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A B S T R A C T

Background: There is little knowledge that explains how forces are applied on 
knee, hip and L5-S1 joint between the sound and prosthetic leg in unilateral 
Below-Knee Amputation (BKA), therefore the aim of this study was to assess 
the interaction of knee, hip and L5-S1 joint contact forces between sound and 
prosthetic leg in patients with unilateral BKA during walking.
Methods: Five patients with BKA were recruited in this study. A Qualisys 
motion system captured with seven cameras and a Kistler force plate were used 
to record kinematics and kinetics variables of walking. The forces applied on 
knee, hip and L5-S1 joint contact forces (JCF) were calculated by using Open-
SIM software. SPSS software was used to analyze data at an alpha set point of 
0.05. 
Results: The propulsive and second peaks of ground reaction forces applied on 
sound leg were significantly higher than on prosthetic leg (P<0.05). Although 
the forces applied on hip, knee and L5-S1 joint in the sound leg were higher 
compared to prosthetic leg, the interaction between side and joint factor was not 
significant (P>0.05).
Conclusion: The results of this study showed that the meaningful JCF applied 
on the sound leg was more than that of prosthetic leg. Insignificant increases in 
JCF on the sound leg during life can create cumulative forces on the knee and 
low-back and endanger these joints of the risk of knee OA and chronic low-back 
pain. Balanced forces applied on sound and prosthetic leg is important, if this 
is the case, so indicating using a proper application of socket pin and prosthetic 
feet may have beneficial impact on sound side loads.
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Introduction

The prevalence of lower limb amputation is 2.8 to 43.9 
individuals per 10,000 individuals in the United States 
[1]. The most common type of amputation is Below-Knee 
Amputation (BKA) [1].

 In the BKA, the ankle and its muscular functions 

are lost. The Solid Ankle-Cushion Heel (SACH) foot 
is used to bear the body weight during stance phase of 
gait. The disadvantage of this foot is its lack of flexibility. 
The mechanical dysfunctions of the SACH foot result 
in changes in kinetics and kinematics of walking in 
patients with BKA [2]. In order to perform daily tasks, 
patients need to be compatible with the prosthetic foot [3] 
so that the performance of their sound leg will increase 
so as to compensate dysfunctions of the prosthetic leg 
[4]. Otherwise, the incompatibility of the patient and 
prosthetic foot will lead to asymmetries of gait. 
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There are many asymmetries during gait in patients 
with BKA including: The increment of stance phase in 
sound leg [3], the increment of prosthetic leg’s step length 
[3, 4], the increment of Ground Reaction Force (GRF) 
applied on sound foot [5], abnormal muscle spasm in 
Medio-Lateral (M/L) and Antero-Posterior (A/P) planes 
[6] and lateral bending of trunk toward prosthetic leg 
[7]. These asymmetries of gait in patients with BKA 
change the pattern of loading applied on the back and 
lower limbs joints. Nolan et al. reported the prevalence of 
gait asymmetries to be under 10% in healthy individuals 
and over 23% in patients with amputation [8]. Other 
researchers have demonstrated that the symmetry index 
of gait has significant differences between healthy 
individuals and patients with BKA [9]. Gait asymmetry 
in patients with amputation can lead to joint pain and 
degeneration. Struyf et al. found that hip osteoarthritis in 
the sound limb of patients with amputation was 3 times 
greater than that of normal subjects [10]. Moreover, 
the increased mechanical work of extensor muscles in 
individuals with amputation increases the A/P force on 
hip joint in the sound leg [5]. 

Leg length discrepancy can cause low-back pain [11-13]. 
Walking with altered trunk kinematics in lower limb 
amputation patients create more compression on facets 
and tissues and can cause low-back pain [11, 14, 15]. 
Asymmetric gait results in the production of asymmetric 
forces on the joints leading to a faster degeneration of 
joints’ cartilage [16]. 

