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Individuals with transfemoral lower limb amputations walk with adapted gait. These kinetic and kinematic compensatory strategies will manifest as differences in muscle recruitment patterns. It is important to characterize these differences to understand the reduced endurance, reduced functionality, and progression of co-morbidities in this population. This study aims to characterize muscle recruitment during gait of highly functional individuals with traumatic transfemoral amputations donning state-of-the-art prosthetics compared to able-bodied controls. Inverse dynamic and static optimisation methods of musculoskeletal modelling were used to quantify muscle forces of the residual and intact limb over a gait cycle for 11 individuals with traumatic transfemoral amputation and for 11 able-bodied controls. Estimates of peak muscle activation and impulse were calculated to assess contraction intensity and energy expenditure. The generalized estimation equation method was used to compare the maximum values of force, peak activation, and impulse of the major muscles. The force exhibited by the residual limb’s iliacus, psoas major, adductor longus, tensor fasciae latae and pectineus is significantly higher than the forces in these muscles of the intact contralateral limb group and the able-bodied control group (p < 0.001). These muscles appear to be recruited for their flexor moment arm, indicative of the increased demand due to the loss of the plantar flexors. The major hip extensors are recruited to a lesser degree in the residual limb group compared to the intact limb group (p < 0.001). The plantar flexors of the intact limb appear to compensate for the amputated limb with significantly higher forces compared to the able-bodied controls (p = 0.01). Significant differences found in impulse and peak activation consisted of higher values for the limbs (residual and/or intact) of individuals with transfemoral lower limb amputations compared to the able-bodied controls, demonstrating an elevated cost of gait. This study highlights asymmetry in hip muscle recruitment between the residual and the intact limb of individuals with transfemoral lower limb amputations. Overall elevated impulse and peak activation in the limbs of individuals with transfemoral amputation, compared to able-bodied controls, may manifest in the reduced walking endurance of this population. This demand should be minimised in rehabilitation protocols.
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INTRODUCTION
In 2017 there was an estimated 28.9 million people living globally with unilateral lower limb amputations due to traumatic causes (McDonald et al., 2021). The physiological demand of gait is greater in this population, which leads to reduced endurance as evidenced by a 29% reduction in the 6-min walking test (Linberg et al., 2013). Ex-military individuals with transfemoral amputation are likely to be the gold standard of functional ability, as they are young, experience comprehensive rehabilitation, have high levels of fitness preinjury and are fitted with state-of-the-art prosthetics (Jarvis et al., 2021). However, even with these positive factors, the oxygen cost of gait at self-selected speeds is 20% higher for ex-military personnel with unilateral transfemoral amputations (n = 10, average age = 29 years) compared to able-bodied controls (n = 10, average age = 30 years) (Jarvis et al., 2017). These findings are supported by another study which controlled for walking speed and found an 24.1%–24.2% increase in oxygen consumption for young, fit, individuals with traumatic unilateral amputations donning micro-processor knees (n = 8, six male, two female, average age = 22.5 years) compared to an able-bodied control group (Chin et al., 2003). This elevated oxygen cost has been found to be even more extreme, 55%, when observing a population of older civilian individuals with transfemoral amputation (n = 60, average age = 51.1 years) donning mechanical knees compared to their age-matched able-bodied control group (n = 10, average age = 51 years) (Carse et al., 2020). Oxygen cost during gait in individuals with lower limb amputation has been found to be higher in transfemoral compared to trans-tibial amputation (Göktepe et al., 2010).
Co-morbidities such as lower back pain and osteoarthritis are prevalent in individuals with unilateral transfemoral limb amputation (Silverman et al., 2023): 47.7%–76.6% of individuals with unilateral amputations experience lower back pain, compared to 1%–37% in an able-bodied population (Sivapuratharasu et al., 2019). These co- morbidities are detrimental to quality of life (Silverman et al., 2023).
Unilateral transfemoral limb loss, muscle loss, and loss of control mechanisms result in compensatory strategies in gait biomechanics, including kinematics, kinetics (Seroussi et al., 1996; Jarvis et al., 2021; Silverman et al., 2023), and muscle activation timing (Mehryar et al., 2021; Wentink et al., 2013) which may lead to muscular loading conditions associated with loss of muscular endurance (Fang et al., 2007), functional deficit (Slater et al., 2022) and the risk of developing secondary conditions (Ding et al., 2021). Though it is evident that there is a need to improve these rehabilitation outcomes, muscle recruitment in the residual limb and intact limb, compared to an able-bodied control group has not been quantified in this young, fit, military cohort. Musculoskeletal modelling is a non-invasive method of estimating muscle and joint contact forces from motion data, providing insight into pathological and non-pathological gait. Within research of biomechanics of individuals with lower limb amputation, musculoskeletal modelling has been used for several applications, such as, to assess prosthetic device function (Pickle et al., 2017), understand the progression of musculoskeletal pathologies (Ding et al., 2021) and evaluate surgical technique (Ranz et al., 2017). One study utilised musculoskeletal modelling to quantify muscle forces during walking to identify the contribution to centre of mass acceleration for the intact and residual limb of individuals with unilateral transfemoral amputations and found significant differences in force magnitude between the limbs, as well as compensatory mechanism adopted by the muscles in the intact limb to accelerate the centre of mass. However, this study was looking at a small sample size (n = 6) donning a mix of microprocessor and non-microprocessor knees, and did not include a control group in their analysis. Additionally, it was also solely looking at the stance phase of gait (differences in muscle recruitment has been found during the swing phase in transtibial amputees (Ding et al., 2023)) and scaled all subjects from a generic musculoskeletal model (Harandi et al., 2020).
The objective of this study was to quantify muscle recruitment, with force magnitude and metrics associated with endurance, during the whole gait cycle in the intact and residual limb of individuals with traumatic unilateral transfemoral (UTF) amputation who have received high quality intensive rehabilitation and advanced prosthetics, and compare this to able-body equivalents, using validated musculoskeletal modelling methods (Toderita et al., 2021b; Ding et al., 2023). This investigation will contextualise muscle recruitment into known kinematic and kinetic adaptations of this population (Jarvis et al., 2021) to inform future rehabilitation research aimed to improve walking endurance, functional ability, alleviate the risk of co-morbidities and therefore improve quality of life.
METHODS
Participant demographics
