






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Determination of the optimal elbow axis for evaluation of ... .fr

hDepartment of Functional Anatomy, Faculty of Human Movement Sciences, Free Univer,sily of Amsterdam, Amsterdam, The Netherlands. Received 6 April ... 

















 Télécharger le PDF 






 831KB taille
 8 téléchargements
 484 vues






 commentaire





 Report
























Clinical Biomechanics14(1999)177-184



Determination of the optimal elbow axis for evaluation of placement of prostheses M. Stokdijk”“, C.G.M. Meskersa, H.E.J. Veeger’, Y.A. de Boera, P.M. Kozing” “Department of Orthopedic Surgery, Orthopedic Laboratory, Univers@ Hospital BO-57, PO Box 9600, 2300 RC Leiden. The Netherlands hDepartment of Functional Anatomy, Faculty of Human Movement Sciences, Free Univer,sily of Amsterdam, Amsterdam, The Netherlands



Received6 April 1998; accepted 17 June 1998



Abstract Objective. To present a method to determine the position and orientation of the mean optimal flexion axis of the elbow in vivo to be used in clinical research. Design. Registering the movements of the forearm with respect to the upper arm during five cycles of flexion and extension of the elbow using a 6 degrees-of-freedom electromagnetic tracking device. Background. Loosening of elbow endoprostheses could be caused by not placing the prostheses in a biomechanically optimal way. To evaluate the placement of endoprostheseswith regard to loosening, a method to determine the elbow axis is needed. Methods. The movements of the right forearm with respect to the upper arm during flexion and extension were registered with a 6 degrees-of-freedom electromagnetic tracking device. A mean optimal instantaneous helical axis of 10 elbows was calculated in a coordinate system related to the humerus. Results. The average position of the flexion/extension axis was 0.81 cm (SD 0.66 cm) cranially and 1.86 cm (SD 0.72 cm) ventrally of the epicondylus lateralis. The average angle with the frontal plane was 15.3” (SD 2”). Conclusions. A useful estimation of the position and orientation of a mean optimal flexion axis can be obtained in vivo.



Relevance To evaluate the placement of elbow endoprostheses with regard to loosening, a method to determine the elbow axis is needed. 0 1999 Elsevier Science Ltd. All rights reserved. Keywords:



Elbow; Mean optimal flexion axis;6 DoF electromagnetictrackingdevice



1. Introduction Destruction of the elbow by rheumatoid arthritis, primary and secondary arthrosis deformans and severe bone loss, for example due to a bone tumour, can be indications for a total elbow prosthesis [l]. Patients experience less pain after surgery and usually gain in movement range. However, the success rate of the elbow prosthesis is not as high as, for example, arthroplasty of the hip or knee. A reason for this is the relatively high risk of aseptic loosening [2]. This suggests that the prostheses do not adequately satisfy the biomechanical requirements of the elbow [3] or misalignment of components [2]. Thorough research determining the elbow rotation axes pre- and postsurgical in relation to malfunctioning could contribute to *Corresponding



author.



0268-0033/99/$ - see front matter PII: SOZhX-0033(98)00057-6



insight into the role of prosthesis design and placement in loosening. Research concerning qualitative descriptions of positions and orientations of axes of rotation for the elbow joint is ample. For example, London [3] and Deland et al. [4] found the average axis of rotation to approximate the centre of the trochlea (CT, Appendix A gives a list of symbols) by measuring cadaveric specimens. Dynamic quantitative estimations in vivo, however, are rare, because of difficulties in measurement and calculation. A number of studies describe the determination of instantaneous helical axes (IHAs) as a way to calculate and express axes of rotation [5-111. One of the problems is the susceptibility of this parameter to measurement noise. Sophisticated filtering techniques were developed to deal with this problem [9]. The development of 6 degrees-of-freedom (DoF) electromagnetic tracking devices made it possible to
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measure rotations directly, thus avoiding errors due to calculation of rotations from position data. Another problem is the expression of the position and orientation of the axes with respect to reference points. This is not only important for an adequate description of the axis but for lowering the intersubject variability as well. Veeger and co-workers [12,13] used the 3SpaceTM tracking system to determine elbow axes of rotation at fresh cadaver elbows. Measurement noise was diminished by estimating a mean optimal axis from a calculated instantaneous helical axis, thus further optimising their results. They found the mean optimal axis positioned ventro-distally to the lateral epicondyle of the humerus. Furthermore, they defined local coordinate systems of the upper arm and the forearm based on the 3D positions of bony landmarks. In this way, both position and orientation of the axes could be expressed with respect to geometrical aspects of the specimen. The aim of this study was to determine the position and orientation of the elbow flexion axis in vivo, expressed in a local coordinate system of the humerus, using the Flock of BirdsTM(FOB) electromagnetic tracking device. Knowing the position of the axis in relation to orientation points on the humerus could be useful in understanding the problems with elbow endoprostheses. 2. Methods 2.1. Measurement device



