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Introduction and General Context: 

 

Human movement analysis aims at gathering quantitative information about 

the mechanics of the musculo-skeletal system during the execution of a motor task 

(Cappozzo, et al., 2005). In the clinical field, movement analysis is specifically 

concerned by the gait task referred as gait analysis. Gait analysis often uses joint 

kinematics to determine the normal or abnormal aspects of gait and consequently 

diagnose disorders, evaluate severity of a disease and select among treatments 

(Baker, 2006). 

The most commonly used device for measuring human kinematics is the 

marked-based optoelectronic system which includes several digital cameras and a 

software that allows to track retroreflective (passive) or light-emitting (active) markers 

placed on the patient’s skin during the studied movements (Cappozzo, et al., 2005). 

Conventionally in gait analysis an approach called predictive methods, which 

is based on mathematical regressions, uses the positions of external markers placed 

on the patient’s skin and bony landmarks to determine joint centers and axes of 

rotation of segments (Davis, et al., 1991).  These axes of rotation (AoR) make up 

frames attached to body segments named Anatomical Frames (AFs) that allow 

following the poses of body segments in space. In this approach the AoR of bones 

are assumed to approximate the AoR of body segments containing the bones of 

interest and joint kinematics is estimated as the body segment kinematics (For 

example the AoR the of the tight and leg are assumed to coincide with the AoR of the 

femur and the tibia). In consequence, the repeatability and accuracy of this approach 

are subjected to the definition of AoR and their ability to approximate the functional 

axes of joints (Blankevoort, Huisekes & De Lange 1990). 

In contrast, a second approach that refers to functional methods employs 

fitting and transformation techniques applied to the skin markers trajectories during 

patient’s joint movements to determine the AoR. In this approach instantaneous or 

finite helical axes are used to define the rotations of two adjacent segments 

throughout motion (Woltring & Huiskes, 1985 ; Walker, Rovick & Roberston,1988) 
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and the mean helical axis (MHA) (the average positions and orientations of all the 

helical axes) is generally considered as the functional AoR. Taking into account that 

the MHA is based on patient’s motion, it is assumed that AFs built from functional 

AoR are more accurate at estimating joint kinematics than AFs built from AoR 

defined from predictive method.  However, during patient motion soft tissue artifact 

appear (when external skin deformation and displacement introduces movement 

relative to the underlying bone) and generate errors in the results obtained from 

markers placed on the skin (Leardini, et al., 2005). 

To avoid soft tissue artifact another alternative is to define the AoR directly 

from bone geometry using imaging methods rather than gait analysis approaches 

that work from skin markers. Different imaging modalities like computed tomography 

scan (CT-scan), magnetic resonance imaging (MRI) or low dose biplanar X-ray 

systems can be used to perform 3D reconstructions of bones and to build AoR from 

skeletal landmarks in the bone. Then the two approaches from gait analysis 

previously mentioned can be applied to build AoR from the bone or computing the 

MHA using successive images acquired during motion (Van Campen, et al., 2011). 

This approach is the most accurate for locating landmarks on the bone and 

determining AoR, however constraints like the high radiation dose of CT-Scan 

measurements, the limited availability of MRI or the restricted acquisition to non-

weight bearing positions (laying down positions) make imaging modalities non 

appropriate for gait analysis in clinical routine.  

In 2008 the Laboratoire de Biomécanique (Arts et Metiers ParisTech, Paris, 

France), the Royal Children’s Hospital (Melbourne, Australia) and the company 

Oxford Metrics that develops the VICON® system (marker-based optoelectronic 

system) started working on a project to specifically address the technical concern of 

lack of validation data for functional methods in clinical gait analysis. The global aim 

of this project is to validate functional methods for clinical gait analysis by comparing 

results from functional methods and results obtained with 3D bone geometry 

reconstructions using the EOS system (low dose biplanar X-rays system). Since 

2008, two master projects (in 2010 and 2011) had been carried out to focus on 

particular aspect of the global project.  
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In 2010, Oscar Ramirez implemented a protocol to perform a static acquisition, 

a functional calibration, gait trials and EOS acquisition for twenty-five healthy 

subjects. The EOS acquisition was used to obtain the 3D reconstruction of bones and 

markers that were present throughout all the acquisitions. However, due to the width 

radiographic acquisition area, two sets of X-rays had to be done (one for the right 

limb with the subject shift to the left and another one for the left limb with the subject 

shift to the right) in order to visualize all the markers. The fact of having the patient 

shift their position between both acquisitions can lead to movement of the skin 

relative to the underlying bones and introduce uncertainty to the registration 

technique and this uncertainty could be more significant for subjects with higher body 

mass index (BMI). His study aimed at quantifying the movement of skin between the 

two static positions for the EOS acquisitions taking into account the influence of BMI 

(body mass index). For his study he divided the 25 subjects in two groups (Group A, 

BMI<25 Kgm-2, Group B, BMI>25 Kgm-2) and compared the coordinates of the 

markers relative to the AFs associated to the bones for both acquisitions. As a result 

of his study it was demonstrated that the highest median variations were the ones for 

the tight markers and of the subjects with BMI higher than 25 Kgm2 (3.8 mm and 5.8 

mm for “RTHAP” marker in group A and group B respectively). Overall variations 

were relatively small with a median lower than 5 mm for most markers. 

In 2011, Ana Maria Conforte worked on the validation of functional methods 

for the hip joint by studying the influence of hip joint center (HJC) estimation over 

knee and pelvis kinematic. For this purpose she applied seven different HJC 

estimation methods (two regression methods and five functional methods). She also 

calculated the reference HJC using the 3D reconstruction of bones, then the 

definition of eight different AF using the eight HJC definitions. Moreover she built an 

AF exclusively using skin markers. Finally she evaluated the knee and the hip 

kinematic data obtained from the nine AF constructions. Results showed that the 

maximal differences on the joint angles appeared between the marker based AF and 

the reference AF (from the 3D reconstruction) in the sagittal plane with a systematic 

error (SE) of 27.3° and 27.3° of root mean square (RMS) for the hip.  Regarding the 

other AF constructions for the seven HJC estimations and their influence over joint 

kinematics, functional methods were closer to the reference in the transverse plane 
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(0.2° SE and 0.1° RMS) and the major differences were in the sagittal plane (1.9° SE 

and 2.0° RMS for the knee and 1.2° SE and RMS for the hip) for regression methods 

the most significant differences appeared in the frontal (1.7° SE and 1.8° RMS for the 

hip) and transverse plane (0.8° SE and RMS for the knee). In conclusion this study 

showed the influence of the AF construction on the kinematic results and that even 

tough regression methods seem to have a better performance at estimating joint 

kinematics in the sagittal plane, the overall behavior of functional methods had a 

better performance (For further information consult the Master Project Report done 

by Conforte in 2011)  

The next step in this collaborative project is to contribute to the validation of 

functional methods for the knee joint and more specifically for the definition of the 

knee Flexion-Extension axis. The specific aim of my master project is to compare the 

Knee Flexion-Extension AoR determined with gait analysis approaches (predictive 

and functional methods) with AoR defined from bone geometry obtained by imaging 

methods. 
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Literature Review: 

Anatomical Frame definition: 

The position and orientation in space of a bone entails the definition of 

orthogonal frames of interest named bone-embedded frames (Cappozzo, et al., 

1995). The series of bone-embedded frames called anatomical frames (AF) are 

frames associated to the body segment that contains the bone of interest, whose 

axes are built from anatomical landmarks (ALs) and intend to approximate the joint 

axes of rotation. Some of the ALs needed to build the AF are external points 

generally easily identified through palpation of bony landmarks on the skin (for 

example antero-superior iliac spine or femur epicondyles) whereas other ALs that are 

internal points cannot be identified directly on the skin and need to be defined by 

other methods (for example the femoral head). In gait analysis either predictive or 

functional methods are used to estimate these internal ALs from skin markers placed 

on bony landmarks and other cutaneous points. 

Many studies have been done regarding the different AF definition and 

determination, for instance (Cappozzo, et al., 1995) published a review focused on 

the methodological problems related to AF definitions for the lower limb.  In this 

publication, he suggested both a list of ALs and methods for the construction of the 

different AFs for the pelvis, tight, shank and foot.  Specifically for the bones that are 

involved in the knee joint (femur and tibia) he recommended seven ALs for the femur 

and seven ALs for the tibia and the fibula. In addition he proposed an experimental 

protocol named calibrated anatomical systems technique (CAST) and discussed the 

importance of standardization in AL, AF for gait parameters format.  