This study focused on 11 male young/middle-aged individuals with unilateral transfemoral (UTF) amputation due to traumatic injuries donning state-of -the-art prosthetics following intensive rehabilitation. 9 of the 11 participants were ex-military personnel. This demographic can be taken as a model of high-functionality in persons with UTF limb loss (Jarvis et al., 2021). This study considered male participants only due to the lack of availability of anatomical datasets for female persons with UTF amputation. 11 able-bodied (AB) participants were selected as a control group, matched to the UTF group for gender, age and height (Table 1). The able-bodied dataset has been previously published (Long et al., 2017; Ding et al., 2019). The able-bodied group were significantly lighter (body mass) than individuals with UTF amputations, which is consistent with the literature in this predominantly military group (McMenemy et al., 2023). Ethical approval was received from the institutional ethics review board and written informed consent obtained from the participants.
TABLE 1 | Study participant demographics.
[image: Table 1]Experimental data
Reflective markers were attached to anatomical landmarks of the pelvis, the left and right lower limbs as well as marker clusters on the thighs and shanks (Table 2). Three gait trials at a self-selected walking speed and one static trial were collected for each participant in a motion capture system. For UTF participants 1 to 4 this motion capture system consisted of ten cameras (VICON, Oxford Metrics Group, United Kingdom) and two force plates (Kistler Type 9286B, Kistler Instrumented AG, Winterthur, Switzerland). The marker 3D displacement and ground reaction forces were sampled at 120 and 960 Hz, respectively. For participants 5 to 11 this consisted of twenty cameras (VICON, Oxford Metrics Group, United Kingdom) and six Optima force plates (AMTI Force and Motion, Massachusetts, United States). The marker 3D displacement and ground reaction forces were sampled at 100 and 1,000 Hz, respectively. For the previously published able-bodied trials this consisted of ten cameras (VICON, Oxford Metrics Group, United Kingdom) and two force plates (Kistler Type 9286B, Kistler Instrumented AG, Winterthur, Switzerland), sampled at 100 Hz and 1,000 Hz respectively (Long et al., 2017).
TABLE 2 | Optical motion marker labels and locations.
[image: Table 2]MUSCULOSKELETAL MODELLING
General modelling method
The FreeBody musculoskeletal model (Cleather and Bull, 2015) was utilised to quantify the muscle forces for the participants with UTF amputation and the able-bodied group. FreeBody 2.1 has been validated against in-vivo knee contact forces for able-bodied individuals (Ding et al., 2016) and for muscle activations against EMG for individuals with bilateral transfemoral amputation (Toderita et al., 2021b) and unilateral transtibial amputation (Ding et al., 2023). FreeBody 2.1 is a segment based musculoskeletal model with four rigid bodies including the foot, shank, thigh and pelvis. FreeBody 2.1 uses quaternion algebra to perform inverse kinematics to calculate joint kinematics, inverse dynamics with wrench formulations to estimate net forces and moments, and then a one-step static optimisation to predict muscle forces and joint loading for the captured gait trial. The static optimisation minimises the sum of cubed muscle activations following the objective function Equation 1 (Crowninshield and Brand, 1981), where J is the sum of the cubed muscle activations, [image: image] is the instantaneous force of muscle element i, [image: image] is the maximum force potential of the muscle element i, and n is the number of muscle elements of the model. Ligament force contribution is assumed insignificant to net moments.
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The maximum force potential of each muscle element is calculated following Equation 2 which is a multiplication of the physiological cross-sectional area (PCSA) of the muscle element i and the assumed maximum muscle stress ([image: image]) which is 31.39 N [image: image] (Yamaguchi, 2005).
[image: image]
The PCSA was calculated following Equation 3 where muscle volume ([image: image] was acquired from rendered 3D geometry of the muscles (details described below), fibre length to muscle length ratio ([image: image]), pennation angle ([image: image]) and optimal sarcomere length ([image: image]) were taken from the literature. In the cases where there were no values found in the literature, [image: image] was set to 0, [image: image] to 1 and [image: image] to 2.7 [image: image] m (Lieber et al., 1994; Ding et al., 2019).
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Able-bodied limb and intact limb model
FreeBody is a unilateral model, so the individual limbs of a participant are modelled separately. The limbs of the able-bodied participants and the intact limbs of the participants with transfemoral amputations are modelled in an identical manner. This model consists of 163 muscle elements representing 38 muscles. The muscles are modelled as an ideal force generator, where the force is proportional to the maximum force potential. The anatomical measures (muscle and joint geometries) required for the static optimisation, as previously described, are acquired from a previously published anatomical able-bodied atlas of anatomical datasets (Ding et al., 2019). Each dataset contains origin, insertion and via points of the 163 muscle elements. The dataset defines the centres of joint rotation, bone geometries, and the wrapping surfaces of the muscles with curved lines of actions. This information was originally digitised from MRI scans of able-bodied participants, following the methodology of (Horsman et al., 2007). The method of Ding et al. (2019), was used to select an appropriate anatomical dataset from the atlas and scale for each participant’s dimensions following the regression model in Equation 4 to minimize error in hip contact forces, where RMSD represents the root mean square difference, ΔLL rthe difference in limb length, ΔMass the difference in body mass and Δgender the difference in gender. 
[image: image]
The segment parameters (mass, centre of m ass location and moment of inertia) were calculated from De Leva’s method (De Leva, 1996). For the intact limb, the segment parameters were calculated using the adjusted intact weight of the participant if they did not have the transfemoral amputation. The adjusted intact weight was estimated using Equation 5 (Tzamaloukas et al., 1994) where WI is the estimated intact mass, [image: image] is the weight without the prosthetic device, [image: image] is the percentage of bodyweight lost due to amputation.
[image: image]
Residual + prosthetic limb model
The UTF residual limb model consists of 92 muscle elements, representing 21 muscles. The anatomical geometries for the residual limb models were acquired from a previously published atlas of datasets of residual limbs of participants with bilateral transfemoral amputations (Toderita et al., 2021b). The method to acquire these muscle and bone geometries is the same as the intact and able-bodied limbs. Anatomical dataset selection and scaling followed Equation 6 (Toderita et al., 2021b), where RMSD represents the root mean square difference, ΔPW difference in pelvis width, ΔBMI difference in body mass index (from the adjusted body mass, Equation 5), and Δratio residual limb length to pelvis ratio.
[image: image]