The FOB 6 DoF electromagnetic tracking device (Ascension Technology, Burlington, VT, USA) with an extended range transmitter was used. This measurement device is capable of measuring both position and orientation of multiple sensors simultaneously in a pulsed DC magnetic field [14]. The device contains an internal coordinate system with the x-axis pointing forwards, the y-axis pointing sidewards and the z-axis pointing downwards. Following an additional calibration procedure, the root mean square error of the system was 2.07, 2.38 and 2.35 mm for the X-, y- and z-coordinates respectively [ 1.51. 2.2. Subjects and set-up



Ten healthy subjects (M:F 55, mean age 30.8 years (SD 9.8years) without known upper extremity disorders participated in the study. Informed consent was obtained. Prior to measurements, anything of metal that could influence the measurements by distortion of the magnetic field was removed. Three sensors were used: two “bone sensors” and one stylus sensor (STS) mounted on a pointer. One bone sensor (HS) was attached to a circular cuff, which could be adjusted



tightly around the upper arm. The other bone sensor (US) was glued to the dorsal side of the distal end of the forearm, just proximal to the processi styloidei ulnae and radii. Care was taken that any movement of the sensor with respect to the ulna was eliminated. Extra fixation by bandage was applied to accomplish this. The subjects were seated on a chair with the right elbow extended and the forearm in neutral position (midposition between supination and pronation). From the initial position, elbow flexions and subsequent extensions were performed by the subjects. To establish the optimal movement speed a pilot experiment was performed with an artificial hinge. Five cycles of flexion and extension were performed at four different velocities: a succession of measurements in static positions and continuous movement cycles with a duration of 60, 30 and 15 s respectively. Before the movement cycles were performed, the coordinates of three points on the artificial hinge and arm were measured; both ends of the hinge and a point 20 cm above the hinge in the same vertical plane (the artificial upper arm). Subsequently, a local coordinate system of the artificial hinge and arm was determined. The local x-axis going through both ends of the hinge, the local y-axis pointing upwards from between both endpoints through the third point and the local z-axis perpendicular to the X- and y-axis (pointing backwards). This coordinate system was used to express the position and orientation of the calculated flexion axis. The errors of estimation of the optimal position and orientation of the flexion axis of the artificial hinge were 0.56 cm and 0.25” for both the static measurements and the 60 s cycles. The position of the mean optimal axis calculated for the hinge joint was 0.37 cm above the x-axis @-coordinate = 0.37 cm) and 0.013 cm behind the true hinge axis (z-coordinate = 0.013 cm). On the basis of this experiment a movement speed of about 30 s for a cycle was chosen, because this was the most natural movement with a very low error of estimation. 2.3. Measurements 2.3.1. Initial measurements



The stylus was used to measure the global position of nine bony landmarks (Table 1). This was performed by palpating the bony landmarks and subsequently touching them with the tip of the pointer. When touching, the position and orientation of the stylus sensor were recorded. From the position and orientation of the STS, knowing the position of the pointer tip to the STS, the global position of the pointer endpoint and thus the global positions of the bony landmarks could be calculated [16]. The global bony landmark positions were subsequently calculated in the local coordinate systems of the bone sensors by simultaneous recordings of the position and orientations of the
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Table 1 Bony landmarks (place of measurement) and abbreviations Epicondylus medialis (dorso-distally) Processusstyloideus ulnae (distally) Angulus acromialis scapulae



