ratio, coefficient of multiple 
correlation (CMC), and intraclass correlation coefficient 
are methods that have been commonly used to determine 
variability. The advantage of the CMC is that it considers 
the changes in the overall waveform [37]. The interstance 

variability was determined by calculating the CMC 
according to the following algorithm [36]:

,            (1)

where N is the number of stances, T is the number of time 
points, xjt is the value at the tth time point of the jth stance.

CMC values range between 0 and 1, with values 
above 0.8 suggesting a high degree of reproducibility and 
values approaching zero indicating low reproducibility 
[38–39]. CMC values were also calculated for the hip 
joint angular data and for the GRF data for the indivi-
duals with TFA.
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Statistical Analysis
Statistical analysis was performed using the Statistics 

Toolbox of MATLAB 6.5. Given the small size of the 
group with TFA, n = 5, the data were considered nonpara-
metric because normality tests do not provide an indication 
of nonnormality because of a lack of power. The Mann-
Whitney U test was used to test for significant differences 
in the demographic characteristics, temporal gait parame-
ters, and sEMG CMC values between the two groups. The 
level of statistical significance was set at 0.05.

RESULTS

The characteristics of the groups differed signi-
ficantly regarding age, mass, and BMI (Table 2).

Gait Temporospatial Parameters
The median gait cycle was significantly longer for 

group A (1.16 vs 1.07 s) and the median percentage of 
gait cycle accounted for by the stance phase was signi-

ficantly lower for group A (57.1% vs 62.4%) (Table 2). 
Although both mean speed and normalized speed were 
lower for group A than group B, the difference was not 
significant. Similarly, the cadence, although lower for 
group A, was not significantly different from group B.

Ground Reaction Force and Hip and Knee Joint 
Kinematics of Group with Osseointegrated Fixation

The vertical GRF profiles for the five individuals 
with OF all exhibited a double-peaked profile, as shown 
in the exemplar GRF trace (Figure 3(d)). The CMC val-
ues ranged from 0.99 to 1.00 (Table 3).

Fewer stances were available for analysis of kine-
matic data, because in some instances the markers were 
not detected. Group A individuals displayed a similar 
pattern of sagittal angular displacement of the hip joint 
with the hip extending at heel strike, continuing through 
until toe-off when flexion commenced. Subjects A2 and 
A3 extended their hips until just before toe-off, whereas 
subjects A1, A4, and A5 were still extending their hip 
joints at toe-off. The median maximum hip extension was 
16.2 (range 8.4

Subject Age
(yr)

BMI
(kg/m2)

Height 
(m)

Mass
(kg)

No.
Stances

Speed
(m/s)

Normalized 
Speed

Gait Cycle 
Duration (s), 
Mean ± SD

Cadence 
(steps/min)

Stance Phase
(% gait cycle),

Mean ± SD
Group A
A1 34 29.9 1.70 86.3 19 1.34 0.47 1.12 ± 0.02 143.6 57.1 ± 0.8
A2 45 27.5 1.83 92.0 23 1.20 0.41 1.16 ± 0.02 124.1 53.4 ± 1.1
A3 31 31.3 1.77 98.2 21 1.21 0.42 1.18 ± 0.04 123.1 57.0 ± 0.7
A4 41 28.9 1.71 84.4 27 1.25 0.44 1.08 ± 0.03 138.9 60.2 ± 0.4
A5 37 26.7 1.68 75.3 18 1.06 0.38 1.18 ± 0.04 107.8 63.6 ± 1.8
Median 37* 28.9* 1.71 86.3* 21 1.21 0.42 1.16* 124.1 57.1*