The inertial properties of the residual limb model represent the residual and prosthetic limb configuration. The mass properties of the prosthetic foot, knee and socket had been previously determined (Toderita et al., 2021b), using the reaction board method for the moment of inertia and the moment of equilibrium for the centre of mass location (Smith et al., 2014). For the prosthetic foot and the prosthetic knee, these values are directly inputted into the model for the foot and shank segment respectively. The socket and the residual limb are modelled as one rigid component. The mass of the residual limb was calculated from the estimated mass of the participant’s thigh from the De Leva equations using the adjusted intact mass. This was multiplied by the ratio of residual limb length to calculated intact limb length (according to the adjusted De Leva calculations). The moment of inertia and centre of mass of the residual limb was assumed to be proportional to De Leva and calculated using the residual limb length. The composite thigh segment was the sum of the estimated residual limb mass and the measured mass of the socket and liner. The moment of inertia of composite residual limb and socket segment was calculated using Huygens-Steiner parallel axis theorem. The centre of mass position was taken as an average of the socket and the calculated residual.
DATA ANALYSIS AND STATISTICAL TESTING
The limbs were grouped into: the residual limb of the participants with UTF group (R), the intact limb of the participants with UTF group (I), and the limb of the able-bodied participants control group (AB).
The hip muscle (iliacus, psoas major, rectus femoris, sartorius, biceps femoris, gluteus maximus, semitendinosus, adductor brevis, adductor magnus, adductor longus, pectineus, gracilis, gluteus medius, gluteus minimus, tensor fascia latae) and plantar flexor muscle (gastrocnemius, soleus) forces of the residual, intact and able-bodied limb groups were compared. For each muscle, the force was calculated by summing the [image: image] of its muscle elements and was normalised to measured body weight plus weight of the prosthetic components (BW). This force was plotted over the gait cycle (initial foot contact to subsequent foot contact); this output will be referred to as ‘force over gait cycle’ throughout this study. The maximum value of force over gait cycle was calculated; this parameter will be referred to as maximum muscle force. Additionally, as muscular endurance is negatively associated with intensity of force production with respect to maximum voluntary contraction (West et al., 1995), activation was estimated by normalising the total [image: image] of the muscle by the maximum force capacity (total [image: image] of that muscle) following Equation 2. The maximum value of activation over the gait cycle was calculated; this will be referred to as peak activation throughout this study and is an estimation of contraction intensity. Additionally, force impulse was calculated by finding the area under the ‘force over gait cycle’ curve as an indication of the total muscular energy expended (Bemben et al., 1996). This parameter will be referred to as impulse throughout this study.
A three-way comparison was made of the kinematics and kinetics to assist the interpretation of the muscle recruitment comparison. Kinetics were normalised to BW. The inverse kinematic, inverse dynamic were plotted over the gait cycle. The maximum values of kinematic and kinematic features of gait were calculated. These gait features include maximum anterior pelvic tilt, maximum hip flexion and extension angles, maximum hip abduction and adduction angles, maximum external hip extension and flexion torques, the first and second peak of external hip adduction torque, and the first and second peak of vertical ground reaction force. The self-selected gait speed of the gait cycle was also calculated.
A preliminary student’s t-test was conducted between the left and the right limb of the able-bodied control group. This test showed no significant difference between the two sides in any of the variables (maximum muscle forces, peak activation, impulse and gait features). So, the right and left limb of the able-bodied controls were treated as one group for comparison. For the three-way comparison of maximum muscle force, peak activation, impulse and gait features, generalized estimation equations were used to compare the means of the variables described between the residual limb group, the intact limb group, and the able-bodied limb group (control group), with significance set at 0.05. The generalized estimation equation method accounts for the potential correlation between variables of limbs from the same participant (Wang, 2014). For the two-way comparison of force over gait cycle (between the plantar flexors of the intact and able-bodied limb group), statistical parametric mapping was used with a Friedman with Wilcoxon test with significance set at 0.05 (Pataky et al., 2013). A student’s t-test was conducted between self-selected gait speed of the UTF participants and the able-bodied control group with significance set at 0.05.
RESULTS
The able-bodied limb group consists of 22 limbs, the residual limb group 11 limbs and the intact limb group 10 limbs due to an error identified in the motion capture data of the intact side of participant 6. These trials have been excluded from the analysis. The residual limbs from this participant were included in the analysis as the generalized estimation equation method accounts for participants and all values were normalised.
MUSCLE RECRUITMENT DURING GAIT
Maximum muscle force
Hip muscles are grouped by primary function and maximum muscle forces are presented in Figure 1, with significant p-values labelled. Figure 1 displays that the largest overall magnitudes produced by the major hip muscles across the groups. The largest values were the residual limb’s gluteus medius, iliacus, and psoas major, which have mean values of 1.49 ± 0.67 N/BW, 1.40 ± 0.72 N/BW, and 1.50 ± 0.72 N/BW, respectively, followed by the able-bodied and intact groups’ gluteus medius at 1.20 ± 0.39 N/BW and 1.14 ± 0.25N/BW.
[image: Figure 1]FIGURE 1 | Maximum normalised muscle force box plots of major hip muscles grouped by primary function (min, max, median, 25 and 75 percentiles and outliers). Significant p-values displayed. The muscles are grouped by primary function. Red represents the residual limb group (n = 11) of the individuals with UTF (“R”), blue represents the intact limb group (n = 10) of individuals with UTF (“I”) and black represents the able-bodied limb group (n = 22) (“AB”).
From the comparison between the residual limb group and the intact limb group, twelve out of fifteen maximum muscle forces were significantly different. Six muscles (iliacus, psoas major, adductor longus, pectineus, gluteus minimus and tensor fasciae latae) were recruited to significantly higher levels in the residual limb group compared to the intact limb group. Six other muscles (rectus femoris, sartorius, biceps femoris, gluteus maximus, semitendinosus, and adductor magnus) exhibited significantly higher maximum muscle force in the intact limb group compared to the residual.
From the residual limb group to able-bodied limb group comparison, ten out of fifteen of the major muscles were recruited to significantly different maximum muscle forces. Five muscles (iliacus, psoas major, adductor longus, pectineus and tensor fasciae latae) had significantly greater maximum muscle force in the residual limb group compared to the able-bodied limb group. Five muscles (adductor magnus, biceps femoris, rectus femoris, sartorius, and semitendinosus) were recruited to higher maximum force in the able-bodied limb group than the residual limb group.
From the intact limb group to able-bodied limb group comparison, only the pectineus exhibited a significantly higher maximum muscle force in the able-bodied limb group, Figure 1.
The force over gait cycle for the 15 hip muscles are displayed in Figure 2, with the significant differences marked in maximum muscle force labelled.
[image: Figure 2]FIGURE 2 | Muscle force normalised to bodyweight of major hip muscles over gait cycle. Red represents the residual limb group (n = 11 ± SD) of the individuals with UTF, blue represents the intact limb group (n = 10 ± SD) of individuals with UTF and black represents the able-bodied limb group (n = 22 ± SD). Arrows and “*” indicate a significant difference in peak value.