Some investigators showed that peaks of vertical 
components of (GRF) [17] and loading rate [18] were higher 
in the intact limb of subjects with BKA compared to the 
contralateral side. In contrast, others demonstrated that 
the forces [19, 20], moment [20] and Joint Contact Forces 
(JCFs) [21] acting across the joints of the contralateral 
side were the same as those of normal matched subjects 
without disability. Previous studies indicated that intact 
sides of BKA have shown the incidence of knee and 
hip joint OA [10, 22-25]. It is therefore inferred that the 
increasing applied forces on intact limb may increase 
the incidence of OA, thus reduction of the forces applied 
on intact limb should be considered. If this is the case, 
it is important to investigate the magnitude of the forces 
applied on back and lower limb joint during walking in 
patients with BKA.

Previous research studies have examined the kinematics 
and kinetics of gait in BKA. To the best of our knowledge, 
there are few studies focusing on the forces applied on 
back and lower limb joint simultaneously [2, 5, 21, 26-
28]. These studies assess the applied forces on back 
during sitting and standing up [2] or focusing on GRF 
and moments applied on low-back [27]. Although one 
study investigates the joint forces applied on low-back 
by calculating inverse dynamic [5], and one study uses 
the Open-SIM software to calculate JCFsin BKA for the 
first time, others assess the applied forces on low-back 
and lower limbs joints simultaneously [2, 5, 26-28]. 

In this study, Open-SIM software was used to calculate 
the JCF applied on knee, hip and L5-S1 joints. This study 
also demonstrates the pattern of forces applied on these 

joints during walking. Understanding the patterns of 
applied forces on these joints via sound and prosthetic foot 
can be beneficial in clinical decision making. Therefore, 
the aim of this study was to assess interaction of knee, hip 
and L5-S1 JCFs in patients with unilateral BKA during 
walking. We hypothesized that the joint kinematics and 
the JCF of the sound side is different from the prosthetic 
side of subjects with BKA.

Methods

Five men with BKA and a mean± D of age of 48.75±3.77 
years, weight of 732.6±67.62 N and height of 172.0±2.74 
cm were recruited in this study. The inclusion criteria 
were: 1) Not performing surgical procedures on legs 
affecting gait and independent walking and 2) using 
SACH foot with Modular prosthesis with polyfoam 
liner. Lack of stability during walking and reluctance 
to continue participation in the study were considered 
as exclusion criteria. An ethical approval was obtained 
from Ethical committee of Isfahan University of Medical 
Sciences. Moreover, each subject was asked to sign a 
consent form before data collection. 

Equipment
A Qualisys system with seven cameras was used to 

record kinematics variables of walking. A kistler force 
plate (500*600 mm, 9260 AA model) (kistler company 
Switzerland) was used to record the GRFs during gait. 
Thirty six markers (14 mm diameter) were attached on 
the anterior superior iliac spine, posterior superior iliac 
spine, medial and lateral epicondyles, medial and lateral 
ankle malleolus, heel, 1st and 5th metatarsus, and left 
and right acromiocalvicular joint. Four cluster markers 
were also attached on the left and right side of the leg 
and thigh. Figure 1 shows the marker position on the 
body based on the protocol approved by the Strasclyde 

Figure 1: A built model in Open-SIM software.
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University [29]. The frequency of data collection was 
120 Hz. Data were filtered with the frequency of 10 
Hz [30]. Open-SIM software (Version 3.3, Stanford, 
USA) was used to model the patients’ musculoskeletal 
system. The Open-SIM software is a simulator that 
can simulate JCF, muscle force and muscle length. It is 
also possible to distinguish between the pathologic and 
normal pattern with this software [31]. The data output 
of the Qualisys software were converted to be used in 
Open-SIM (Version 3.3) by Mokka software (powered by 
the open-source library Biomechanical ToolKit (BTK).  
Subjects’ gait was modeled by using the lower extremities 
musculoskeletal model with a 23 degree of freedom and 
92 muscles from Open-SIM (Version 3.3). All subject data 
were scaled using static trial data. Inverse kinematics, 
inverse dynamics tools and a residual reduction algorithm 
(RRA) tool were applied by using walking trials. The 
computer muscle control tool [32] was used to compute 
muscle excitations. Analyze tools were the last step to 
calculate JCF. JCFs are the sum of joint reaction forces 
and muscle tension applied on a joint (Eq. 1) (Figure 2)