Through a specific working group The International Society of Biomechanics 

(ISB) also proposed standardization for reporting joint motion including the definition 

of AFs (Wu, 2002). This article adopts the joint coordinate systems (JCS) first 

proposed by Grood and Suntay in (1983) in an effort to make comparison between 

different studies possible and to report joint motions in clinically relevant terms. In this 

article the internal ALs are identified from X-rays rather than from skin markers 

positions using predictive or functional methods.  
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(Della Croce, et al., 2003) focused on the definition of the femoral AF and the 

uncertainty with which internal and external ALs are identified. Twelve different rules 

to minimize inaccuracy propagation for the construction the femur AF based on of 

eight different ALs, were submitted to comparative assessment. The femoral AF 

orientation vector components and magnitude were determined for the twelve rules 

and the average orientation dispersion had a standard deviation of 2.25 and 1.5 ° in 

the frontal, transverse and sagittal plane respectively. However, choosing rules that 

included additional ALs allowed inaccuracies in selected planes to 1°RMS.  

(Schache & Baker, 2007) evaluated the effect of different reference frames 

definitions for the lower limb on joint kinematic and joint moment profiles of 10 

healthy subjects and a subject with spastic diplegic cerebral palsy. The different 

reference frames included proximal and AF for the tibia and the femur. The results of 

this study displayed significant differences in the joint moment profiles during gait, for 

the healthy population this was evidenced specially for the transverse plane whereas 

for the pathological subject the differences were also significant in the front plane.  

(Collins, et al., 2009) Evaluated the performance of a six degrees-of-freedom 

(6DOF) set, which uses marker clusters for tracking with a clinically used variation of 

the Helen Hayes (HH) marker set. They implemented the recommendations of the 

IBS and CAST to produce the 6DOF marker set. All segments and all joint angles 

(except for the pelvic tilt) from both sets showed high within and between session 

repeatability (CMC>0.80). Hip rotations displayed clear differences between the two 

sets and knee coronal angles showed evidence of cross talk in the modified HH 

marker set suggesting that the new 6DOF marker set had a better performance in 

estimating joint kinematics.  

Finally (Schlatterer, et al., 2009) evaluated the accuracy of skeletal landmarks 

(Four for the femur and four for the tibia) for total knee replacement implantations. 

These landmarks were identified directly on the 3D reconstruction of bones (nine 

tibias and nine femurs) performed by four different operators and the deviation in 

rotation and translation of each landmark with respect to the mean values of the 

landmarks was measured to evaluate their precision. As result of this study it was 

demonstrated that the femur frame with the best interoperator reliability was the 
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FemurFrame2 which had the lowest values for the maximal error and uncertainty in 

both translation and rotation deviations.  

In conclusion these studies have shown that the Anatomical Frame definition 

plays a crucial role in estimating joint kinematics and kinetics as different AF 

constructions give different results. In consequence a gold standard for the definition 

of AF that is both accurate and repeatable is needed for obtaining more reliable 

results and comparison purposes and the AF definition is still an issue in clinical and 

research gait analysis that needs to be tackled. 

Table 1 shows a summary of AF used by different authors. 
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Table 1: Femur and Tibia Anatomical Frame Definitions 

Author Segment AL 
Anatomical Frame 

O X Y Z 

(Cappozzo et al,1995) 

Femur (FH),(LE),(ME) 
Midpoint between 

epicondyles 
Orthogonal to the YZ-

plane. 
Line that joins the origin 

with the (FH) 

It lies in the quasi 
frontal plane defined 
by the epicondyles. 

Tibia  and fibula 
 

(TT),(HF),(MM),(LM)  
Midpoint of the line 
joining MM and  LM 

Orthogonal to the YZ-
plane. 

It is defined by the 
intersection of a quasi-

sagittal plane defined by 
the malleoli and the HF 

and a quasi-frontal plane 
defined by the midpoint 

of the malleoli and the TT 

It lies in the quasi-
frontal plane. 

(Wu et al,2002) 

Femur ASISs,PSISs,ME,LE 

The origin coincident 
with the HJC, 

coincident with that 
of the pelvic 

coordinate system in 
the neutral 

configuration 

The line 
perpendicular to the 

Y and Z 

The line joining the 
midpoint between ME 
and LE and the origin 

The line 
perpendicular to the 
Y, lying in the plane 

defined by the origin 
and  the ME and LE 

Tibia 
MM, 

LM,(MC),(LC),TT 
Midpoint between 
the two malleolus 

Line perpendicular to 
the torsional plane of 

the tibia/fibula 
Orthogonal to X and Z 

Line connecting MM 
and LM 
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Author Segment 
AL 

Anatomical Frame 

O X Y Z 

(Della Croce et al, 2003) 

Femur AF1 LE,ME,FH   
perpendicular to the 

plane defined by LE,ME 
and FH 

Line that joins FH and the 
mid-point between LE and 

ME 

Perpendicular to both Y 
and X 

Femur AF2 ME,LE,FH   Perpendicular to Y and Z 
Line that passes through FH 

and perpendicular to Z 
Line that joins ME and LE 

Femur AF3 

FH,LE,antero-lateral medial 
ridge of the patella surface 
groove (LP and MP),most 
distal point of lateral and 
medial condyle (LC and 

MC),ME 

  

Perpendicular to the 
plane defined by FH and 
the centroids of LE,LP,LC 

and ME,MP,MC 

Line that joins FH and the 
midpoint between the 

centroids of LE,LP,LC and 
ME,MP,MC 

Perpendicular to both Y 
and X 

Femur AF4 FH,LE,LP,LC,ME,MP,MC   Perpendicular to Y and Z 
Line that passes through FH 

and perpendicular to Z 

Line that joins the 
centroids of LE,LP,LC and 

ME,MP,MC 

Femur AF5 FH,LC,LE,LP,MP,ME,MC   Perpendicular to Y and Z 
Line that passes through FH 

and perpendicular to Z 
Principal axis of the six 

distal femoral Als 

Femur AF6 FH,GT,LC,LE,LP,MP,ME,MC   Axes coincident with the principal axes of the eight Als. 

Femur AF7 LE,ME,FH   
Perpendicular to the 

plane defined by LE,ME 
and GT 

Line that joins GT and the 
mid-point between LE and 

ME 

Perpendicular to both Y 
and X 

Femur AF8 ME,LE,GT   Perpendicular to Y and Z 
Line that passes through GT 

and perpendicular to Z 
Line that joins ME and LE 
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Author Segment 
AL 

Anatomical Frame 

O X Y Z 

(Della Croce et al, 2003) 

Femur AF9 GT,LE,LP,LC,ME,MP,MC   

Perpendicular to the 
plane defined by GT and 
the centroids of LE,LP,LC 

and ME,MP,MC 

Line that joins GT and the 
mid-point between the 

centroids of LE,LP,LC and 
ME, MP and MC 

Perpendicular to both Y 
and X 

Femur A10 GT,LE,LP,LC,ME,MP,MC   Perpendicular to Y and Z 
Line that passes through GT 

and perpendicular to Z 

Line that joins the 
centroids of LE,LP,LC and 

ME,MP,MC 

Femur A11 GT,LE,LP,LC,ME,MP,MC   Perpendicular to Y and Z 
Line that passes through GT 

and perpendicular to Z 
Principal axis of the six 

distal femoral Als 

Femur A12 FH,GT,LC,LE,LP,MP,ME,MC   
A model of the femoral AL cluster is made to optimally fit the AL position vectors 

reconstructed using experimental data 
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Author Segment 
AL 

Anatomical Frame 

O X Y Z 

(Schache et al,2007) 

Femur LE,ME,HJC 
KJC: Mid-poitn 

between LE and 
ME 

Orthogonal to the 
other two axes 

Perpendicular to Z in plane 
containing KJC,HJC and 
THI(Distal and anterior 

aspect of tight) 