Range 31–45 26.7–31.3 1.68–1.83 75.3–98.2 18–23 1.06–1.34 0.38–0.47 1.08–1.18 107.8–143.6 53.4–63.6
Group B
B1 33 22.0 1.90 79.3 25 1.12 0.37 1.01 ± 0.03 112.7 66.2 ± 1.4
B2 41 24.1 1.75 73.8 34 1.51 0.40 1.00 ± 0.01 138.3 60.5 ± 0.4
B3 25 24.7 1.71 72.10 28 1.54 0.53 1.00 ± 0.02 180.8 61.3 ± 0.9
B4 16 27.4 1.75 83.9 22 1.74 0.61 1.07 ± 0.02 194.4 60.5 ± 1.5
B5 27 26.8 1.73 80.2 28 1.35 0.47 1.04 ± 0.03 155.4 62.2 ± 0.6
B6 24 20.9 1.88 73.7 20 1.13 0.38 1.08 ± 0.04 125.8 66.1 ± 0.7
B7 16 26.7 1.76 82.6 21 1.31 0.46 1.16 ± 0.02 135.3 62.9 ± 1.1
B8 32 20.1 1.88 70.9 34 1.55 0.52 1.08 ± 0.07 172.4 63.2 ± 1.0
B9 27 24.1 1.78 76.4 27 1.24 0.43 1.12 ± 0.02 132.8 62.6 ± 0.8
B10 25 16.8 1.91 61.4 17 1.65 0.55 1.07 ± 0.04 184.7 61.8 ± 1.7
Median 26* 24.1* 1.77 75.1* 26 1.43 0.47 1.07* 146.9 62.4*

Range 16–41 16.8–27.4 1.71–1.91 61.4–83.9 17–34 1.12–1.74 0.37–0.61 1.00–1.16 112.7–194.4 60.5–66.2

 to 18.7). In the coronal plane, the 

Table 2.
Subject and temporospatial parameters for group A (subjects A1–A5 with transfemoral amputation and osseointegrated fixation, n = 5) and group 
B (subjects B1-B10 with intact limbs, n = 10).

*Significant difference between two groups (p < 0.05).
BMI = body mass index, SD = standard deviation.
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Parameter Subject Median RangeA1 A2 A3 A4 A5
Ground Reaction Force (vertical) 0.99 1.00 1.00 0.99 1.00 1.00 0.99–1.00
Hip Joint Flexion/Extension 1.00 0.86 1.00 0.84 0.99 0.99 0.84–1.00
Hip Joint Adduction/Abduction 0.86 0.99 0.83 0.22 0.83 0.83 0.22–0.99
Hip Joint External/Internal Rotation 0.95 0.84 0.94 0.81 0.67 0.84 0.67–0.95

median maximum abduction 

Figure 3.
Kinetic and kinematic parameters of residual limb of subject A4 during stance phase of gait cycle, with standard deviation bars 
marked. (a) Hip joint flexion/extension, n = 23 stances. (b) Hip joint adduction/abduction, n = 23 stances. (c) Hip joint external/inter-
nal rotation, n = 23 stances. (d) Vertical ground reaction force, n = 27 stances.

was 13.2 (range 8.8 to 
14.3) during the stance phase for group A individuals 
(Table 4). The kinematic pattern in the transverse plane 
was more variable during stance, with subjects displaying 
patterns of both internal and external rotation. Figure 
3(a)–3(c) illustrates kinematic patterns for subject A4 
with TFA. The CMC calculated for the hip joint angular 
displacement was high for the group, with values above 
0.80, with the exceptions of the hip joint adduction/
abduction angle for subject A4 and the hip joint rotation 
angle for subject A5 (Table 3).

Table 5 presents timing of specific gait events for 
GRF, hip flexion, and knee flexion for individuals with 
TFA. Additionally, the magnitude of GRF at the bimodal 
peaks is recorded. All five individuals with TFA reached 
close to or above body weight at the first peak, with tim-
ing of maximal loading varying from 15.3 percent of the 
stance phase for subject A1 to 27.0 percent for subject 
A5. Subject A2 displayed the earliest second peak at 
63.2 percent compared with subject A3, who recorded 
the latest second peak at 71.9 percent of stance phase. 
The kinematic timings show subject A1 commenced hip 
flexion latest in the stance cycle (97.4%) compared with 
the earliest (89.9%) displayed by subject A4. The subject 

who varied the most in knee flexion was subject A3, 
whose onset of knee flexion at 88.9 percent of the stance 
cycle occurred more than 20 percent later than the 
remaining individuals with TFAs.