Fmus + GRF + JCFdist + JCFprox = Mseg.Aseg                                   
Eq. 1

Where Fmus are the muscle forces (N) applied on the 
distal joint, GRF is the ground reaction force (N), JCFdist 
is the compressive joint contact force (N) applied on the 
distal joint, JCFprox is the joint force (N) applied on the 
proximal joint, Mseg is the mass of the segment, and

Aseg is a 6 dimensional vector of rotational and 
translational acceleration of the segment [33, 34]

Parameters
After marker placement, each subject walked in the 

walkway. Subjects walked for 5 times and the mean 
value of 5 trials were used for statistical analysis. There 
is evidence showing that a 5-trial set is an acceptable 
criteria for assessing the kinetics and kinematics variables 
[35, 36] of spatiotemporal parameter including: Cadence, 
walking speed, stride length, leg length, the peak GRFs in 
M/L, first and second peaks of GRFs and peak of braking 
and propulsive GRFs; JFCs of knee, hip and L5-S1 in 
three planes were evaluated in this study.  Moreover, 
the range of motion of knee, hip, pelvis and back joints 
was reported in this study. Leg length was measured 
from the distance between greater trocchonter marker 
to lateral maleoli when subjects stand on their foot in 
static position.

Statistical Analysis
The peaks of GRF and JCF components were 

normalized to body weight (BW). Normal distribution 
of data was confirmed by using the Shapiro-Wilk test.  
The independent t-test and the repeated measure test were 
used to analyze data. Repeated measure test was used 
to explore the interaction of side and joint factors. SPSS 
statistical software was used to analyze the data. The 
level of significance was set at 0.05.

Results

The mean values of anthropometric data of the patients 
with BKA are shown in Table 1. 

The spatiotemporal parameters in subjects with BKA 
during walking 

Table 2 shows the spatiotemporal variables of the 
BKA group during walking. There were no significant 

Figure 2: The procedure used in Open-SIM software to determine joint contact forces.
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differences in spatiotemporal variables between sound leg 
and prosthetic leg (P>0.05). In prosthetic leg, the stride 
length (P=0.59), speed (P=0.55) and cadence (P=0.60) 
were lower than that of sound leg by 0.2 (m), 0.03 (m/s) 
and 1(step/min), respectively. The percent of stance 
(P=0.27) and swing (P=0.39) phase of gait was the same 
between sound and prosthetic leg.

Range of Motion of Knee, Hip, and Pelvis Joints During 
Walking 

Table 3 shows the range of motion of knee, hip, and 
pelvis joints during walking in sound and prosthetic legs. 
There were no significant differences between knee, 
hip, and pelvic range of motion (P>0.05). Although the 
range of motion of hip (in all planes) and knee (in M/L 
and horizontal planes) joints was lower in prosthetic 

leg compared to sound leg, these differences were not 
statistically significant. The highest differences between 
sound and prosthetic leg were seen in hip and knee joints 
range of motion by 5.4 and 17 degree, respectively.

GRFs Applied on Sound and Prosthetic Leg During 
Walking 

The results of GRFs applied on the sound and prosthetic 
legs are shown in Table 4. The results indicated that the 
first peak (P=0.28), braking (P=0.10) and M/L (P=0.17) of 
GRFs were not significant between sound and prosthetic 
legs. However, there were significant differences in the 
second peak (P<0.01) and propulsive (P=0.05) of GRFs 
applied on sound and prosthetic legs. The second peak 
propulsive component of GRFs applied on the sound leg 
were significantly higher than in prosthetic leg.