From KJC to HJC 

Tibia proximal LM,MM,AJC,KJC 
AJC:Mid-point 

between LM and 
MM 

Orthogonal to the 
other two axes 

Perpendicular to Z and 
parallel to the Y axis 

From AJC to KJC 

Tibia distal LM,MM,AJC,KJC 
AJC:Mid-point 

between LM and 
MM 

Orthogonal to the 
other two axes 

Perpendicular to Z in plane 
containing KJC,MM and LM 

From AJC to KJC 

(Collins et al, 2009) 

Femur KJC,HJC 
Hip joint center 

(HJC) 
Normal to segment 

coronal plane 
Orthogonal to the other two 

axes 
Parallel to line from 

KJC to HJC 

Tibia KJC,AJC 
Knee Joint center 

(KJC) 
Normal to segment 

coronal plane 
Orthogonal to the other two 

axes 

Parallel to the line 
passing from the ankle 

joint center (AJC) to 
the KJC 
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Author Segment 
AL 

Anatomical Frame 

O X Y Z 

(Schlatterer et al 2009) 

Femur SF1 LC,MC,FH 

intersection of the 
diaphyseal axis 
with throclear 

surface 

Orthogonal to the 
other two axes 

Axis going from the origin of 
the femur frame to the 

center of the femoral head 

Projection onto the 
plane orthogonal to Y 
of the segment joining 
the centers of the two 

condylar spheres 

Femur SF2 LC,MC,FH 

Mid-point of the 
segment joining 

the centers of the 
two condyle 

spheres  

Orthogonal to the 
other two axes 

Axis going from the origin of 
the femur frame to the 

center of the femoral head 

Projection onto the 
plane orthogonal to Y 
of the segment joining 
the centers of the two 

condylar spheres 

Femur SF3 
LC,MC,Throclear 

surface 

intersection of the 
diaphyseal axis 
with throclear 

surface 

Orthogonal to the 
other two axes 

Axis going from the origin of 
the femur frame to the 

center of the femoral head 

Projection onto the 
plane orthogonal to Y 
of the segment joining 
the centers of the two 

condylar spheres 

Femur SF4 
LC,MC,Throclear 

surface 

Mid-point of the 
segment joining 

the centers of the 
two condyle 

spheres  

Orthogonal to the 
other two axes 

Axis linking the intersection 
of the diaphyseal axis with 

throclear surface at the 
center of the FH 

Projection onto the 
plane orthogonal to Y 
of the segment joining 
the centers of the two 

condylar spheres 
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Author Segment 
AL 

Anatomical Frame 

O X Y Z 

(Schlatterer et al 2009) 

Tibial SF21 

Articular 
surfaces,tibial 

pylon,shaft 
surface,posterior 

edges,articular 
surfaces 

intersection of the 
diaphyseal axis 

with shaft surface 

Orthogonal to the 
other two axes 

axis linking the surface 
barycenter of the tibial 

pylon 

Projection onto the 
plane orthogonal to Y 

and the posterior 
edges of articular 

surfaces  

Tibial SF2 

Articular 
surfaces,tibial 

pylon,shaft 
surface,posterior 

edges,articular 
surfaces 

intersection of the 
diaphyseal axis 

with shaft surface 

Orthogonal to the 
other two axes 

axis linking the surface 
barycenter of the tibial 

pylon 

Projection onto the 
plane orthogonal to Y 

and the posterior 
edges of articular 

surfaces  

Tibial SF3 

Articular 
surfaces,tibial 

pylon,shaft 
surface,posterior 

edges,articular 
surfaces,LM,MM 

barycenter of the 
two articular 

surfaces 

Orthogonal to the 
other two axes 

mid-point of malleoli origin 

Projection onto the 
plane orthogonal to Y 

and the posterior 
edges of articular 

surfaces  

Tibial SF4 

Articular 
surfaces,tibial 

pylon,shaft 
surface,posterior 

edges,articular 
surfaces,LM,MM 

barycenter of the 
two articular 

surfaces 

Orthogonal to the 
other two axes 

mid-point of malleoli 
intersection of diaphyseal 

axis with shaft surface 

Projection onto the 
plane orthogonal to Y 

and the posterior 
edges of articular 

surfaces  
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Knee Flexion-Extension Axis definition  

Several authors have proposed different axes that are intended to 

approximate the AoR of the knee for Flexion-Extension (KFE) axis. In clinical gait 

analysis conventional approaches have defined the KFE axis as the transepicondylar 

axis (TEA), which represents the line that connects the medial and lateral 

epicondyles. Epicondyles are identified through palpation on the patient’s skin and 

markers are placed on them. Even though this approach is widely used it has been 

demonstrated that the TEA does not approximate to the KFE axis. (Asano, et al., 

2005) (Eckhoff, et al., 2005). 

A second approach to define the KFE axis that is used in gait analysis is 

functional methods, in which functional axes based on the patient’s movements are 

determined. Functional methods include two techniques: Fitting techniques 

(Optimization of an objective function assuming that markers trace out a circle around 

the functional axis while the patient performs flexion-extension for different ranges of 

motion) and transformation techniques (Minimizing the variations in distance between 

markers on each segment to estimate the functional axis).The following studies have 

demonstrated the potential of functional methods to approximate to functional joint 

axes: 

(Chèze, et al., 1998) proposed the use of finite helical axes (FHA) to 

determine the location and orientation of the elbow joint functional axes and to 

address the matter of error quantification on the FHA parameters by  introducing 

noise that represents the soft tissue artifact on a numerical simulation of the knee 

joint. Regarding the results obtained for the elbow joint, the finite helical axis 

represents the functional flexion-extension axis of the elbow joint when the 

calculations are made between two positions that are distinct enough. The results 

from the numerical simulation showed that the FHA is accurate for characterizing the 

finite displacement of joints from noisy measurements if the variation between two 

considered positions is sufficient with respect to the perturbations, thus it is not 

accurate for measuring small displacements. 

 (Besier, et al., 2003) evaluated the repeatability of kinematic data using a 

traditional approach based on anatomical landmarks in which the KFE axis was 
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defined as the TEA and a functional approach where the KFE axis was defined by 

the MHA. This study demonstrated that the axis defined with MHA technique 

produced more repeatable data than the axis defined with traditional methods.  

(Taylor, et al., 2007) compared the performance of different functional 

methods for determining the knee functional axis on a virtual hinge joint while 

introducing noise in the markers’ positions. The functional methods included 

geometric axis fit, cylinder axis fit, algebraic axis fit, mean helical axis fit, Schwartz 

approach and symmetric axis of rotation approach (SARA). All of the approaches 

were able to estimate the axis of rotation of the virtual joint at large ranges of motion 

(90°) within an error of 0,1 RMS. For all ranges of motion the SARA and the MHA 

produced the least errors and outperformed all the other approaches. 

Another alternative is to employ an imaging approach to work directly on bone 

geometry instead of employing functional or conventional methods that work with 

external markers attached to the skin. Accessing bone geometry is possible thanks to 

imaging methods such as computed tomography scan (CT-scan), Magnetic 

resonance imaging (MRI) and low dose biplanar X-ray systems and fluoroscopy.  

(Eckhoff, et al., 2005) employed computed tomography (CT) to perform the 3D 

reconstruction of 20 cadaveric knee joints then based on bone geometry he built the 

TEA axis and a gold standard  axis named cylindrical axis (axis that connects the 

centers of cylinders fitted to the posterior condyles) in order to prove that  they did not 

approximate. His hypothesis was that there is a difference of more than 1° between 

both axes in the three-dimensional space and in consequence the TEA does not 

represent a suitable surrogate for the knee joint axis. The average solid angle (angle 

in three-dimensional space) between the two axes was about 4,6° ±1,6°. In addition 

he also projected both axes in the coronal and transverse planes for which the 

angles were 1,8°  and 2,3° respectively. 

(Lawrie, et al., 2011) calculated the functional KFE axis of 20 cadaveric knees 

mounted in a joint simulator and compared it to five axes built from landmarks on 3D 

reconstruction of the tibia. A kinematic simulation for squatting and lunging was 

performed and all axes were tested to see if they were able to predict the correct 

alignment of the tibial component.  As a result of this study it was shown that none of 
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the axis built from the 3D reconstruction were able to guarantee the correct alignment 

of the tibial component. The landmarks that produced more accurate results were the 

medial third of the tibial tubercle (average error: squatting 3,5° external rotation; 

lunging: 9,5°) and the medial-lateral axis of the resected tibial surface (6,7° and 1,1° 

internal rotation).  