Surface Electromyography
All the ensemble sEMG recordings for both groups 

displayed cyclical patterns, with the exception of the sig-
nal for GMAX for subject A2, where a clear signal was 
not obtained. Figure 4 shows an exemplar trace for band-
pass-filtered unnormalized sEMG for subject A1 for a 
single trial. Cyclical patterns can be discerned, with 
GMAX and GMED displaying more activity for the two 
swing phases (shaded green) and AM and BF showing 
more activity during the three stance phases (shaded yel-
low). The mean ensemble MAV trace for all muscles in 
group A displayed similar gross patterns, maximal at the 
beginning of stance, decreasing to a minimum midcycle, 
and then attaining a smaller peak during the second half 
of the phase (Figure 5).

In group A, hip extensors and flexors attained a min-
imum in sEMG activity later, at about 50 percent of the 
stance phase, than the adductor AM and abductor 
GMED, which had minimal activity at about 43 percent 

Table 3.
Coefficient of multiple correlation for interstance kinetic and kinematic parameters of subjects with transfemoral amputation.
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Subject No.
Stances

Sagittal Plane Coronal Plane Transverse Plane
Minimum
Angle (°)

Maximum
Angle (°)

Minimum
Angle (°)

Maximum
Angle (°)

Minimum 
Angle (°)

Maximum 
Angle (°)

A1 18 –16.0 ± 0.6 31.7 ± 0.9 4.0 ± 2.6 10.2 ± 0.7 –29.0 ± 1.2 –6.6 ± 1.0
A2 15 –16.2 ± 1.7 29.1 ± 1.0 7.3 ± 1.6 13.8 ± 1.9 9.0 ± 2.5 23.0 ± 1.8
A3 7 –18.7 ± 1.4 29.2 ± 1.2 5.1 ± 8.2 13.2 ± 1.6 –2.1 ± 0.8 14.2 ± 1.6
A4 23 –8.4 ± 6.9 22.6 ± 7.0 7.4 ± 1.4 8.8 ± 2.3 –5.7 ± 2.7 8.5 ± 2.3
A5 16 –18.2 ± 2.2 26.3 ± 1.7 8.4 ± 2.3 14.3 ± 0.7 10.9 ± 2.9 26.8 ± 7.7
Median 16 –16.2 29.1 7.3 13.2 –2.1 14.2
Range 7–23 –18.7–(8.4) 22.6–31.7 4.0–8.4 8.8–14.3 –2.1–29.0 –6.6–26.8

Subject

Ground Reaction Force Flexion

No.
Stances

1st Peak 2nd Peak
No. 

Stances

Hip Knee

% Stance
Phase

% BW,
Mean ± SD

% Stance 
Phase

% BW,
Mean ± SD

Onset
(% stance phase), 

Mean ± SD

Onset
(% stance phase), 

Mean ± SD
A1 19 15.3 99.9 ± 0.01 70.8 97.4 ± 0.01 18 97.4 ± 0.9 58.4 ± 0.5
A2 23 22.1 97.0 ± 0.03 63.2 93.6 ± 0.02 15 93.6 ± 1.3 65.9 ± 0.9
A3 21 26.9 99.9 ± 0.03 71.9 94.2 ± 0.01 7 94.2 ± 1.1 88.9 ± 1.2
A4 27 24.8 103.0 ± 0.03 70.7 89.9 ± 0.03 23 89.9 ± 1.3 65.4 ± 0.3
A5 18 27.0 99.3 ± 0.02 69.2 92.3 ± 0.02 16 92.3 ± 1.7 63.5 ± 1.1
Median 21 24.8 99.9 70.7 93.6 16 93.6 65.4
Range 18–27 15.3–27.0 97–103 63.2–71.9 89.9–97.4 7–23 89.9–97.4 58.4–88.9