Statistical parametric mapping identified significant differences in the force over gait cycle of the plantar flexors of the intact limb group and the able-bodied limb group, Figure 3. The plantar flexors were recruited to significantly higher levels in the intact limb group than the able-bodied limb group during 50%–60% and 70%–80% of gait.
[image: Figure 3]FIGURE 3 | Left: muscle force normalised to bodyweight of the plantar flexors over the gait cycle. Blue represents the intact limb group (n = 10 ± SD) and black represents the able-bodied limb group (n = 22 ± SD). Right: Statistical parametric mapping results.
Impulse
Figure 4 displays the impulse for the main fifteen hip muscles of the residual limb, intact limb, and able-bodied limb groups.
[image: Figure 4]FIGURE 4 | Muscle impulse box plots of major hip muscles grouped by primary function (min, max, median, 25 and 75 percentiles and outliers). Significant p-values displayed. Red represents the residual limb group (n = 11) of the individuals with UTF (“R”), blue represents the intact limb group (n = 10) of individuals with UTF (“I”) and black represents the able-bodied limb group (n = 22) (“AB”).
From the residual limb to intact limb group comparison, ten out of the fifteen of the impulse values were significantly different. Five muscles (iliacus, psoas major, adductor longus, pectineus and tensor fasciae latae) showed significantly higher values of impulse in the residual limb group compared to the intact limb group. While five muscles (sartorius, biceps femoris, gluteus maximus, semitendinosus and adductor magnus) had higher values of impulse in the intact limb group compared to the residual limb group.
From the residual and able-bodied limb group comparison there were nine out of the fifteen significant differences. Eight muscles (iliacus, psoas major, adductor brevis, adductor longus, pectineus, gluteus medius, gluteus minimus and tensor fasciae latae) had a greater impulse in the residual limbs compared to the able-bodied limbs. Whilst the biceps femoris had a greater impulse in the able-bodied limbs than the residual.
From the intact limb group to able-bodied limb group comparison all muscles, apart from the adductor longus, exhibited a significantly greater impulse in the intact limb group than the able-bodied limb group.
Peak muscle activation
Figure 5 displays the peak muscle activations for the main hip muscles for the residual, intact and able-bodied limb group.
[image: Figure 5]FIGURE 5 | Muscle peak activation box plots of major hip muscles grouped by primary function (min, max, median, 25 and 75 percentiles and outliers). Significant p-values displayed. Red represents the residual limb group (n = 11) of the individuals with UTF (“R”), blue represents the intact limb group (n = 10) of individuals with UTF (“I”) and black represents the able-bodied limb group (n = 22) (“AB’).
From the residual to intact limb group comparison, nine (iliacus, psoas major, rectus femoris, sartorius, adductor longus, pectineus, gluteus medius, gluteus minimus and tensor fasciae latae) of the fifteen muscles were recruited to significantly higher peak activation in the residual limb group compared to the intact.
From the residual limb to able-bodied limb group comparison the same nine (iliacus, psoas major, rectus femoris, sartorius, adductor longus, pectineus, gluteus medius, gluteus minimus and tensor fascia late) of the fifteen muscles were recruited to significantly higher peak activation in the residual than the able-bodied limb group.
From the intact limb group to able bodied limb group comparison the gluteus minimus had significantly greater peak activation in the intact limbs compared to the able-bodied limbs.
GAIT FEATURES
Figure 6 displays the anterior pelvic tilt, the vertical ground reaction force, and the sagittal and frontal hip kinematics and moments over the gait cycle for the residual, intact and able-bodied limbs. The angle of maximum anterior pelvis tilt was greater in the residual than the able-bodied (p = 0.00). Maximum external hip flexion torque was significantly greater in the intact and able-bodied limbs than the residual limbs (p = 0.00 and p = 0.04 respectively). The maximum external hip extension torque was lower in the intact limbs compared to the residual and able-bodied limbs (p = 0.00 and p = 0.04 respectively). For the hip kinematics in the frontal plane, the maximum abduction angle was significantly greater (p = 0.00) in the intact and able-bodied limbs compared to the residual limbs. The external hip adduction torque was significantly smaller (p = 0.00) in the residual limbs compared to the intact and able-bodied for both peaks. There was no significant difference in self-selected gait speed between the UTF participants and the able-bodied participants which was 1.08 m/s and 1.23 m/s respectively (p = 0.20).
[image: Figure 6]FIGURE 6 | Kinetic and kinematic parameters over gait cycle from initial foot contact (0%–100%) for the residual limb group (red, n = 11 ± SD), the intact limb group (blue, n = 10 ± SD) and the able-bodied control limb group (black, n = 22 ± SD). Solid line represents mean and shaded standard deviation.
DISCUSSION AND CONCLUSION
This is the first study to have quantified normalised muscle force, impulse, and peak activation during gait of individuals with transfemoral amputation of a “high-functioning” demographic due to their comprehensive rehabilitation, high levels of fitness prior to surgery and state-of the-art prosthetics. Comparable self-selected walking speeds of the UTF participants to the matched able-bodied controls demonstrate this “high-functionality” (Jarvis et al., 2017).
MUSCLE RECRUITMENT
Force magnitude
The muscle recruitment strategies with respect to maximum muscle force of the major hip muscles in able-bodied limbs and the intact limbs of individuals with UTF are broadly similar, with only a significant difference in pectineus force. However, there are significant differences in the plantar flexor muscle forces, Figure 3. The increased recruitment in the intact limb of individuals with transfemoral amputation during 50%–60% gait is in agreement with EMG studies (Mehryar et al., 2021; Wentink et al., 2013) which show increased recruitment of the plantar flexors in the intact limb of individuals with unilateral amputation to compensate for the for the amputated side.
It appears that muscle recruitment strategies in the residual limb group differs from the intact limb group and able-bodied limb group. Evidently, the psoas major and iliacus of the residual limb in individuals with UTF are heavily relied upon to actuate gait, with the first and third largest values of maximum muscle force across all muscles of all groups at 1.50 N/BW and 1.40 N/BW, these values appear to be abnormal (ie. Significantly larger than the able-bodied controls). This is indicative to the loss of the forward propulsion from the plantar flexors with the amputation, that has been reported as a reduced torque of the ankle on the prosthetic side (Seroussi et al., 1996). Therefore, the demand on these intact proximal flexors increases. It appears the adductor longus, tensor fasciae latae and pectineus may also be recruited to flex the hip in the residual limb for this reason. As shown in Figure 2, these muscles of the residual limb peak similarly to the iliacus and psoas major, at terminal stance phase/pre-swing phase of gait (40%–60%) when flexion action is required. These muscles have secondary flexor function (Neumann, 2010). This coincides with the increased peak in external extension moment of the residual limb group compared to the intact limb group, Figure 6. One study which recorded electromyography (EMG) of the residual limb during gait, found that more muscles were active and for longer periods during this “pre-swing” phase of gait in the residual limb compared to able-bodied controls (Wentink et al., 2013). The rectus femoris and sartorius, which are primary hip flexors in the intact anatomy/able-bodied anatomy, are compromised by the amputation surgery (Henson et al., 2021). This may increase the demand on the iliopsoas, adductor longus, tensor fasciae latae and pectineus. The force reached by these muscles in the residual limb group appears to be abnormal, as it is significantly higher than in the able-bodied group. This abnormal force requirement may have an effect on muscular endurance and therefore gait endurance (Fang et al., 2007).