(Asano, et al., 2005) used a biplanar image-matching technique to determine 

the functional KFE axis of nine normal knees, CT scans to perform the 3D 

reconstruction of the bones and build two fixed axis built from bone geometry on the 

posterior condyles. The first fixed axis corresponded to the classical TEA (the line 

that joins the medial and lateral epicondyles) and was named clinical 

transepicondylar axis, the second fixed axis was the line connecting the lateral 

epicondyle and the medial sulcus of the epicondyle and was named surgical 

transepicondylar axis. All of the axes were compared to the posterior condylar axis 

and the angular difference was calculated. For the clinical epicondylar the average 

angular difference was 6,7° ±1,5°, for the surgical epicondylar axis it was 3,1° 

±1,7°and 2,7° ±2,1° for the functional axis. 

In conclusion, the soft tissue artifact that appears when skin markers are used 

to define the KFE axis using functional methods has to be taken into account to 

evaluate the accuracy of these methods. Transformation techniques have shown a 

better performance for estimating AoR from noisy data (noise represents the 

movement of markers) suggesting that they are the right choice for determining the 

functional KFE axis from markers trajectories.  

Moreover throughout these studies imaging methods have demonstrated their 

potential for validating results obtained from functional methods. The possibility of 

working directly on bone geometry eliminates the soft tissue artifact and allows a 

more repeatable and accurate KFE axis definition.  

Table 2 shows a summary of the different Flexion-Extension axes defined in 

literature.  
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Table 2: Knee Flexion/extension definitions 

 
 
 
 
 

Author Population Data Method  Flexion-extension axis AL identification Objective Results

(Chèze, et al., 1998) 1 healthy male

Gait analysis                    

(Optoelectronic 

system)                               

Numerical 

simulation

Functional Mean Helical axis Skin

To describe joint 

displacement with 

finite helical axes 

and quantify their 

errors.

The MHA is an accurate 

axis for characterizing 

the functional axis if 

the variation between 

two points is usfficient 

with respect to the 

perturbations.

(Besier, et al., 2003)
10 healthy subjects (6 

males, 4 females)

Gait analysis                    

(Optoelectronic 

system)                       

Functional + predictive

Mean Helical axis                                     

Transepicondylar axis
Skin

Compare 

repeatability of 

data obtained from 

the two methods

The mean helical axis 

was more repeatable 

and did not needed the 

accurate AL 

identification

(Taylor, et al., 2008) Virtual hinge joint
Optoelectronic 

system

Functional

Geometric Axis Fit, Cylinder 

Axis fit, Algebraic fit, Mean 

Helical axis, Schwartz 

approach, SARA and ATT

Surface

Compare the the 

performance of 

previous defined 

functional 

methods and SARA

All approaches were 

able to estimate the 

Knee axis for large 

renages of motion. 
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Author Population Data Method  Flexion-extension axis AL identification Objective Results

(Eckhoff, et al., 2005)

20 cadaver specimens 

from the middle part 

of the femur to the 

middle part of the 

tibia

CT

Imaging

Transepicondylar axis                          

Cylindrical axis
Bones(internal)

To test the 

hypothesis that 

there is a 

significant 

difference 

between the 

transepicondylar 

axis and the 

cylindrical axis.

Transepicondylar axis is 

not reliably close to the 

cylindrical axis nor is a 

good surrogate for the 

Flex-Ext axis of the 

Knee.

(Lawrie, et al., 2011) 20 cadaveric knees
CT+ Optoelectronic 

system

Imaging + functional

1. Knee motion axis, and 

(Fixed axes)2.Tibial-Medial 

Axis,3.Posterior Tibial 

Axis,4.Central tubercle 

axis,5.Medial third of the 

tibial axis,6.Projected 

femoral Transepicondylar 

axis 

Bones (internal 

and external)

Quantify the knee 

MHA, determine 

their variability 

and prove that 

knee kinematics is 

independent of 

gender 

The FHA location was 

not fixed during 

extension and the  

difference between 

genders were small.

(Asano, et al., 2011)
9 normal knees, 

invivo

Biplanar image 

matching technique 

(CT and 

radiographs)

Imaging + functional

Surgical epicondylar axis, 

Clinical epicondylar axis, 

Mean Helical axis

Bones

To compare the 

three previously  

defined axes and 

determine if the 

Surgical 

epicondylar axis 

approximated to 

the functional axis 

in the posterior 

femoral condyles

The functional Flex-Ext 

axis of the knee for 0-

90° coincides with the 

surgical epicondylar 

axis



 
 
 

19 

References 
 

Asano, T., Akagi, M., & Nakamura, T. (2005). The functional flexion-extension axis of the knee 

corresponds to the surgical epicondylar axis. The Journal of Arthroplasty , 20 (8), 1060-1067. 

Baker, R. (2006). Gait analysis methods in rehabilitation. Journal of NeuroEngineering and 

Rehabilitation , 3 (4), 1-10. 

Besier, T. F., Sturnieks, D. L., Alderson, J. A., & Lloyd, D. G. (2003). Repeatability of gait data using a 

functional hip joint centre and a mean helical knee axis. Journal of Biomechanics , 96, 1159-1168. 

Blankevoort, L., Huiskes, R., & De Lange, A. (1990). Helical Axes of Passive Knee Joint Motions. 

Journal of Biomechanics , 23 (12), 1219-1229. 

Cappozzo, A., Catan, F., Della Croce, U., & Leardini, A. (1995). Position and orientation of bones 

during movement: anatomical frame definition and determination . Clinical Biomechanics , 10 (4), 

171-178. 

Cappozzo, A., Della Croce, U., Leardini, A., & Chiari, L. (2005). Human movement analysis using 

stereophotogrammetry Part 1:theoretical background. Gait and Posture , 21, 186-196. 

Chèze, L., Fregly, B., & Dimnet, J. (1998). Determination of joint functional axes from noisy marker 

data using finite helical axes. Human Movement Science , 17, 1-15. 

Collins, T. D., Ghoussayni, S. N., Ewins, D. J., & Kent, J. A. (2009). A six degrees-of-freedom marker set 

for gait analysis: Repeatability and comparison with modified Helen Hayes set. Gaint and Posture , 

30, 173-180. 

Davis, R. B., Ounpuu, S., Tybrusky, D., & Gage, J. (1991). A gait analysis data collection and reduction 

technique. Human Movement Science , 10, 575-587. 

Della Croce, U., Leardini, A., Chairi, L., & Capozzo, A. (2005). Human movement analysis using 

stereophotogrammetry Part 4: assessment of anatomical landmark misplacement and its effects on 

joint kinemlatics. Gait and Posture , 21, 226-237. 

Eckhoff, D. E., Bach, J. M., Spitzer, V. M., Reinig, K. D., Bagur, M. M., Baldini, T. H., y otros. (2005). 

Thrre-Dimensional Mechanics, Kinematics, and Morphology of the Knee Viewed in Virtual Reality. 

The Journal of Bone & Joint Surgery , 87, 71-80. 

Lawrie, C. M., Noble, P. C., Ismaily, S. K., Stal, D., & Invaco, S. J. (2011). The Flexion-extension Axis of 

the Knee and its Relationship to the Rotational orientation of the Tibial Plateau. The journal of 

Arthroplasty , 26 (6), 53-58. 

Leardini, A., Chiari, L., Della Croce, U., & Cappozzo, A. (2005). Human movemet analysis using 

stereophotogrammetry: Part 3. Soft tissue artifact assessment and compensation. Gait and Posture , 

21 (2), 212-225. 



 
 
 

20 

 

Schache, A. G., & Baker, R. (2007). On the expression of joint moments during gait. Gait and Posture , 

25, 440-452. 

Schlatterer, B., Suedhoff, I., Bonnet, X., Catonne, Y., Maestro, M., & Skalli, W. (2009). Skeletal 

landmarks for TKR implantations: Evaluation o their accuracy using EOS imaging acquisiton system. 

Orthoapedics & Traumatology: Surgery & Reasearch , 95, 2-11. 