of the stance phase. The secondary peak of sEMG activ-
ity also displayed a temporal difference, with GMAX, 
RF, and BF having a peak at 75 percent of the stance 
phase, whereas GMED peaked at 65 percent and AM at 
85 percent of the stance phase. The muscle activity for 
group B was broadly similar to group A, although for all 
muscles, the minimal activity occurred later in the stance 
cycle for group B (Figure 5). Additionally in group B, 
GMED reached its second peak 23 percent later in the 
stance phase, AM exhibited a peak early in stance, and 
BF did not exhibit a second peak of activity before toe-
off but increased steadily from midcycle until end stance.

Two of the five individuals with TFA had a CMC 
above 0.80, suggesting low variability, for at least one of 
the hip muscles, with subject A3 having a CMC above 
0.80 for all muscles (Table 6). Although the highest 
median CMC of 0.77 across subjects was for AM, sub-
jects A2 and A4 had low values of only 0.34 and 0.16. 
There was, therefore, no muscle that consistently pro-
duced a high CMC value across the individuals with TFA.

For group B, GMED had the highest median CMC at 
0.82, with 5 of the 10 subjects attaining CMC values 
above 0.80. The control subjects had a higher mean CMC 
for all muscles except BF. However, the individual across 
both groups with the highest repeatability was group A 
subject A3.

DISCUSSION

This study set out primarily to investigate function of 
muscles in the residual limb of individuals with TFA fit-
ted with OFs. No published information is available 
regarding the effect of multiple surgeries on the function 
of the traumatized muscle. What this study shows is that 
the muscles investigated exhibited cyclical activity pat-
terns similar to those recorded in nondisabled subjects. 
This contrasts with what has been reported in subjects 
with high-level TFAs fitted with conventional socket 

Table 4.
Minimum and maximum joint angles (mean ± standard deviation) during stance phase of walking in sagittal (flexion = positive, extension = 
negative), coronal (abduction = positive, adduction = negative), and transverse planes (external rotation = positive, internal rotation = negative).

Table 5.
Timing and amplitude of first and second peak of mean vertical ground reaction force and onset of hip and knee flexion of residual limb for 
subjects A1–A5 with transfemoral amputation.

BW = body weight, SD = standard deviation.
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Figure 4.
Bandpass-filtered unnormalized output surface electromyogra-
phy and force plate trace for residual limb of subject A1 for single 
trial. hs = heel strike, st = stance phase (shaded yellow), sw = 
swing phase (shaded green), to = toe-off.

prostheses in whom a constant level of muscle activity 
was present. Clinically, the results indicate that the OF 

has the beneficial effect of decreasing motor activity in 
the residual limb, leading to a potential reduction of 
energy expenditure that could enable individuals with 
TFA to walk faster. The main differences in patterns 
between the two groups were the absence of an initial 
burst of activity in AM and the increased activity of both 
AM and GMED during late stance, which may explain 
the increased hip hiking that is observed in individuals 
with OFs. This may be due to lack of firm fixation of 
AM—further investigation is needed. The variability of 
all muscle activity was high, and variability of the hip 
abductor, GMED, was significantly higher than in the 
nondisabled group. Clinically, the high variability 
between stances results in single-muscle sEMG being 
unsuitable as a myoprocessor. The only subject fitted 
with a C-Leg (Ottobock; Minneapolis, Minnesota) did, 
however, display high reproducibility for all muscles. 
This presents the exciting possibility that a microproces-
sor-controlled prosthesis modulates neurolocomotor 
activity, producing consistent patterns of sEMG. The fol-
lowing sections briefly present the findings and compare 
them with previous studies. Kinematic data were not col-
lected from the nondisabled group.