The imbalanced recruitment of the iliopsoas between the bilateral limbs of individuals with UTF has not been reported in the literature. In fact, a study by (Harandi et al., 2020) estimated the opposite conditions with slightly higher levels of force in the iliacus on the intact side, yet comparisons are hard to make, because they included non-microprocessor knees and older participants in their study. As (Jarvis et al., 2021) highlights, this is a group representing a high functioning demographic compared to a more general UTF population. So, perhaps they exhibit a higher functionality which is demanding more of the iliopsoas. Due to the position of the iliopsoas, it is challenging to validate its activation with EMG data. Asymmetry in the lumbopelvic region has been associated with the increased levels of lower back pain in the transfemoral amputation population as an “mal-adaptive” impairment in this population’s gait (Devan et al., 2014), therefore the asymmetry found in the magnitude of iliopsoas contraction may have implications on secondary conditions such as lower back pain.
The elevated magnitudes of muscle force of the iliopsoas, adductor longus, tensor fasciae latae and pectineus in the residual limb may be unexpected due to the atrophy that is known to occur in the residual limbs post transfemoral amputation (Henson et al., 2021). However, when using normalisation methods which correct for thigh length, the maximum isometric extension, flexion, and abduction torque potential of the residual limbs of individuals with unilateral amputations is significantly greater than the intact, and equal to able-bodied control limbs (Sawers and Fatone, 2023). Furthermore, Sawers and Fatone (2023) found the hip adduction strength to be significantly greater in the residual compared to the intact and the control group, and suggested that this may be due to increased activation of the adductor muscles during gait. It may be that the increased recruitment of the adductor longus during gait found in our study contributes to the increased strength of hip adduction torque in this population.
Unlike the iliopsoas and other flexor muscles, the major extensor muscles in the residual limb appear to be recruited to a lesser magnitude than in both the controls and the intact side, Figure 1. The hamstrings are biarticular muscles in the intact state, yet they take a monoarticular function when cleaved and re-inserted in a transfemoral amputation (Henson et al., 2021). Due to this loss in function, they are found to be atrophied in the transfemoral residual limb (Jaegers et al., 1995). Although the gluteus maximus only articulates the hip, being the main hip extensor in the intact anatomy, it has also been found to be atrophied in the residual limb (Jaegers et al., 1995). The gluteus maximus inserts via the iliotibial tract which tends to require re-insertion in transfemoral amputation. So, although the individual’s residual limb anatomy will depend on the residual limb length and specifics of the traumatic injury and detailed surgical procedure used, the main hip extensors in the residual limb are all potentially functionally compromised by the surgery, which may explain their reduced recruitment compared to the intact and able-bodied limb groups. This imbalanced recruitment of the extensor/flexors on the residual limb side may impact pelvis stabilisation, and therefore pelvis kinematics. There is a peak in average anterior pelvis tilt at roughly 50% of the gait cycle for the residual limb group (Figure 6) which may be associated the recruitment of iliacus and the psoas major muscles (Figure 2) as their peak force and peak anterior pelvic tilt coincide.
The increased burden on the plantar flexors of the intact limb and of the hip flexors of the residual limb reinforces the theoretical need for powered prostheses, which generate energy to compensate for the power lost with the absent muscles in lower limb amputation. However, currently powered prostheses tend to be heavier than a microprocessor or mechanical prosthesis, increasing loading on the residual limb which limits their use, particularly for those with transfemoral amputation (Gehlhar et al., 2023).
Impulse and peak activation
Together peak activation - force relative to maximum capacity - and impulse - an index of muscular energy expenditure - give an indication of the endurance implications of muscle recruitment (West et al., 1995; Bemben et al., 1996). The peak activation and impulse are abnormally high (ie. greater than the controls) for the flexor residual limb muscles highlighted previously: iliopsoas, adductor longus and tensor fasciae latae. This indicates a potential cause for reduced gait endurance. It has previously been shown that an exoskeleton on the residual limb providing external torque (flexion and extension) in the sagittal plane reduces the metabolic cost of gait by 15.6% for individuals with transfemoral amputations (Ishmael et al., 2021). The peak power injected in by the exoskeleton occurred at ∼60% of gait cycle assisting hip flexion with hip flexion torque (Ishmael et al., 2021). Considering the apparent increased energy expenditure of the hip flexors this may relate to the increased physiological cost of gait. Therefore, gait endurance could be improved if a similar functional ability was possible with reduced requirements on the flexor muscles (Ishmael et al., 2021). The estimations of peak activation tend to be higher in the residual limb which is indicative to the loss in muscular capacity (through atrophy and amputation).
Although the recruitment and function of the intact and able-bodied limbs appears to be similar, Figure 1 the impulse in the intact limb is significantly greater than the able-bodied for all main hip muscles apart from the adductor longus. This indicates that the intact limb is having to expend significantly greater energy to actuate gait compared to the able-bodied group and agrees with higher oxygen cost (Jarvis et al., 2017) and lower walking endurance (Linberg et al., 2013).
Kinematic and kinetic interpretation
The participants with UTF amputation exhibited higher levels of anterior pelvic tilt compared to the controls and a significantly higher maximum external flexion torque and a lower maximum external extension torque in the intact limb compared to the residual limb, Figure 2. This is in agreement with a study of a similar population (Jarvis et al., 2021). This is consistent with the respective increased flexor muscle recruitment and lower extensor muscle recruitment in the residual limb. The frontal torque exhibits significant differences between the residual and the intact limb, with the external hip adduction torque on the residual limb being significantly smaller. This does not seem to be explained simply by differences in hip frontal kinematics Figure 6, further investigation into the relationship between differences in external loading (GRF) and differences limb kinematics is required.
Limitations