EM PU AA



Epicondylus lateralis (dorso-distally) Processuscoracoideus Trigonum spinae (at the medial border of the scapula)



bone sensors together with the bony landmark measurements with the STS. From the positions of the bony landmarks with respect to the bone receivers, the global positions of the bony landmarks could be recalculated in every arm position [16]. The global positions of the bony landmarks in every arm position were used for the construction of a local coordinate system (LCS) on the humerus (Fig. 1). The humerus coordinate system was defined as follows (GH = the glenohumeral rotation centre): Yh- axis: [GGH-(“EM+GEL)/2]/(([GGH - (GEM+GEL)/2]ll Z,,-axis: perpendicular to Y,-axis and (GEL -GEM). Pointing backwards Xi,-axis: perpendicular to Y,,-axisand Z,,-axis origin: GGH The position of GH could not be measured directly and was therefore estimated from the scapular bony landmarks by linear regression according to Meskers et al. [17]. As the scapular bony landmarks were



Processusstyloideus radii (distally) Art. acromioclaviculare (dorsally) Angulus inferior scapuEae



PR AC AI



calculated with respect to HS, GH was estimated with respect to HS, so GH could be reconstructed in every position of HS [16,17]. 2.3.2. Movements



The LCS of the humerus and of the bone sensor of the forearm were used to determine the rotations of the forearm with respect to the upper arm. This was performed by calculating the orientation of the US in the LCS of the humerus. In order to let the motions be as natural as possible thus avoiding false motions, no artificial guides were used. Starting from the initial position, slow elbow flexions and subsequent extensions were performed by the subjects. One trial consisted of a complete flexion and extension motion until the initial position was regained. During the motions, the position and orientations of both bone sensors were measured and recorded continuously (12 Hz). 2.4. Data processing



From the positions and orientations of US with respect to the humeral LCS, instantaneous helical axes (IHAs) were calculated. IHAs describe motions as rotations about and translations along axes. The axes are fully determined by their position vector (s) and unit direction vector (n) [10,18]. The calculations of the translation speed along the axes (v), s and n were based on algorithms according to Woltring [18] in which o is the angular velocity vector of US with respect to the humeral LCS, p is the position vector of US in the humeral coordinate system and fi is its derivative:



Yb-d?



EM



EL PC TS



EL



Fig. 1. Local coordinate system of the humerus. EM is the epicondylus medialis, EL epicondylus lateralis and GH the glenohumeral rotation centre.
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(1)



n = w/w



(2)
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(3)



s = p+(w*~/o*)



(4)



The angular acceleration needed to calculate the parameters of the IHA was calculated by deriving the angular velocity. A low angular velocity (under 0.25 rad s-l) could lead to inaccurate calculation of angular acceleration and could cause outliers. To exclude outliers, caused by this low angular velocity at the turning point of the movement or by measurement errors, values of s and n deviating over three standard
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deviations (sd) from the mean - this is about 8% of the samples - were not taken into account. An optimal position vector was determined by calculating the optimal pivot point (S,,,) as the mean pivot closest to all IHA in a least squared sense [12,18].



IHA in Local Co-ordinate



System of the humerus



wth EL=[O,O,O]



30 1



I



x GH



25 -
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Q=;
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0



N = amount of sample, Qi = I --ni.ni’, n = unit direction vector. Analogous to the calculation of Soptan optimal unit direction vector (N,,,) was calculated. The error estimations of S,, (S,) and Nopt(NJ were: (7) norm = length of a vector N, = t



,$ acos(N,pt.ni)’ t I



(8)



Mean optimal position and orientation vectors were also calculated over all 10 subjects. The shortest distance (d) from the positions of the bony landmarks EM and EL (“@) to the pivot point was calculated by: d = IS,,,- (Nopt’.Sopt).Nopt+(Nopt’.“Ob).N,pt -“W



(9)