Temporospatial Parameters
Overall, the significantly longer gait-cycle duration 

and stance phase percentage for group A compared with 
group B were in keeping with the literature. The walking 
speed was not, however, significantly different between 
the two groups. The walking speed recorded in group A 
was greater than that reported in previous studies in sub-
jects with conventional socket prostheses [39–43]. The 
greater comfortable walking speed may be the result of the 
direct transmission of force between the femur and pros-
thetic limb in individuals with OFs, providing more confi-
dence to load the prosthetic limb. This confirms that TFAs 
with fixation have the ability to translate the prosthetic 
benefits associated with fixation into increased functional 
outcomes [44]. Comparison of the temporospatial parame-
ters in group A with a previous study on 12 individuals 
with OF by Frossard et al. (2010) shows the cadence was 
higher, gait cycle shorter, and stance support phase longer 
[45]. This may reflect that the median age was lower in our 
study than in Frossard et al. (37 vs 47.5 yr, respectively).

Ground Reaction Force
The GRF can be considered the end parameter, pro-

viding information about forces transmitted between the 
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subject and the external environment essential to advance 
the center of mass forward, the ultimate goal of locomo-
tion. The double-peaked profiles of the vertical compo-
nent of the GRF for group A were similar to those 
reported in subjects with intact limbs, although maximum 
amplitudes were lower. Small differences in GRF pat-
terns were present between the 5 individuals with TFA, 
similar to the variations reported in axial loading of the 
prosthesis [29]. The interstance reproducibility for the 
vertical component of the GRFs for the individuals with 
TFAs was high, which has also been reported for nondis-
abled subjects [46–47].

Hip Joint Kinematics
The median maximum extension of 16.2 was greater 

than the 9.9 measured previously in individuals with OFs 
and in subjects with conventional socket prostheses, 
where the socket constrains movement [48]. In contrast to 
extension, the median maximum abduction (13.2) 
recorded during stance was similar to the value of 10
measured in subjects with conventional prostheses [49]. 
The variable patterns between subjects in internal/external 
rotation supports findings by Lee et al. (2008), who 
reported considerable variability between individuals with 

OFs in internal and external moments around the longitu-
dinal axis of the femur in the residual limb [29]. A number 
of factors account for the intersubject differences, includ-
ing the type of prosthesis fitted, varying lengths of resid-
ual limbs, difference in muscle and nerve lesioning, 
natural variations in morphology, and different modes of 
neuromuscular control mechanisms. Interstance repeat-
ability for the hip kinematic parameters was high, how-
ever, with a CMC above 0.80 for most of the individuals 
with TFA. The high repeatability of these parameters is 
remarkable, given the shortness of the residual limb; lack 
of proprioceptive feedback from the knee, ankle, and foot 
joints; and an absence of input from the cutaneous foot 
receptors. One proposed benefit of the OF over the socket 
prosthesis is increased proprioception mediated through 
osseous receptors [50] providing more feedback to neuro-
locomotor pathways and potentially producing a more sta-
ble gait pattern. No published information on intrasubject 
kinematic variability in individuals with TFA with socket 
prostheses is available with which to compare the OF 
data. The CMCs of the hip kinematic variables reported 
for nondisabled subjects in the sagittal, coronal, and trans-
verse are 0.996 ± 0.003, 0.96 ± 0.03, and 0.89 ± 0.06, 
respectively [37]. These higher CMC values support the 

Figure 5. 
Mean moving average values for residual limb (group with transfemoral amputation [TFA] n = 5) and right lower limb (nondisabled 
group, n = 10) for five hip muscles for stance phase. Group mean determined from average of each group subject’s mean value. 
Length of smoothing window = 100 ms.
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Subject Gluteus 
Maximus