Table 1: The demographic information of subjects with BKA
Variables Mean±SD
Age (year) 48.75±3.77
Weight (N) 732.60±67.62
Height (cm) 172.00±2.74
BMI (kg/m2) 24.71±2.49
Sound leg (cm) 88.80±0.85
Prosthetic leg (cm) 88.60±1.80
Pelvis length (cm) 36.80±2.50

Table 2: The mean and SD of the spatiotemporal parameters in subjects with BKA during walking
Variables Sound leg

Mean±SD
Prosthetic leg
Mean±SD

t P value

Stride time(s) 1.31±0.05 1.29±0.02 0.575 0.586
Stance (%) 63.83±1.97 69.58±9.39 -1.199 0.276
Swing (%) 36.17±1.96 31.42±10.09 0.925 0.391
Stride length(m) 1.28±0.07 1.31±0.07 -0.642 0.544
Speed (m/s) 0.98±0.08 1.01±0.07 -0.638 0.547
Cadence (step/min) 91.77±3.52 92.79±1.29 -0.549 0.603

Table 3: The range of motion of knee, hip, and pelvis joints during walking (degree)
Prosthetic leg
Mean±SD

Sound leg
Mean±SD

t df P value 

Pelvis X 5.54±0.26 5.59±1.84 -00.043 4 0.967
Y 11.39±4.31 9.57±3.89 0.629 4 0.553
Z 12.59±5.23 11.03±5.19 0.425 4 0.686

Hip X 30.85±8.93 25.45±20.83 0.476 4 0.651
Y 18.37±17.69 16.73±16.82 0.135 4 0.897
Z 14.63±3.96 12.24±6.05 0.661 4 0.533

Knee X 45.77±19.47 28.71±24.37 1.094 4 0.316
Y 21.25±27.80 25.39±26.87 -0.214 4 0.837
Z 15.37±4.02 14.26±9.49 0.215 4 0.837

X=Sagittal plane; Y=Frontal plane; Z=Horizontal plane

Table 4: The mean and SD of the ground reaction forces applied on sound and prosthetic leg (N/BW)
Variable Prosthetic leg

Mean±SD
Sound leg
Mean±SD

t P value

First peak (vertical) 1.05±0.10 1.12±0.10 -1.17 0.28
Second peak (vertical) 0.24±0.02 1.01±0.09 -18.58 0.00*
Anterio-posterior (braking) Force 0.10±0.06 0.15±0.03 -1.89 0.10
Anterio-posterior (Propulsive) Force 0.14±0.03 0.18±0.03 2.28 0.05*
Medio-Lateral Force 0.08±0.01 0.09±0.02 1.51 0.17
Show significant difference
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The JCF Production of Lower Limbs During a Gait 
Cycle

Figure 3 shows no significant differences between the 
JCF applied on sound and prosthetic legs. Although 
there were no significant differences between the forces 
applied on sound and prosthetic leg (P=0.269), the forces 
applied on sound leg were higher than that of prosthetic 
leg. Forces applied on sound leg were 1.72±0.18 (N/BW) 
which was 0.31 (N/BW) higher than that of prosthetic leg.  

As shown in Figure 4, there was no significant interaction 
between side and joint factors (P>0.05). As can be seen 
in this graph, the forces applied on sound hip, knee and 
L5-S1 were higher than that of prosthetic leg but the 
differences were not significant.

Discussion

The aim of this study was to assess the interaction 
of knee, hip and L5-S1 JCFs between the sound and 
prosthetic leg in subjects with unilateral BKA during 
walking. The result of the current study showed that there 
was no significant interaction between the JCFs pattern 
of hip, knee and L5-S1 joint in sound and prosthetic leg 
but the forces applied on knee and hip joints in the sound 
side were higher than that of prosthetic leg. 

The results of GRFs also showed that greater forces 
are applied on the sound leg compared to prosthetic leg. 
These results are consistent with the results obtained 
by Sawaga et al. The results also showed no significant 
differences between walking speed, stride length and 
cadence in the sound leg compared to prosthetic leg. 
Sawaga et al. showed that subjects with BKA walked with 
less asymmetry compared with those with above knee 
amputation. Having intact knee is the main reason for less 
asymmetry during gait in BKA subjects [3]. Hendershot 
et al. reported that step length of the prosthetic leg was 
significantly greater than sound leg by 2 cm in patients 
with BKA, which is in contrast with the results of this 
study [27]. 