There are several limitations to this study. Firstly, in terms of musculoskeletal modelling, the residual limb and prosthetic limb configuration was modelled as a rigid body composite “thigh” segment, neglecting pistoning and swivelling. The effect of this assumption is not known, yet a study with transtibial amputations found that including this relative motion had little effect on the magnitude of muscle forces predicted (Miller and Esposito, 2021). The anatomical geometries of the individuals with UTF were scaled from datasets of able-bodied participants and participants with bilateral transfemoral amputations for their intact and residual limbs respectively. Using anatomical datasets from the intact limb and residual limb of participants with UTF would have been more accurate. There may be some patterns in atrophy/hypertrophy that occur due to muscle recruitment patterns in gait in the UTF population that are not accounted for in this current model. Additionally, variations in surgical technique will impact the recruitment capabilities. There are two main methods of muscle stabilization, myodesis, where the muscles are sutured directly to the bone, and myoplasty, where the agonistic and antagonistic muscles are sutured together (Fabre et al., 2024). This variation was not considered in the anatomical dataset selection. Using anatomical geometries derived from participant specific MRI scans would have reduced error in muscle force estimations (Toderita et al., 2021b). Finally, the experimental data were obtained from two motion capture laboratories. Typically studies will present data from one laboratory only for reasons of consistency. However, in order to maximise participant recruitment and participation, a regional approach was taken by providing two laboratory locations. The laboratory technicians ensured a standardised calibration protocol was completed at each location and a consistent data collection protocol was followed.
CONCLUSION
This study found that the UTF population have similar muscle recruitment strategies in their intact limb compared to AB controls. Muscle recruitment in the residual limb group varies significantly from the intact and able-bodied group, this is particularly true for the illiacus, the psoas major, the adductor longus and tensor fasciae latae. The demand on these muscles for flexor action appears to be elevated in the residual limb function due to the loss in forward propulsion from the loss of the plantar flexors. Although this group (fairly young, majority donning a microprocessor prosthetic knee, and majority ex-military) is likely to be of high functionality compared to a more general UTF population, there is room for improvement in their rehabilitation. To increase gait endurance and reduce the asymmetry in loading of the lumbo-pelvic region, which may be related to lower back pain, rehabilitation strategies to reduce this demand (on the residual and intact limbs) and to correct the asymmetry between muscle groups in the residual and intact limb of individuals with UTF should be developed.
DATA AVAILABILITY STATEMENT
All data are available upon reasonable request, subject to the ethical approval and participant confidentiality. Requests to access these datasets should be directed to a.benton20@imperial.ac.uk.
ETHICS STATEMENT
The studies involving humans were approved by Imperial College Research Ethics Committee and Ministry of Defence Research Ethics Committee. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
AMB: Writing–original draft, Writing–review and editing, Conceptualization, Formal analysis, Methodology, Visualization. DT: Writing–review and editing, Investigation. NE: Writing–review and editing, Investigation. SL: Writing–review and editing, Formal analysis. PA: Writing–review and editing, Conceptualization, Supervision. KS: Writing–review and editing, Conceptualization. ANB: Writing–review and editing, Conceptualization, Supervision. AMJB: Writing–review and editing, Conceptualization, Supervision.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the United Kingdom Engineering and Physical Sciences Research Council (EPSRC) Grant EP/S02249X/1 for the Center for Doctoral Training in Prosthetics and Orthotics, The Royal British Legion Center for Blast Injury Studies and Academic Department of Military Rehabilitation, Defence Medical Rehabilitation Centre, Loughborough, United Kingdom.
ACKNOWLEDGMENTS
The able-bodied control group dataset analysed during the current study was acquired through funding from the Engineering and Physical Sciences Research Council and the Wellcome Trust as part of the Medical Engineering Solutions in Osteoarthritis Centre of Excellence at Imperial College London.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Bemben, M. G., Massey, B. H., Bemben, D. A., Misner, J. E., and Boileau, R. A. (1996). Isometric intermittent endurance of four muscle groups in men aged 20-74 yr. Med. Sci. Sports Exerc. 28, 145–153. doi:10.1097/00005768-199601000-00026
 Carse, B., Scott, H., Brady, L., and Colvin, J. (2020). A characterisation of established unilateral transfemoral amputee gait using 3D kinematics, kinetics and oxygen consumption measures. Gait and posture 75, 98–104. doi:10.1016/j.gaitpost.2019.09.029
 Chin, T., Sawamura, S., Shiba, R., Oyabu, H., Nagakura, Y., Takase, I., et al. (2003). Effect of an Intelligent Prosthesis (IP) on the walking ability of young transfemoral amputees: comparison of IP users with able-bodied people. Am. J. Phys. Med. and rehabilitation 82, 447–451. doi:10.1097/01.phm.0000069191.20125.38
 Cleather, D. J., and Bull, A. M. (2015). The development of a segment-based musculoskeletal model of the lower limb: introducing FreeBody. R. Soc. open Sci. 2, 140449. doi:10.1098/rsos.140449
 Crowninshield, R. D., and Brand, R. A. (1981). A physiologically based criterion of muscle force prediction in locomotion. J. biomechanics 14, 793–801. doi:10.1016/0021-9290(81)90035-x
 DE Leva, P. (1996). Adjustments to Zatsiorsky-Seluyanov's segment inertia parameters. J. biomechanics 29, 1223–1230. doi:10.1016/0021-9290(95)00178-6
 Devan, H., Hendrick, P., Ribeiro, D. C., Hale, L. A., and Carman, A. (2014). Asymmetrical movements of the lumbopelvic region: is this a potential mechanism for low back pain in people with lower limb amputation?Med. hypotheses 82, 77–85. doi:10.1016/j.mehy.2013.11.012
 Ding, Z., Henson, D., Sivapuratharasu, B., Mcgregor, A., and Bull, A. (2023). The effect of muscle atrophy in people with unilateral transtibial amputation for three activities: gait alone does not tell the whole story. J. Biomechanics 149, 111484. doi:10.1016/j.jbiomech.2023.111484
 Ding, Z., Jarvis, H. L., Bennett, A. N., Baker, R., and Bull, A. M. (2021). Higher knee contact forces might underlie increased osteoarthritis rates in high functioning amputees: a pilot study. J. Orthop. Research® 39, 850–860. doi:10.1002/jor.24751
 Ding, Z., Nolte, D., Kit Tsang, C., Cleather, D. J., Kedgley, A. E., and Bull, A. M. (2016). In vivo knee contact force prediction using patient-specific musculoskeletal geometry in a segment-based computational model. J. Biomechanical Eng. 138, 021018. doi:10.1115/1.4032412
 Ding, Z., Tsang, C. K., Nolte, D., Kedgley, A. E., and Bull, A. M. (2019). Improving musculoskeletal model scaling using an anatomical atlas: the importance of gender and anthropometric similarity to quantify joint reaction forces. IEEE Trans. Biomed. Eng. 66, 3444–3456. doi:10.1109/tbme.2019.2905956
 Fabre, I., Thompson, D., Gwilym, B., Jones, K., Pinzur, M., Geertzen, J. H., et al. (2024). Surgical techniques of, and outcomes after, distal muscle stabilization in transfemoral amputation: a systematic review and narrative synthesis. Ann. Vasc. Surg. 98, 182–193. doi:10.1016/j.avsg.2023.07.105