Gluteus
Medius

Rectus
Femoris

Adductor 
Magnus Biceps Femoris Median Range

Group A
A1 0.40 0.33 0.21 0.77 0.47 0.40 0.21–0.77
A2 NA 0.29 0.41 0.34 0.69 0.38 0.29–0.69
A3 0.92 0.83 0.89 0.85 0.90 0.89 0.83–0.92
A4 0.11 0.43 0.23 0.16 0.37 0.23 0.11–0.43
A5 0.42 0.69 0.36 0.83 0.67 0.67 0.36–0.83
Median 0.41 0.43* 0.36 0.77 0.67 0.40 —
Range 0.11–0.92 0.29–0.83 0.21–0.89 0.16–0.85 0.37–0.90 0.26–0.89 —
Group B
B1 0.61 0.94 0.38 0.78 0.42 0.61 0.38–0.94
B2 0.72 0.87 0.73 0.67 0.82 0.73 0.67–0.87
B3 0.53 0.72 0.58 0.78 0.27 0.58 0.27–0.78
B4 0.63 0.89 0.46 0.47 0.73 0.63 0.46–0.89
B5 0.43 0.68 0.63 0.62 0.48 0.62 0.43–0.68
B6 0.5 0.89 0.85 0.93 0.55 0.85 0.50–0.93
B7 0.51 0.77 0.85 0.82 0.47 0.77 0.47–0.85
B8 0.4 0.55 0.79 0.90 0.58 0.58 0.4–0.90
B9 0.72 0.69 0.42 0.88 0.43 0.69 0.42–0.88
B10 0.66 0.92 0.54 0.75 0.59 0.66 0.54–0.92
Median 0.57 0.82* 0.61 0.78 0.52 0.65 —
Range 0.40–0.72 0.55–0.94 0.38–0.85 0.47–0.93 0.27–0.82 0.58–0.85 —

principle that subjects with an intact musculoskeletal and 
neurological system have a higher level of neuromotor 
control and, therefore, repeatability.

Surface Electromyography
All five hip muscles in group A displayed cyclical 

sEMG activity during locomotion, with a dip in activity 
occurring during midstance when the lower limb was 
vertical. The minimum occurred earlier for individuals 
with TFA, which may be associated with an earlier onset 
of knee flexion compared with that reported in nondis-
abled subjects [51]. Specific differences in individual 
muscles between the two groups included an earlier, 
more pronounced peak of activity in GMED in group A 
corresponding to their second GRF peak, when unloading 
commenced (Table 5). This may contribute to hip hiking 
late in the swing cycle of the intact limb commonly pres-
ent in individuals with TFA, particularly in subjects fitted 
with OFs [12,52]. AM, a major stabilizer of the hip, also 
displayed a greater increase in activity at end of support 
in the group with TFA than in the control group [23,53]. 

However, there was no initial burst during early stance as 
exhibited by the control group. This absence of activity 
may be related to the lack of surgical fixation of AM. A 
previous study reported a significant increase in the 
sEMG median frequency of AM, suggesting possible 
changes in motor unit recruitment with clinical implica-
tions for force of muscle contraction and fatigue [28]. In 
the individuals with TFA, the BF amplitude plateaued at 
about 75 percent of the stance phase, whereas for the 
nondisabled subjects, the mean value steadily increased 
with a sharp rise during end of support as the knee flexed. 
Both groups exhibited large intersubject variations for 
BF, which have also been reported by Patla (1985) in 
nondisabled subjects [54]. The mean sEMG patterns for 
GMAX and RF were similar between the groups. This 
result was unexpected for RF because it is converted to a 
uniarticular muscle and, therefore, subjected to altered 
afferent input. This observation is suggestive of a central 
pattern generator emitting a basic set of motor commands 
that are only partially modified following major trauma 
to the lower limb. How the sEMG activity recorded for 

Table 6.
Coefficient of multiple correlations for five hip joint muscles for group A (subjects A1–A5 with transfemoral amputation) and group B (subjects 
B1–B10 with intact limbs).