The results also revealed that the first peak of vertical, 
the braking and M/L GRF did not differ significantly 
between sound and prosthetic leg; however, there were 
significant differences in the second of vertical and 
propulsive GRFs applied on sound and prosthetic leg. 
The second peak of vertical and propulsive GRFs applied 
on sound side were significantly higher than in prosthetic 
leg. Beyaert et al. showed that GRFs applied on sound 
leg were significantly greater than prosthetic leg which 
is consistent with the results of this study [17].

Heel pad, plantar fasciae, ligaments and muscles in 

Figure 4: No interaction between side and joint factor

Figure 3: Forces applied on sound and prosthetic legs
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sound foot and ankle work normally during gait and act as 
a shock absorber during heel contact and act as a propeller 
during push off. These structures absorb the shock during 
heel contact and produce forces during push off in order 
to propel the body and help progression [37]. The highest 
pressure applied on foot during walking, is applied in 
heel contact phase and it can reach up to 130% of body 
weight [38]. Some of these forces are absorbed by heel 
pad [39], plantar fasciae and the concentric work of the 
soleus and eccentric work of tibialis anterior muscle [40] 
and the rest of the forces are translated to the knee joint 

The SACH foot can only provide partial plantar flexion 
by some cushioning at the heel and would not be able 
to absorb the GRFs applied on this structure; however, 
it may be insufficient for a proper ROM, therefore, the 
SACH foot cannot act as an intact ankle in heel contact 
phase. Moreover, the prosthetic foot would not be able to 
perform plantar flexion and propel the body in push off 
phase. These functional differences between the SACH 
foot and a normal ankle can make the subjects who are 
using protective mechanism to decrease the forces applied 
on the prosthetic leg.

Although there was no significant interaction between 
the side and the joint factor (Figure 4), the forces applied 
on the knee, hip and L5-S1 joints are higher in sound leg 
compared to prosthetic leg. The possible reasons for these 
differences could be; (a) the propulsive and second peak of 
vertical GRFs applied on prosthetic leg were significantly 
lower than that of sound leg. (b) Another reason could 
be the poor function of the prosthetic leg which did not 
absorb the partial forces which are easily absorbed by the 
intact ankle, and the forces are directly translated to the 
knee. (c) Subjects with BKA walked with full or near full 
extension in stance phase of prosthetic leg. However, in 
normal walking, the knee joint flexes from a full extension 
in the initial heel contact phase, which is accompanied 
by the eccentric work of quadriceps muscles, so that the 
speed and flexion of the knee joint can decrease [40]. In 
this phase, the quadriceps muscles work eccentrically 
and absorb partial forces which are translated to the 
knee joint. Therefore, with the different vertical JCFs, 
the sound leg absorbs more forces in the ankle and knee 
joints whereas the prosthetic leg absorbs fewer forces. 
Consequently, the forces applied on knee and hip joint 
of the sound leg would be greater than that of prosthetic 
leg. Ch Yu et al. showed that the forces applied on the 
joints of sound leg are greater compared to prosthetic leg 
which is consistent with the result of this study [5]. Leg 
length discrepancy may be another reason for different 
JCFs between the sound side and prosthetic side. During 
walking, there is an increase in the rate and magnitude 
of impact loading on the intact limb, whereas loading of 
the prosthetic limb is actually less than norma1 [22-24]. 
Prosthetic foot design can influence the abnormal loading 
characteristics of the intact limb. Asymmetric gait due 
to leg length discrepancy can apply asymmetric forces 
on the joints leading to faster degeneration of the joints 
cartilage [16]. Walking with leg length discrepancy and 
JCFs between sound and prosthetic leg are related to the 
kinematics of pelvis and thorax motion. The thorax and 

pelvis motion are in-phase during gait in patients with 
BKA [41]. That is, during the stance phase of sound leg, 
the contralateral pelvis goes higher than the ipsilateral 
pelvis [42] and the thorax deviates to prosthetic leg in A/P 
plane [43]. This altered kinematics of pelvis and thorax 
lead to asymmetrical loading on L5-S1 joint and can 
lead to muscle spasm and chronic low-back pain altered 
trunk kinematics in lower limb amputation patients, thus 
creating more compression on facets and tissues and can 
cause low-back pain [11].