 Fang, L., Jia, X., and Wang, R. (2007). Modeling and simulation of muscle forces of trans-tibial amputee to study effect of prosthetic alignment. Clin. Biomech. 22, 1125–1131. doi:10.1016/j.clinbiomech.2007.07.017
 Gehlhar, R., Tucker, M., Young, A. J., and Ames, A. D. (2023). A review of current state-of-the-art control methods for lower-limb powered prostheses. Annu. Rev. Control 55, 142–164. doi:10.1016/j.arcontrol.2023.03.003
 Göktepe, A. S., Cakir, B., Yilmaz, B., and Yazicioglu, K. (2010). Energy expenditure of walking with prostheses: comparison of three amputation levels. Prosthetics Orthot. Int. 34, 31–36. doi:10.3109/03093640903433928
 Harandi, V. J., Ackland, D. C., Haddara, R., Lizama, L. E. C., Graf, M., Galea, M. P., et al. (2020). Gait compensatory mechanisms in unilateral transfemoral amputees. Med. Eng. and Phys. 77, 95–106. doi:10.1016/j.medengphy.2019.11.006
 Henson, D. P., Edgar, C., Ding, Z., Sivapuratharasu, B., LE Feuvre, P., Finnegan, M. E., et al. (2021). Understanding lower limb muscle volume adaptations to amputation. J. Biomechanics 125, 110599. doi:10.1016/j.jbiomech.2021.110599
 Horsman, M. K., Koopman, H. F., VAN DER Helm, F. C., Prosé, L. P., and Veeger, H. (2007). Morphological muscle and joint parameters for musculoskeletal modelling of the lower extremity. Clin. Biomech. 22, 239–247. doi:10.1016/j.clinbiomech.2006.10.003
 Ishmael, M. K., Archangeli, D., and Lenzi, T. (2021). Powered hip exoskeleton improves walking economy in individuals with above-knee amputation. Nat. Med. 27, 1783–1788. doi:10.1038/s41591-021-01515-2
 Jaegers, S. M., Arendzen, J. H., and DE Jongh, H. J. (1995). Changes in hip muscles after above-knee amputation. Clin. Orthop. Relat. Research® 319, 276–284. doi:10.1097/00003086-199510000-00030
 Jarvis, H. L., Bennett, A. N., Twiste, M., Phillip, R. D., Etherington, J., and Baker, R. (2017). Temporal spatial and metabolic measures of walking in highly functional individuals with lower limb amputations. Archives Phys. Med. rehabilitation 98, 1389–1399. doi:10.1016/j.apmr.2016.09.134
 Jarvis, H. L., Reeves, N. D., Twiste, M., Phillip, R. D., Etherington, J., and Bennett, A. N. (2021). Can high-functioning amputees with state-of-the-art prosthetics walk normally? A kinematic and dynamic study of 40 individuals. Ann. Phys. Rehabilitation Med. 64, 101395. doi:10.1016/j.rehab.2020.04.007
 Lieber, R. L., Loren, G. J., and Friden, J. (1994). In vivo measurement of human wrist extensor muscle sarcomere length changes. J. neurophysiology 71, 874–881. doi:10.1152/jn.1994.71.3.874
 Linberg, A. A., Roach, K. E., Campbell, S. M., Stoneman, P. D., Gaunaurd, I. A., Raya, M. A., et al. (2013). Comparison of 6-minute walk test performance between male Active Duty soldiers and servicemembers with and without traumatic lowerlimb loss. J. Rehabilitation Res. and Dev. 50, 931–940. doi:10.1682/jrrd.2012.05.0098
 Long, M. J., Papi, E., Duffell, L. D., and Mcgregor, A. H. (2017). Predicting knee osteoarthritis risk in injured populations. Clin. Biomech. 47, 87–95. doi:10.1016/j.clinbiomech.2017.06.001
 Mcdonald, C. L., Westcott-Mccoy, S., Weaver, M. R., Haagsma, J., and Kartin, D. (2021). Global prevalence of traumatic non-fatal limb amputation. Prosthetics Orthot. Int. 45, 105–114. doi:10.1177/0309364620972258
 Mcmenemy, L., Behan, F. P., Kaufmann, J., Cain, D., Bennett, A. N., Boos, C. J., et al. (2023). Association between combat-related traumatic injury and skeletal health: bone mineral density loss is localized and correlates with altered loading in amputees: the armed services trauma rehabilitation outcome (ADVANCE) study. J. Bone Mineral Res. 38, 1227–1233. doi:10.1002/jbmr.4794
 Mehryar, P., Shourijeh, M. S., Rezaeian, T., Khandan, A. R., Messenger, N., O'Connor, R., et al. (2021). Muscular activity comparison between non-amputees and transfemoral amputees during normal transient-state walking speed. Med. Eng. and Phys. 95, 39–44. doi:10.1016/j.medengphy.2021.07.004
 Miller, R. H., and Esposito, E. R. (2021). Transtibial limb loss does not increase metabolic cost in three-dimensional computer simulations of human walking. PeerJ 9, e11960. doi:10.7717/peerj.11960
 Neumann, D. A. (2010). Kinesiology of the hip: a focus on muscular actions. J. Orthop. and Sports Phys. Ther. 40, 82–94. doi:10.2519/jospt.2010.3025
 Pataky, T. C., Robinson, M. A., and Vanrenterghem, J. (2013). Vector field statistical analysis of kinematic and force trajectories. J. biomechanics 46, 2394–2401. doi:10.1016/j.jbiomech.2013.07.031
 Pickle, N. T., Grabowski, A. M., Jeffers, J. R., and Silverman, A. K. (2017). The functional roles of muscles, passive prostheses, and powered prostheses during sloped walking in people with a transtibial amputation. J. Biomechanical Eng. 139, 1110051–11100511. doi:10.1115/1.4037938
 Ranz, E. C., Wilken, J. M., Gajewski, D. A., and Neptune, R. R. (2017). The influence of limb alignment and transfemoral amputation technique on muscle capacity during gait. Comput. methods BiomeChaniCs Biomed. Eng. 20, 1167–1174. doi:10.1080/10255842.2017.1340461
 Sawers, A., and Fatone, S. (2023). After scaling to body size hip strength of the residual limb exceeds that of the intact limb among unilateral lower limb prosthesis users. J. NeuroEngineering Rehabilitation 20, 50–12. doi:10.1186/s12984-023-01166-z
 Seroussi, R. E., Gitter, A., Czerniecki, J. M., and Weaver, K. (1996). Mechanical work adaptations of above-knee amputee ambulation. Archives Phys. Med. rehabilitation 77, 1209–1214. doi:10.1016/s0003-9993(96)90151-3
 Silverman, A. K., Hendershot, B. D., and Mcgregor, A. H. (2023). “Musculoskeletal health after Blast injury,” in Blast injury science and engineering: a guide for clinicians and researchers . Springer.
 Sivapuratharasu, B., Bull, A. M., and Mcgregor, A. H. (2019). Understanding low back pain in traumatic lower limb amputees: a systematic review. Archives Rehabilitation Res. Clin. Transl. 1, 100007. doi:10.1016/j.arrct.2019.100007
 Slater, L., Finucane, S., and Hargrove, L. J. (2022). Knee extensor power predicts six-minute walk test performance in people with transfemoral amputations. PM&R 14, 445–451. doi:10.1002/pmrj.12606
 Smith, J. D., Ferris, A. E., Heise, G. D., Hinrichs, R. N., and Martin, P. E. (2014). Oscillation and reaction board techniques for estimating inertial properties of a below-knee prosthesis. JoVE J. Vis. Exp. , e50977. doi:10.3791/50977
 Toderita, D., Henson, D. P., Klemt, C., Ding, Z., and Bull, A. M. (2021b). An anatomical atlas-based scaling study for quantifying muscle and hip joint contact forces in above and through-knee amputees using validated musculoskeletal modelling. IEEE Trans. Biomed. Eng. 68, 3447–3456. doi:10.1109/tbme.2021.3075041
 Tzamaloukas, A. H., Patron, A., and Malhotra, D. (1994). Body mass index in amputees. J. Parenter. Enter. Nutr. 18, 355–358. doi:10.1177/014860719401800414
 Wang, M. (2014). Generalized estimating equations in longitudinal data analysis: a review and recent developments. Adv. Statistics 2014, 1–11. doi:10.1155/2014/303728
 Wentink, E. C., Prinsen, E. C., Rietman, J. S., and Veltink, P. H. (2013). Comparison of muscle activity patterns of transfemoral amputees and control subjects during walking. J. neuroengineering rehabilitation 10, 87–11. doi:10.1186/1743-0003-10-87
 West, W., Hicks, A., Clements, L., and Dowling, J. (1995). The relationship between voluntary electromyogram, endurance time and intensity of effort in isometric handgrip exercise. Eur. J. Appl. physiology Occup. physiology 71, 301–305. doi:10.1007/bf00240408
 Yamaguchi, G. T. (2005). Dynamic modeling of musculoskeletal motion: a vectorized approach for biomechanical analysis in three dimensions. Springer Science and Business Media. 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Benton, Toderita, Egginton, Liu, Amiri, Sherman, Bennett and Bull. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_13.gif
Wy