*Significant difference between group A and group B (p < 0.05).
NA = not applicable.
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the five muscles translates to functional activity cannot 
be directly stated because forces were not quantified in 
this study. However, the profiles of GMAX, RF, and AM 
resemble the mean hip joint moments in the frontal and 
sagittal planes estimated in a previous study [31].

How do the patterns of sEMG activity during stance 
from individuals with OFs compare with sEMG from 
subjects with conventional socket prostheses? The few 
studies undertaken on sEMG in residual muscles of 
individuals with TFA and conventional socket prostheses 
have mostly involved small numbers of participants, with 
the largest investigation by Jaegers et al. (1996), who 
reported that GMAX, GMED, RF, and BF displayed con-
stant activity in individuals with short residual limbs fol-
lowing TFA [27]. These findings suggest that in this 
subgroup, where good socket attachment is an issue, the 
muscles cocontract to improve stability. However, in sub-
jects with OFs, there is no socket, and therefore, the mus-
cles do not have to satisfy the dual-motor task demand of 
providing socket stability and locomotion, but rather the 
single task of motor activation necessary to generate 
locomotion.

The sEMG displayed low repeatability because of 
factors including noise and interference, placement of 
electrodes, and changing neural input [55]. The changing 
neural input is related to the indeterminate number of 
ways in which the muscles can achieve the desired move-
ment [56]. The level of sEMG variability differed 
between individuals with OFs, with subject A3 display-
ing high repeatability. This subject had the highest mass 
of 98.2 kg, was the youngest participant with TFA, and 
the only one fitted with a C-Leg prosthesis. The latter 
suggests that the C-Leg may provide a modulating influ-
ence on regulation of neurolocomotor signals. Subject A3 
also exhibited a difference in knee kinematics, with no 
knee flexion occurring during the loading phase and knee 
flexion commencing late in the stance phase (Table 5). 
Another gait difference was that the time taken to reach 
peak GRF for subject A3 was long (26.9% of stance 
phase). No published reports of variability of sEMG dur-
ing gait in individuals with TFA with conventional socket 
prostheses are available for comparison.

The CMC for the abductor GMED was significantly 
lower in group A than group B, which may reflect the 
diminished function of its antagonist, AM. This greater 
variability for GMED suggests greater variability in con-
trol of mediolateral movements. A study of individuals 

with TFA with socket prostheses reported increased vari-
ability in mediolateral trunk acceleration [57].

Limitations
The study did not include a group with TFA fitted 

with conventional socket prostheses. Although the data 
were compared with published data, the epidemiological 
features of the two cohorts are likely to be different. 
Additionally, there may be differences in methodology, 
for example, in determining joint angle. No kinematic 
recordings were made of the control group, thereby pre-
cluding comparison of kinematic data between the two 
groups. The study did not investigate the current risks of 
OFs, particularly infection and the lengthy rehabilitation 
process. Any potential advantage must be weighed 
against the known risk factors.

CONCLUSIONS

The first hypothesis, that there would be an absence 
of cyclical pattern of muscle activity in individuals with 
OFs, was not supported. All five of the hip muscles 
recorded displayed cyclical patterns of sEMG activity 
suggestive of functional ability to contract and exert a 
moment about the hip joint. Patterns of sEMG recordings 
were broadly similar between individuals with TFA and 
nondisabled subjects, the main difference being phase of 
maxima and minima. The second hypothesis, that vari-
ability of muscle activity would be greater in individuals 
with OFs than in subjects with intact limbs, was sup-
ported. The implications for the viability of a myoproces-
sor in individuals with TFA are that normalized amplitude 
is too variable to permit single muscles to be used. 
Instead, features such as temporal occurrence of local 
minima or maxima that relate to loading and hip kinemat-
ics should be explored. However, one individual with OF, 
and the only subject fitted with a C-Leg, had high repeat-
ability of sEMG recordings for all muscles. This suggests 
that microprocessor-controlled prostheses may modulate 
neurolocomotor signals, resulting in a highly repeatable 
signal that could function as a myoprocessor.
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