The JCFs applied on L5-S1 joint were greater in stance 
phase of sound leg compared to prosthetic leg. Ch Yu et 
al. showed that the forces applied on the back and on the 
sound leg were significantly greater than that of prosthetic 
leg which is consistent with the result of this study [5] 
and is the possible reason for the differences in L5-S1 in 
subjects with BKA [44].

Limitation
Small sample size of the subjects is one of the limitations 

of this study; therefore, future studies should be done with 
a large sample size. It is proposed that future studies assess 
the effect of SACH foot on the back and trunk muscle 
activation and forces during walking. Another limitation 
was lack of adequate control over the participants. That 
is, the inclusion criteria were not enough because any 
existence of pressure sores, pain, joint contractures, 
and spasm needed to be checked before participation. 
Moreover, experience of prosthesis use needed to be 
controlled.

Conclusion

The results of this study showed that the meaningful JCF 
applied on the sound leg was more than that of prosthetic 
leg. Insignificant increases in JCF on the sound leg during 
life can create cumulative forces on the knee and low-
back and endanger these joints of the risk of knee OA 
and chronic low-back pain. Balanced forces applied on 
sound and prosthetic leg is important, if this is the case, 
so indicating using a proper application of socket pin 
and prosthetic feet may have beneficial impact on sound 
side loads.

Acknowledgement

The authors would like to express their sincere thanks 
to all participants for their assistance, Musculoskeletal 
Research Center and Research Deputy of Isfahan 
University of Medical Sciences.

Conflict of interest: None declared.

References

1. Dillingham TR, Pezzin LE, MacKenzie EJ. Limb amputation and 
limb deficiency: epidemiology and recent trends in the United 
States. Southern medical journal. 2002;95(8):875-83.

2. Devan H, Hendrick P, Ribeiro DC, Hale LA, Carman A. 
Asymmetrical movements of the lumbopelvic region: Is this a 
potential mechanism for low back pain in people with lower limb 



Kamali Ardekani M et al.

JRSR. 2017;4(2)                                                                                                                                                                                     59

amputation? Medical hypotheses. 2014;82(1):77-85.
3. Sagawa Y, Turcot K, Armand S, Thevenon A, Vuillerme N, 

Watelain E. Biomechanics and physiological parameters during 
gait in lower-limb amputees: a systematic review. Gait & posture. 
2011;33(4):511-26.

4. Prinsen EC, Nederhand MJ, Rietman JS. Adaptation strategies of 
the lower extremities of patients with a transtibial or transfemoral 
amputation during level walking: a systematic review. Archives 
of physical medicine and rehabilitation. 2011;92(8):1311-25.

5. Yu C-h, Hung Y-C, Lin Y-H, Chen G-X, Wei S-H, Huang C-H, et 
al. A 3D mathematical model to predict spinal joint and hip joint 
force for trans-tibial amputees with different SACH foot pylon 
adjustments. Gait & posture. 2014;40(4):545-8.

6. Hendershot BD, Bazrgari B, Nussbaum MA. Persons with 
unilateral lower-limb amputation have altered and asymmetric 
trunk mechanical and neuromuscular behaviors estimated using 
multidirectional trunk perturbations. Journal of biomechanics. 
2013;46(11):1907-12.

7. Michaud SB, Gard SA, Childress DS. A preliminary investigation 
of pelvic obliquity patterns during gait in persons with transtibial 
and transfemoral amputation. Journal of rehabilitation research 
and development. 2000;37(1):1-10.