Schlatterer, B., Suedhoff, I., Bonnet, X., Catonne, Y., Maestro, M., & Skalli, W. (2009). Skeletal 

landmarks for TKR implantations: Evaluation o their accuracy using EOS imaging acquisiton system. 

Orthoapedics & Traumatology: Surgery & Reasearch , 95, 2-11. 

Taylor, R. W., Heller, M. O., Duda, G. N., & Ehrig, R. M. (2007). A survey of formal methods for 

determining functional joint axes. Journal of Biomechanics , 40, 2150-2157. 

Van Campen, A., De Groote, F., Bosmans, L., Scheys, L., Jonkers, I., & D Shutter, J. (2011). Functional 

knee axis based on isokinetic dynamometry data: A comprison of two methods, MRI validation, and 

effect on knee joint kinematics. Journal of Biomechanics , 44, 2595-2600. 

Walker, P., Rovick, J., & Roberston, D. (1988). Walker, P.S ; Rovick, J.S ; Roberston, D.D. The effects of 

knee brace hinge design and placement on joint mechanics , 21 (11), 965-974. 

Woltring, H., & Huiskes, R. (1985). A Statiscally Motivated Approach to Instantaneous Helical Axis 

Estimation from Noisy, Sampled Landmark Coordinates . Human Kinetics , 274-279. 

Wu, G. (2002). ISB recommendation on definitions of joint coordinate system of various joints for the 

reporting of human joint motion—part I: ankle, hip, and spine . Journal of Biomechanics , 35, 543–

548. 

 

 

  



 
 
 

21 

Scientific Article 

 

Comparison of different methods for determining Flexion-Extension Axis of the 

Knee in the field of gait analysis 

 S. Alvareza,* , H, Pilleta , M. Sangeuxb,c  , C. Saureta , W. Skallia  

aArts et Métiers ParisTech, LBM, 151 Boulevard de l’Hôpital, 75013 Paris, France 

bHugh Williamson Gait Analysis Laboratory, Royal Children’s Hospital, Flemington Rd, Parkville 3052 Australia 

cMurdoch Childrens Reasearch Laboratory, Flemington Rd, Parkville 3052 Australia 

 

Abstract:  

This paper compares different knee flexion-extension (KFE) axes definitions obtained 

with gait analysis approaches and imaging techniques. For gait analysis approaches, 

skin markers coordinates were used to build the transepicondylar axis (TEAs) and a 

functional method technique called symmetrical axis of rotation approach (SARA) 

was used to build the (FUN) axis and for the imaging techniques, bone landmarks 

from the 3D reconstruction were identified to determine the transepicondylar axis 

(TEAb), the transcondylar axis (TCA) and a projection of the (TCAp) using EOS 

biplanar X-ray low dose acquisition system. We calculated the 3D angle between all 

axes to compare the axes. We projected the SARA axis in the transverse and frontal 

planes to evaluate the impact on knee kinematics. The major angular difference was 

16.4 °± 6.7° between TEAb and TEAs. The angular difference regarding TCA was 

15.9 °± 6.6° for the TEAs and 14.7 °± 6.2° for the SARA. The projection of the SARA 

axis in the frontal plane was 13.2 °± 6.3° indicating cross talk between the 

flexion/extension and the abduction/adduction movement. In conclusion the axes 

defined with gait analysis approaches did not correspond to the main reference 

(TCA). 

Keywords: Knee flexion/extension axis, transepicondylar axis, trancondylar axis, gait 

analysis, biplanar EOS low-dose biplanar X-ray system 

1. Introduction:  

In clinical environment, gait analysis is used to study the normal and abnormal 

aspects of gait and to distinguish the characteristics of different diseases. 



 
 
 

22 

Consequently it can be used to diagnose disorders or the severity of a disease but 

also to help clinicians select and improve a treatment that may include an 

intervention (Baker, 2006). For these purposes gait analysis seeks to study joint 

kinematics and give quantitative information of joint motion.  

To follow the position and orientation of bones in space, anatomical frames 

(AFs) defined from anatomical landmarks (ALs) —attached to the body segments 

that contain the bones of interest— are built (Cappozzo, et al., 2005). Subsequently 

the relative rotations between AFs associated to two adjacent body segments are 

used to assess the joint kinematics of the two corresponding adjacent bones (Della 

Croce, et al., 2005). The knee flexion/extension (KFE) axis is often defined based on 

femur ALs as one of the axis of the femur AF; in consequence any inaccuracy on the 

AF determination will introduce distortions in the joint angles affecting kinematic 

results.  

In the field of gait analysis, marker-based optoelectronic systems use the 3D 

positions of markers placed on the patient’s skin and above bony landmarks (BLs) to 

identify ALs and build AFs. Traditionally, for the knee joint, the KFE axis has been 

defined as the transepicondylar axis (TEA). In this instance the TEA is the line that 

joins the markers placed on the medial and lateral femoral epicondyles bony 

landmarks (Cappozzo, et al., 1995 ; Wu, et al., 2002).  

Another approach to evaluate knee joint kinematics in gait analysis is to define 

the KFE axis by motion-based axes using functional methods. These methods 

involve the use of various techniques to compute the mean helical axis (MHA) from 

the markers trajectories during movements (Woltring & Huiskes, 1985 ; Walker, et al., 

1988; Blankevoort, et al., 1990). Among these techniques the symmetrical axis of 

rotation approach (SARA) has shown a better performance at estimating the KFE 

axis (Ehrig, et al., 2007).  

In order to validate the KFE axes definitions employed in gait analysis, it is 

necessary to compare them with axes that can be considered as a reference. 

Imaging techniques enable the 3D reconstruction of the bones and represent another 

alternative to determine more accurate axes directly on bone geometry. These axes 

are considered to be very close to a gold standard. Specifically for the knee joint, 
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studies using imaging data have demonstrated that the best estimate of the KFE axis 

occurs about a fix axis in the posterior condyles (Elias, et al., 1990 ; Hollister, et al., 

1993 ;  Churchill, et al., 1998 ; Eckhoff, et al., 2001). 

Amongst the various imaging modalities (computed tomography, magnetic 

resonance, fluoroscopy) biplanar X-rays EOS low dose imaging device 

(BiospaceMed, Paris, France) has been used to obtain an accurate 3D reconstruction 

of the lower limb and successive clinical measurements in clinical routine (Chaibi, et 

al., 2012). Furthermore the 3D bone model obtained with this device has been used 

to define several lower limbs’ AF needed to analyze the implant positioning during 

total knee replacements; AF were compared regarding their repeatability (Schlatterer, 

et al., 2009).  

The purpose of this study is to compare the angular relationship between the 

flexion/extension axes of the knee defined from gait analysis approaches with axes 

considered as the reference determined using the EOS system.  

2. Materials & Methods:  

Fifteen healthy subjects (4 females, 11 males; BMI 24.33 ± 4.20) gave their 

consent to participate in this study. The protocol to perform this study was approved 

by an ethical committee (Comité de la personne “CPP 06036”) and all the volunteers 

were previously informed of the protocol and gave their informed consent for the 

collection and use of the data reported in this manuscript. 

Thirty-five infrared reflecting spherical markers were placed on the patient’s 

skin. Four markers were placed on the pelvis, eight markers on the right thigh and 

seven markers on the left tight, three markers on each leg and five markers on each 

foot as seen in figure 1. A static acquisition was made using a Vicon motion analysis 

system composed of 8 infrared cameras that operates at a frequency of 100 Hz and 

a resolution of 1 MP. In particular, markers were placed on the skin upon the medial 

and lateral epicondyles and their coordinates were used to calculate a 

transepicondylar axis named TEAs. 

Then active flexion/extension movements of the knee with a range of motion of 

20-90° were executed by the subjects and recorded with Vicon motion analysis 



 
 
 

24 

system.  The data was used for functional calibration to define a MHA axis using a 

symmetrical axis of rotation approach (SARA). SARA is able to determine a unique 

axis of rotation for the movement of two dynamic body segments simultaneously by 

minimizing an objective function. (Ehrig, et al., 2007). 

Radiographic acquisition was made using the EOS system, for this step the 

patient entered the cabin with the markers attached to the skin in a standing position 

and the system performed a set of two orthogonal head to feet calibrated X-rays. In 

order to have all of the markers visible, a second set of two X-rays was taken with 

one leg slightly shifted to the other one. None of the markers were removed between 

all of the acquisitions, which allowed building a common system of reference based 

on the markers coordinates from the EOS and the motion analysis data.  