OPS/xhtml/nav.xhtml
Contents

		Cover

		Muscle recruitment during gait in individuals with unilateral transfemoral amputation due to trauma compared to able-bodied controls		Introduction

		Methods		Participant demographics

		Experimental data





		Musculoskeletal modelling		General modelling method

		Able-bodied limb and intact limb model

		Residual + prosthetic limb model





		Data analysis and statistical testing

		Results

		Muscle recruitment during gait		Maximum muscle force

		Impulse

		Peak muscle activation





		Gait features

		Discussion and conclusion

		Muscle recruitment		Force magnitude

		Impulse and peak activation

		Kinematic and kinetic interpretation

		Limitations





		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/inline_12.gif





OPS/images/inline_15.gif





OPS/images/inline_14.gif
W





OPS/images/math_6.gif
ADIOEY = 0824000 ¥ SEW T 4.5 ¥ A0
4+0.29 x Aratio-0.38 x ABMI x APW  (6)





OPS/images/math_5.gif
©






OPS/images/inline_11.gif





OPS/images/inline_10.gif







OPS/images/math_3.gif
@







OPS/images/math_2.gif
F_.=PCSA x o (2)






OPS/images/math_4.gif
RMSD

60+ 038 x ALL+0.10 x AMass + 2.64 x Agender (4)





OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/fbioe-12-1429574-g005.gif
-






OPS/images/fbioe-12-1429574-g006.gif





OPS/images/fbioe-12-1429574-g003.gif
..........................





OPS/images/fbioe-12-1429574-g004.gif
e BWs)
LT






OPS/images/inline_1.gif





OPS/images/fbioe-12-1429574-t001.jpg
Participant Sex Age Body mass with Calculated intact Height  Level Prosthetic

code (years) prostheses (kg) mass (kg)* (m) knee
UTE 1 M 47 938 954 176 UTE Ottobock
(n=11) Genium X3
2 M 57 918 978 176 UTE | Ottobock C-leg
3 M 58 644 655 164 UTE Endolite
Orion
4 M 52 91 942 178 UTE | Ottobock C-leg
5 M 32 887 946 174 UTE Ottobock
Genium X3
6 M 49 827 864 177 UTE Ottobock
Genium X3
7 M 47 94.1 955 177 UTE | Ottobock Genium
8 M 31 743 773 175 UTE Ottobock
Genium X3
9 M 36 1093 1143 189 UTE Ottobock
Genium X3
10 M 39 1333 1394 190 UTE | Blatchford KX06
1 M 36 911 963 183 UTE Ottobock
Genium X3
Mean - 440 922 960 178 - -
D - 97 179 189 007 - -
AB (n=11) M
Mean - 422 795 179 - -
D - 110 9 0.07 - -
Povalue - 074 004 0,02 085 - -

sodealaed et Banstion 5 * st bitwest UTE paiticrant sod AB ianisie:





OPS/images/fbioe-12-1429574-t002.jpg
Marker label Anatomical location

FCC Calcaneus
EMT Tuberosity of the fifth metatarsal
M2 Head of the second metatarsal
TF Additional marker placed on foot
FAM Apex of the lateral malleolus
TAM Apex of the medial malleolus
C1, C2, C3 (clusters) Additional markers placed on the shank segment
FLE Lateral femoral epicondyle
FME Medial femoral epicondyle
T1, T2, T3 (clusters) Additional markers placed on the thigh segment
RASIS [ Right anterior superior iliac spine
LASIS Left anterior superior iliac spine
RPSIS Right posterior superior iliac spine

LPSIS Left posterior superior iliac spine





OPS/images/inline_8.gif





OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Muscle recruitment during gait
in individuals with unilateral

transfemoral amputation due to
trauma compared to able-
bodied controls





OPS/images/inline_7.gif





OPS/images/math_1.gif
[0





OPS/images/inline_9.gif





OPS/images/fbioe-12-1429574-g001.gif





OPS/images/inline_4.gif





OPS/images/fbioe-12-1429574-g002.gif





OPS/images/inline_6.gif





OPS/images/inline_5.gif





OPS/images/inline_17.gif





OPS/images/inline_16.gif





OPS/images/inline_3.gif





OPS/images/inline_2.gif