8. Nolan L, Wit A, Dudziñski K, Lees A, Lake M, Wychowañski M. 
Adjustments in gait symmetry with walking speed in trans-femoral 
and trans-tibial amputees. Gait & posture. 2003;17(2):142-51.

9. Dingwell J, Davis B, Frazder D. Use of an instrumented treadmill 
for real-time gait symmetry evaluation and feedback in normal 
and trans-tibial amputee subjects. Prosthetics and Orthotics 
International. 1996;20(2):101-10.

10. Struyf PA, van Heugten CM, Hitters MW, Smeets RJ. The 
prevalence of osteoarthritis of the intact hip and knee among 
traumatic leg amputees. Archives of physical medicine and 
rehabilitation. 2009;90(3):440-6.

11. Giles L, Taylor J. Low-back pain associated with leg length 
inequality. Spine. 1981;6(5):510-21.

12. Dehghani M, Shemshaki H, Eshaghi MA, Teimouri M. 
Diagnostic accuracy of preoperative clinical examination in 
upper limb injuries. Journal of Emergencies, Trauma and Shock. 
2011;4(4):461.

13. Dehghani M, Zarezadeh A, Shemshaki H, Moezi M, Nourbakhsh 
M. Hour glass constriction in advanced carpal tunnel syndrome. 
International journal of preventive medicine. 2013;4(4):438.

14. Vahdatpour B, Raissi G, Hollisaz M. Study of the ulnar nerve 
compromise at the wrist of patients with carpal tunnel syndrome. 
Electromyography and clinical neurophysiology. 2007;47(3):183-6.

15. Vahdatpour B, Sajadieh S, Bateni V, Karami M, Sajjadieh 
H. Extracorporeal shock wave therapy in patients with 
plantar fasciitis. A randomized, placebo-controlled trial with 
ultrasonographic and subjective outcome assessments. Journal 
of research in medical sciences: the official journal of Isfahan 
University of Medical Sciences. 2012;17(9):834.

16. Sadeghi H, Allard P, Duhaime M. Muscle power compensatory 
mechanisms in below-knee amputee gait. American journal of 
physical medicine & rehabilitation. 2001;80(1):25-32.

17. Beyaert C, Grumillier C, Martinet N, Paysant J, André J-M. 
Compensatory mechanism involving the knee joint of the intact 
limb during gait in unilateral below-knee amputees. Gait & 
posture. 2008;28(2):278-84.

18. Engsberg JR, Lee AG, Patterson JL, Harder JA. External loading 
comparisons between able-bodied and below-knee-amputee 
children during walking. Archives of physical medicine and 
rehabilitation. 1991;72(9):657-61.

19. Hurley G, McKenney R, Robinson M, Zadravec M, Pierrynowski 
M. The role of the contralateral limb in below-knee amputee 
gait. Prosthetics and orthotics international. 1990;14(1):33-42.

20. Fey NP, Neptune RR. 3D intersegmental knee loading in below-
knee amputees across steady-state walking speeds. Clinical 
Biomechanics. 2012;27(4):409-14.

21. Karimi MT, Salami F, Esrafilian A, Heitzmann DW, Alimusaj 
M, Putz C, et al. Sound side joint contact forces in below knee 
amputee gait with an ESAR prosthetic foot. Gait & Posture. 
2017;58:246-51.

22. Morgenroth DC, Gellhorn AC, Suri P. Osteoarthritis in the disabled 

population: a mechanical perspective. PM&R. 2012;4(5):S20-S7.
23. Kušljugić¹ A, Kapidžić-Duraković S, Kudumović¹ Z, Čičkušić¹ A. 

Chronic low back pain in individuals with lower-limb amputation. 
Bosnian Journal of Basic Medical Sciences. 2006;6(2):67-70.

24. Robert Gailey PhD P. Review of secondary physical conditions 
associated with lower-limb amputation and long-term prosthesis 
use. Journal of rehabilitation research and development. 
2008;45(1):15.

25. Burke M, Roman V, Wright V. Bone and joint changes in lower limb 
amputees. Annals of the rheumatic diseases. 1978;37(3):252-4.