 

Figure 1. Marker set placement 

The 3D reconstruction of twenty-eight limbs of fifteen subjects was done using 

two radiographs from the EOS system according to the method described in (Chaibi, 

et al., 2012). Due to the width of the radiographic acquisition area, all of the markers 

were not always visible and two limbs had to be discarded. Based on the 3D 

reconstruction of bones, several axes were built using anatomical landmarks on the 

posterior condyles. First the transepicondylar axis was defined as the line joining the 

barycenter of the regions that characterize the medial and lateral epicondyles and 

named TEAb as for transepicondylar axis from bone landmarks. Then the 
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transcondylar axis (TCA) was determined as the line joining the centers of the two 

spheres fitted to the condyles; It has been demonstrated that the functional 

flexion/extension axis of the knee corresponds to a fix axis that occurs in the 

posterior condyles (Elias, et al., 1990 ; Hollister, et al., 1993 ;  Churchill, et al., 1998 ; 

Eckhoff, et al., 2001). Finally, the conventionnal KFE axis used in gait analysis was 

defined (TCAp). is the TCAp is calculated using the two condyles and the femoral 

head but for this case the KFE axis is defined as the third axis in the frame 

construction leading to an axis that not perfectly passing through the centers of 

condyles spheres (Schlatterer, et al., 2009). 

To compare the different KFE axis, they have to be expressed in the same 

frame, hence a registration step was necessary. This registration step was based on 

building a working frame from three markers that were present in all the acquisitions. 

The same working frame was defined for the motion analysis acquisitions (static and 

functional calibration) and the EOS acquisition. Transformation matrices were 

computed to go from the motion analysis acquisitions frame to the EOS system of 

reference, which allowed expressing all the axes in the same system of reference. 

The angular difference between all the axes in the EOS reference frame was 

then calculated. In order to evaluate the impact on the computed knee kinematics, 

the axis obtained with SARA technique which was named FUN was projected on the 

transverse and frontal planes of the conventional gait analysis femur AF, which 

corresponds to the TCAp definition. In particular, the impact in knee kinematics was 

expressed by the angle between the projection of the FUN axis on the specific plane 

and the Z-axis of the TCAp frame.  

The data of a total of twenty-eight femurs was processed (fifteen left femurs 

and thirteen right femurs) and the knee flexion/extension axes determined by two gait 

analysis approaches (TEAs and FUN axis) and three imaging methods (TEAb, TCA 

and TCAp) were compared. 

3. Results:  

Results  show  that  the  axes  buit  from  imaging  methods  exhibited  the  least 

difference  (Figure  2).  Angles  were  2.5°±  1.8°  between  TCA  and  TEAp  (max:  
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8.6°), 4.0°±1.7°  between  TCA  and  TEAb  (max:  6.9°)  and  2.5°±  1.7°  between  

TCAp  and TCAb (max:  5.5°). 

Results  from  gait  analysis  approaches  show  a  mean  difference  between  TEAs 

and  FUN  of  9.4  °±  4.5°  with  a  maximal  value  of  21.4°.  Comparing to the 

reference (TCA), the angular difference was 15.9 °± 6.6° for TEAs (max: 29.9°) and 

14.7 °± 6.2° for FUN (max:  31.9°).  

Finally  the  highest  angular  difference  was  found  between  the  transepicondylar 

axes built  from  imaging  methods  (TEAb) and  from  skin  palpation  (TEAs).  

Indeed, in  this case, the difference  was 16.4 °± 6.7° and  with a maximal  difference  

reaching 32.0°. 

 

Figure 2. Average 3D angle and S.D between angles 

Concerning  the  projections  of  the  FUN  axis  on  the  planes  of  the  TCAp  

frame, an  angle  of  about  13°  was  found  in  the  frontal  plane  and  about  4°  in  

the  transverse plane. 

(°) Frontal plane Transverse plane 

Mean 13.2 4.0 

S.D 6.3 2.8 



 
 
 

27 

Maximum 29.6 9.6 

 

Table 1. Angular relationship between FUN projections 

 

4. Discussion and Conclusion:  

This  study  aimed  at  comparing  the  angular  relationship  between  KFE  

axes defined  by  imaging  techniques  using  bony  landmarks  (TEAb,  TCA  and  

TCAp)  with KFE  axes  defined  by  gait  analysis  approaches  using  skin  markers  

(TCAs  and  FUN axes).  Many  studies  have  demonstrated  that  the  functional  

KFE  axis  can  be  well approximated  by  a  fixed  axis  that  passes  through  the  

posterior  condyles (Elias, et al., 1990  ;  Hollister,  et  al.,  1993  ;  Churchill,  et  al.,  

1998  ;  Eckhoff,  et  al., 2001). Based on these  previous  studies,  the  TCA  defined  

as  the  axes  joining  the  centers  of  the  two spheres that  best fit the  posterior 

condyles  was chosen  as the main reference.    

Our  results  showed  that  the  two  other  axes  built  from  imaging  (TCAp  

and TEAb)  were  relatively  close  to  the  reference  (TCA),  with  mean  differences  

that  not exceeded  5°.  Besides,  the  difference  obtained  between  TEAb  and  

TCA  were  in agreement  with  previous  results  reported  by Eckhoff  (Eckhoff,  et 

al.,  2005).  

Compared  to  imaging  techniques,  KFE  axes  provided  by  gait  analysis  

(TEAs and  FUN)  were  found  to  be  less  accurate  with  regard  to  the  reference  

(TCA):  mean difference  of  about  15°.  The  difference  concerning  TEAs  was  

expected  and  can  be explained  from  its  construction  that  requires  the  accurate  

identification  of  bony landmarks  by  skin  palpation  to  place  markers,  thus  BL  

misplacement  results  in  KFE axis  misalignment.  The  accuracy  of  the  

identification  of  bony  landmarks  by  skin palpation  was  already  assessed  to  be  

about  13  mm  for  medial  and  lateral epicondyles  (Della  Croce,  et  al.,  2005).  As  

both  points  are  very  close,  the  impact  of  this  error  can  explain  our  results  

that  display  a  difference  of  approximately  16°  in average  and  reaching  up  to  

32°  between  the  transepicondylar  axes  define  from  gait analysis  and from  

imaging technique.    
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On  the  contrary,  functional  methods  were  expected  to  provide  better  

accuracy in  the  determination  of  the  KFE.  However,  they  did  not  demonstrate  

their  advantage for  determining  the  functional  KFE  axis  in  comparison  with  

previous  methods  used  in gait  analysis.  Soft  tissue  artifacts  that  can  occur  

during  knee  motion,  which  can  be  in order  of  centimeters,  ought  to  be  

involved  in  these  unsatisfying  results  (Leardini,  et al.,  2005;  Akbarashahi,  et  al.,  

2010).  A  study  performed  a  numerical  evaluation  of functional  methods  by  

simulating  soft  tissue  artifact  by  introducing  numerical  noise (Ehrig,  et  al., 

2007).  Their results show good accordance between the theoretical axis of  rotation  

and  the  functional  axis  obtained  from  noisy  data.  However  in  their  study, the  

numerical  noise  was  Gaussian  noise  and  did  not  well  represent  a  realistic  

noise due to soft tissue artifact,  which  would  be correlated  to movements.     

Besides,  the  angular  difference  between  both  of  the  KFE  axes  from  gait 

analysis  approaches  presented  not  negligible  differences,  close  to  10°  in  

average and  even  exceeding  20°  in  some  cases.  Finally,  both  methods  defined  

by  the  gait analysis  approaches  gave  comparable  estimation  of  the  functional  

KFE  axis regarding  their  accuracy.  The  results  of  the  present  study  did  not  

allow  establishing which  approach  was better  from experimental  data of motion 

analysis. 

To  describe  knee  kinematics,  the  axes  that  represent  the  different  axes  of 

rotation  of  the  knee  —flexion/extension,  internal/external  rotation,  and  

abduction/adduction—are  reported  relative  to  the  frame  that  was  previously  

described  for building  the  TCAp  (Davis,  et  al.,  1991).  The  motion  of  the  knee  

joint  in  the  sagittal plane  is  interpreted  as  flexion/extension,  in  the  transverse  

plane  as  internal/external rotation  and  in  the  frontal  plane  as  

abduction/adduction.  In  healthy  subjects  most  of the  motion  corresponds  to  

flexion/extension,  some  internal  and  external  rotation  and almost  zero  

abduction/-adduction.  The  presence  of  abduction-adduction  is  then associated  to  

valgus-valgus  deformity  (Kuroyanagi,  et  al.,  2012).  The  consequence  of KFE  

axis  misalignment  results  in  knee  kinematics  crosstalk.  This  means  that  a 

component  of  knee  flexion-extension  is  reported  on  another  axis  than  the  KFE  

axis and  then  interpreted  as  a  component  of  rotation  like  abduction-adduction,  
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for instance  (Piazza  &  Cavanagh,  2000).  To  evaluate  the  effect  of  the  FUN  

axis,  which seemed  to  be  a  promising  approach  for  estimating  knee  kinematics  

in  gait  analysis, the  projection  of  the  FUN  axis  in  the  transverse  and  frontal  

plane  was  calculated.  In this  case,  the  KFE  axis  defined  by  FUN  introduces  

cross-talk  in  the  frontal  plane, leading  to  conclude  that  there  is  an  

adduction/abduction  of  13°.  In  the  transverse plane  the  average  angle  

difference  was  lower  (reaching  approximately  5°  for internal/external  rotation)  

and  not  remarkably  high  in  comparison  with  abduction-adduction.    

The  major  limitation  of  this  comparison  is  that the main reference axis (TCA) is 

assumed  to  approximate  the  functional  KFE  axis  and  do  not  represented  the 

instantaneous  axis  of  rotation.  The  only  way  to  assure  that  this  reference 

corresponds  to  the  functional  axis  of  the  knee  is  to  use  imaging  methods  to  

acquire bone  poses  during  movements  and  compute  the  MHA of the knee from 

bone points’ trajectories  instead  of  markers’  trajectories  like  in  the  study  

performed  by  (Van Campen,  et  al.,  2011).  The  MHA  computed  from  bone  

geometry  is  not  subjected  to soft  tissue  artifact  and  characterizes  the  ultimate  

gold  standard  for  the  validation  of the  KFE axis.  

In  conclusion,  all  the  axes  built  from  bone  geometry  using  EOS  biplanar 

imaging  system  were  better  aligned  between  them  and  presented  the  least  

angular difference.  The  axes  determined  from  gait  analysis  approaches  do  not  

approximate the  main  reference  axis  defined  as  TCA  or  the  other  two  axes  

built  from  imaging methods;  making  it  difficult  to  establish  which  approach  has  

a  better  performance  for determining  the  KFE  axis.  In  addition  there  were  

substantial  differences  between  the two  transepicondylar  axes  obtained  from  

skin  markers  and  bone  landmarks.  The FUN  axis  leads  to  crosstalk  in  the  

frontal  plane  and  interpretation  of  flexion-extension as  abduction/adduction.  

Lastly,  the  mean  helical  axis  (MHA)  of  the  knee  computed from  bone  

movements  should  be  computed  to  achieve  the  ultimate  gold  standard and 

perform  a complete  validation  of all  axes. 
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General Conclusions: 

 
  The  results  of  this  study  proved  that  the  KFE  axis  determined  with functional  

methods  does  approximate  to  the  fixed  transcondylar  axis  built  from imaging  

methods,  which  was  considered  as  the  reference.  Both  gait  analysis’ 

approaches  displayed  comparable  values  of  mean  angular  difference,  which  

prevented  us  from  determining  which  approach  performed  better  and  should  

be recommended  for  clinical  gait  analysis.  Both of these methods had a poor  

performance  evidenced  in  similar  amounts  of  angular  deviation  relative  to  the 

reference.  

  

Moreover  the  transepicondylar  axes  calculated  from  gait  analysis  using  skin  

markers  on  the  epicondyles  and  imaging  methods  using  the  epicondyles’  bone 

landmarks  exhibited  a  considerable  mean  angular  difference  demonstrating  the 

influence  of AL misplacement  in the  definition  of joint  axes.  

  

The  KFE  axis  defined  from  functional  methods  introduced  crosstalk  in  the 

movement  measurements  especially  for the  abduction-adduction  movement.   

 

  The  errors  in  functional  methods  could  be  explained  by  the  soft  tissue  

artifact, which  appears  when  measuring  bone  kinematics  from  markers  placed  

on  the  skin.  

 

For  further  validation,  X-rays  sets  for  different  flexion/extension  successive 

positions of  the  knee  joint  can  be  taken  into  account  for  computing  an  MHA  

which  eliminates the  soft  tissue  artifact.  This  MHA  is  the  ultimate  gold  

standard  that  can  allow  a complete  validation  and  determine  if  the  poor  

performance  of  functional  methods  is due to soft tissue artifact  or to the  method  

itself.  

  

  Finally,  it  was  hypothesized  that  the  SARA  approach  applied  to  a  reduced  

range  of  motion  (0-60°)  instead  of  the  range  of  motion  used  in  this  study  (20-

90°)  could  decrease  the  soft  tissue  artifact  and  represent  a  more  stable  axis  
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that  should be  more  accurate  for  investigating  knee  flexion/extension  during  

walking  in  which flexion  does  not  reach  90°.  Further treatments focused on the 

specified range of motion need to be investigated to validate this hypothesize.  
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Optional Chapter: 

Introduction : 

As mentioned before, my master project is a part of a more complex and 

bigger project that started in 2008. Two master projects have already worked on the 

quantification of the skin movement between the two EOS acquisitions and the 

influence of different hip joint center estimations over hip and knee kinematics. In 

these projects the protocol for obtaining the static acquisition, the EOS acquisition 

and the functional calibration and the 3D bone reconstructions had already been 

performed and therefore this data was available for its subsequent treatment. 

 My master project concerns the definition of different KFE axis that can be 

defined from gait analysis approaches such as conventional and functional methods 

and imaging approaches. The aim of my study is to compare the axes determined 

with gait analysis approaches and the axes determined with imaging methods, which 

have demonstrated to be closer to a gold standard.  

This additional chapter gives more detailed information on the knee flexion extension 

axes definitions and the AF definitions that were used in this study. 

Knee Flexion Extension Axes: 

Gait Analysis approaches: 

Transepicondylar axis from the markers’ positions: 

From the optoelectronic static acquisition, the axis passing through the positions of 

the markers placed on the lateral and medial epicondyles was calculated and called 

TEAs. The positions of these markers were given in the Vicon reference frame. The 

transepicondylar axis definition is the recommended axis by the international society 

of biomechanics (ISB) (Wu, 2002). 

 



 
 
 

35 

 

Figure 1. Transepicondylar axis 

Functional axis from the functional calibration: 

The steps colored in green were performed using the VICON optoelectronic system 

and they were sent to the Australian TEAs for their data treatment. They used the 

symmetrical axis of rotation approach (SARA) to obtain the functional flexion-

extension axis of the knee and the knee joint center. This axis of rotation is obtained 

based on the patient’s motion.  

As a result of their data treatment they delivered us a table with the positions of the 

markers, the KJC and another point 10 cm from the KJC in the axis direction in a 

frame that they built.  

 

Figure 2 Axis defined from functional methods 
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Imaging approach: 

Transepicondylar axis from EOS acquisition: 

From the EOS acquisition, the barycenters of the regions that characterize the 

epicondyles were taken as the points representing the medial and lateral epicondyle. 

The line connecting these points was designated as TEAb.  

 

Figure 3: Transepicondylar line and epicondyles’ regions 

Transcondylar axis from EOS system acquisition: 

From the EOS acquisition, two spheres were fitted to the posterior condyles and the 

line passing through the center of the two spheres was taken as the transcondylar 

axis and called TCA. This axis was built because it has been demonstrated that the 

flexion-extension axis of the knee occurs in the posterior condyles.  