26. Esposito ER, Wilken JM. The relationship between pelvis–trunk 
coordination and low back pain in individuals with transfemoral 
amputations. Gait & posture. 2014;40(4):640-6.

27. Hendershot BD, Wolf EJ. Three-dimensional joint reaction forces 
and moments at the low back during over-ground walking in 
persons with unilateral lower-extremity amputation. Clinical 
Biomechanics. 2014;29(3):235-42.

28. Yoder AJ, Petrella AJ, Silverman AK. Trunk–pelvis motion, 
joint loads, and muscle forces during walking with a transtibial 
amputation. Gait & posture. 2015;41(3):757-62.

29. Papi E, Ugbolue UC, Solomonidis S, Rowe PJ. Comparative study 
of a newly cluster based method for gait analysis and plug-in gait 
protocol. Gait & Posture. 2014;39(supplement 1):S9-S10.

30. Kadaba M, Ramakrishnan H, Wootten M, Gainey J, Gorton 
G, Cochran G. Repeatability of kinematic, kinetic, and 
electromyographic data in normal adult gait. Journal of 
Orthopaedic Research. 1989;7(6):849-60.

31. Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John CT, 
et al. OpenSim: open-source software to create and analyze 
dynamic simulations of movement. Biomedical Engineering, 
IEEE Transactions on. 2007;54(11):1940-50.

32. Thelen DG, Anderson FC, Delp SL. Generating dynamic 
simulations of movement using computed muscle control. Journal 
of biomechanics. 2003;36(3):321-8.

33. Steele KM, DeMers MS, Schwartz MH, Delp SL. Compressive 
tibiofemoral force during crouch gait. Gait & posture. 
2012;35(4):556-60.

34. Kendella P, Andertona W, Gustafsona JA, Farrokhia S. 
Quantifying Tibiofemoral Joint Contact Forces in Patients with 
Knee Osteoarthritis Using OpenSim. Highlighting Undergraduate 
Research at the University of Pittsburgh Swanson School of 
Engineering. 2015:48.

35. Murray M, Seireg A, Sepic SB. Normal postural stability and 
steadiness: quantitative assessment. The Journal of Bone & Joint 
Surgery. 1975;57(4):510-6.

36. Doyle TL, Newton RU, Burnett AF. Reliability of traditional and 
fractal dimension measures of quiet stance center of pressure 
in young, healthy people. Archives of physical medicine and 
rehabilitation. 2005;86(10):2034-40.

37. Levangie PK, Norkin CC. Joint structure and function: a 
comprehensive analysis: FA Davis; 2011.

38. Cavanagh PR, Lafortune MA. Ground reaction forces in distance 
running. Journal of biomechanics. 1980;13(5):397-406.

39. Nuber G. Biomechanics of the foot and ankle during gait. Clinics 
in sports medicine. 1988;7(1):1-13.

40. Whittle MW. Gait analysis: an introduction: Butterworth-
Heinemann; 2014.

41. Morgenroth DC, Orendurff MS, Shakir A, Segal A, Shofer J, 
Czerniecki JM. The relationship between lumbar spine kinematics 
during gait and low-back pain in transfemoral amputees. American 
Journal of Physical Medicine & Rehabilitation. 2010;89(8):635-43.

42. da Costa BR, Vieira ER. Risk factors for work-related 
musculoskeletal disorders: a systematic review of recent 
longitudinal studies. American journal of industrial medicine. 
2010;53(3):285-323.

43. Devan H, Carman A, Hendrick P, Hale L, Ribeiro DC. Spinal, 
pelvic, and hip movement asymmetries in people with lower-
limb amputation: Systematic review. Journal of Rehabilitation 
Research & Development. 2015;52(1).

44. Fujiwara A, Lim T-H, An HS, Tanaka N, Jeon C-H, Andersson 
GB, et al. The effect of disc degeneration and facet joint 
osteoarthritis on the segmental flexibility of the lumbar spine. 
Spine. 2000;25(23):3036-44. 