 
Figure 4: Transcondylar axis and posterior condyles’ regions 
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Projection of the Transcondylar axis from EOS system acquisition: 

The projection of the transcondylar line in the plane orthogonal to Y was defined as 

the transcondylar’ axis. This axis is widely used in literature because the repeatability 

of the femur anatomical frame performs better when the primary axis is defines as 

the line that joins the knee join center and the femoral head rather and the secondary 

axis is defined as the cross product between the transcondylar axis and the primary 

axis.  

 

Figure 5: Projection of the transcondylar line and posterior condyles' regions 
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Definitions of Anatomical Frames: 

 

Figure 6: Anatomical Frames 
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Appendices 

Appendix  A: 

Summary of the protocol: 

Given that my study is a part of a collaborative project and that it uses data obtained 

from other master studies it is important to highlight the most relevant information and 

steps of the previous project that were required to obtain this data and that are not 

necessarily mentioned in the scientific article. The objective is not to give all the 

detailed information of all the procedures but to illustrate how the data of interest was 

obtained. For more specific information both of the master project reports can be 

consulted  (Ramirez, Oscar 2010 and Conforte, Ana Maria , 2011). 

This is a summary of the protocol that was used by Oscar Ramirez in 2010 to obtain 

the data for the study.  

 

Figure 7 : Summary of the protocol employed by Ramirez 



 
 
 

40 

 

Figure 8: Marker set placement 

Subjects 

The protocol that Ramirez implemented whole included twenty-five subjects, however 

all the data that was needed for the definition and comparison of the different KFE 

axes was only available for fifteen subjects. In table 1 the characteristics of the 

subjects used in this study is summarized. 

 

 SUBJECT GENDER 
HEIGHT 
(m) 

WEIGHT 
(kg) 

BMI 

S2 Female 1,8 54,3 17 

S3 Male 1,73 56,4 19 

S4 Female 1,68 59,7 21 

S7 Male 1,7 70,3 24 

S8 Male 1,84 82,5 24 

S9 Male 1,79 90,7 28 

S11 Male 1,73 67,7 23 

S12 Male 1,75 101,8 33 

S13 Female 1,55 61 25 

S14 Female 1,7 84,9 29 

S16 Male 1,79 91 28 

S17 Male 1,72 75,5 26 

S18 Female 1,68 72,2 26 

S19 Male 1,92 77 21 

S20 Male 1,78 67,9 21 

Mean   1,74 74,19 24,33 

S.D   0,08 13,91 4,20 

Table 2: Subjects characteristics 

Note: For subject 8 and 20 all markers on the right limb were not visible in the X-rays, 

in consequence these limbs were not used on the study.  
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Appendix  B: 

Rigidity test: 

It is assumed that the markers are rigidly attached to the skin and therefore they do 

not move within acquisitions. However, in reality this is not the case and markers 

might move during the acquisitions introducing inaccuracies in the results that use 

the markers position. 

In an effort to minimize this error a rigidity test of the marker set was performed for 

the left limb of subjects two, three and four. This test took in account two criterions 

the angles between the normed vectors built from all markers on the limb and the 

angles between the vectors without norming them. The first criteria tested which 

markers had the least amount of changes regarding their orientation and the second 

criteria tested the changes in orientation and the length between markers at the 

same time.  

Subject Limb Marker 1 Marker 2 Marker 3 

2 
Left 

'LTHAD' 'LTHLD' 'LTHI' 

'LTHAD' 'LPAT' 'LKNE' 

'LTHLD' 'LTHI' 'LKNE' 

Right 

'RTHAP' 'RTHAD' 'RTHLD' 

'RTHAP' 'RTHAD' 'RPAT' 

'RTHLD' 'RPAT' 'RTHI' 

3 
Left 

'LTHAD' 'LTHLD' 'LKNE' 

'LTHAP' 'LTHLD' 'LKNE' 

'LTHAP' 'LTHLD' 'LTHI' 

Right 

'RTHAD' 'RTHLD' 'RTHI' 

'RTHAP' 'RTHAD' 'RPAT' 

'RTHAD' 'RTHLD' 'RPAT' 

4 
Left 

'LTHAP' 'LTHAD' 'LTHLD' 

'LTHAD' 'LTHLD' 'LTHLI' 

'LTHAP' 'LTHAD' 'LTHLI' 

Right 

'RTHAP' 'RTHAD' 'RPAT' 

'RTHAP' 'RTHLD' 'RKNE' 

'RTHAD' 'RTHLD' 'RKNE' 

 

This test concluded that the best set of markers for building the working frame were 

the THAP, THAD and THLD. 
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Appendix  C: 

Working frames: 

In order to compare all the axes they have to be in the same frame. The axis built 

using the two epicondyles’ markers from the static acquisition, the functional axis 

calculated with SARA and the other axes that were built from the bone geometry 

obtained from the EOS acquisitions were all expressed in the EOS system frame. 

Since the markers are present in all the acquisitions it is possible to build a working 

frame from these markers and compute transformation matrices to have all of the 

axes in the same frame. 

Working Frame definition: 

 

Primary axis (vector Y between LTHLD marker and LTHAP marker): 

𝑀𝑎𝑟𝑘𝑒𝑟. 𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =
𝐿𝑇𝐻𝐴𝑃 − 𝐿𝑇𝐻𝐿𝐷

‖𝐿𝑇𝐻𝐴𝑃 − 𝐿𝑇𝐻𝐿𝐷‖
 

Secondary axis (vector Z between LTHLD marker and LTHAP marker): 

𝑀𝑎𝑟𝑘𝑒𝑟. 𝑎⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ =
𝐿𝑇𝐻𝐴𝐷 − 𝐿𝑇𝐻𝐿𝐷

‖𝐿𝑇𝐻𝐴𝐷 − 𝐿𝑇𝐻𝐿𝐷‖
 

𝑀𝑎𝑟𝑘𝑒𝑟. 𝑘 = MarkerEOS. r^MarkerEOS. j 

Third axis (Vector X Cross product between secondary and primary 

axes): 

𝑀𝑎𝑟𝑘𝑒𝑟. 𝑖⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = Marker. j^Marker. k 

Origin: THAP 

 

[𝑀𝑅𝐸𝑂𝑆𝑅𝑀] =  [

𝑋𝑀𝑎𝑟𝑘𝑒𝑟.𝑖

𝑌𝑀𝑎𝑟𝑘𝑒𝑟.𝑖

𝑍𝑀𝑎𝑟𝑘𝑒𝑟.𝑖

0

   𝑋𝑀𝑎𝑟𝑘𝑒𝑟.𝑗    

𝑌𝑀𝑎𝑟𝑘𝑒𝑟.𝑗  

𝑍𝑀𝑎𝑟𝑘𝑒𝑟.𝑗  

0

 𝑋𝑀𝑎𝑟𝑘𝑒𝑟.𝑘

𝑌𝑀𝑎𝑟𝑘𝑒𝑟.𝑘

𝑍𝑀𝑎𝑟𝑘𝑒𝑟.𝑘

0

     𝑋𝑇𝐻𝐴𝑃

     𝑌𝑇𝐻𝐴𝑃

       𝑍𝑇𝐻𝐴𝑃

1

] 
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Appendix D:  

3D angle between the axes:  

To compare the angular difference between the axes, the 3D angle was calculated 

using the dot product. 

 

 𝐴 ∙ 𝐵 = |𝐴||𝐵|𝑐𝑜𝑠 ∝ 

∝= 𝑐𝑜𝑠−1
𝐴 ∙ 𝐵

|𝐴||𝐵|
 

If 𝐴  and �⃗�  are unit vectors their magnitude is 1 and the angle between two vectors in 

the 3D space can be calculated as:  

∝= 𝑐𝑜𝑠−1(𝐴 ∙ 𝐵) 

Projections: 

The SARA axis was projected in the transverse and frontal planes  

Distances between the knee joint centers: 

For my part of the study the knee joint center (KJC) was calculated as the point 

halfway between the two epicondyles.  

The distance between two points in the three-dimensional space can be calculated 

by the following formula: 

 

𝐴𝐵 = √(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2 + (𝑧1 − 𝑧2)2 

This formula was used to obtain the distances between the knee joint center given by 

the Australian hospital (KJC1) and the knee joint center that I calculated (KJC0). 
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Table 2: Distance between KJC0 and KJC1 (mm)  

Average 21,84 

S.D 9,12 

Maximum 41,17 

Minimum 7,45 

Median 21,72 

 

 
 