3. Results A graphical representation of the dispersion of the axes calculated can be seen in Fig. 2, where the IHAs are plotted for one subject. The results of all five movement cycles are shown. The mean dispersion, calculated as the standard deviation of all positions and directions of the IHA of 50 movement cycles of the 10 subjects, was 2.37, 1.36 and 1.19 cm for the position and 1.43, 4.87 and 4.41” for the orientation in the LCS of the humerus. The position and orientation of the mean optimal flexion axis for one subject is shown in Fig. 3. As can be seen, there is a considerable deviation from the line through EM and EL. An overview of the positions and orientations of the mean optimal flexion axes and their errors of estimation for all 10 subjects, omitting 10” in the extremes of motion, is presented in Table 2. The positions are calculated with respect to EL. The average error of estimation for the orientation was 4.12” and for the
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x-axis(cm) Fig. 2. Instantaneous helical axes (IHAs) of five cycles of one subject plotted over each other in the q-plane of the local coordinate system of the humerus, the length of each axis is 2cm. EM is the epicondylus medialis, EL the epicondylus lateralis and GH the glenohumera1rotation centre.



position it was 1.15 cm. Furthermore, it can be seen that the inter-individual variability was rather low, indicating a very homogeneous population regarding the elbow flexion axis. Also presented is the average configuration of the LCS of the humerus, by calculation of the positions of the bony landmarks with respect to each other when the elbow was in approximately 90” flexed position. In Fig. 4 the position of the IHA is shown as a function of elbow flexion. Results of all five cycles are shown for one representative subject. As can be seen, only in the first 20” and in the last lo” of elbow flexion are shifts occurring along the y,-axis and the zh-axis.



4. Discussion Malfunctioning of elbow prostheses can be due to (bio)mechanical and biological reasons (reaction of the bone tissue to the implant). It is interesting to determine the axis of the elbow without a prosthesis before surgery and with a prosthesis after surgery to assessthe role of biomechanical aspects in aseptic loosening. Measuring the elbow flexion axis in vivo is, however, difficult. Susceptibility to measurement noise and referencing the measurements are some of the key problems. Measurement noise is a cause of a variable error (dispersion of repeatedly established rotation axes) as well as of a systematic error (deviations of the axes from the true axes of rotation). Reference of the position and orientation of established axes to geometrical aspects of the bones involved means that interpretable results are obtained and, most important,
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PU in LCS of the humerus with EL=[O,O,O] GH 0 :: :: : : ! ,



Fig. 3. 3D representation of the bony landmarks of the upper arm. The glenohumeral rotation center (GH), processus styloideus ulnaris (PU), epicondylus lateralis (EL), the epicondylus medialis (EM) and the calculated mean optimal axes (moa, length = 10 cm) of one subject are represented.



the intersubject variability due to, for example, the mounting of markers on the subject or the placement of the subjects in the measurement field is diminished. In this way, results between subjects will become comparable. The measurement noise can be estimated from the dispersion of the IHA. A measure of dispersion of the IHA is given by the error of estimation of the calculated mean optimal axis. The errors of estimation for the artificial hinge joint (movement speed 30 s a



cycle) were 0.60 cm for position and 0.28” for orientation. The sensors were fixed to the beams, and there was a fixed axis and movement path. These errors thereby reflect the true measurement noise. It should be noted that no filtering was applied. However, by establishing an optimal position and orientation from all the IHA measured, a kind of filtering afterwards is performed, thereby eliminating the random measurement noise. As the dispersion of the measurements on the artificial hinge are already low, and taking into



Table 2 Position and orientation of the elbow axis Subj.



N optx



N q\



1 2 3 4 5 6 7 8 9 10 Mean (sd) GH (sd) EL (sd) EM (sd) PU 90” (sd)



0.9029 0.9820 0.9911 0.9558 0.9035 0.9795 0.9840 0.9949 0.9632 Cl.9888 0.9646 (0.0345)



0.1498 0.1580 0.1101 0.1915 0.1189 0.1572 0.1471 0.0905 0.1074 0.1075 0.1338 (0.0315)



0.4084 0.1368 0.1224 0.2331 0.4228 0.1480 0.1510 0.0818 0.2551 0.1651 0.2124 (0.1183)



e (deg)



.%,,tx



s “PY



3.19 4.06 4.18 4.03 4.24 4.15 4.91 3.14 3.28 5.41 4.12 (0.67}



-1.70 - 2.66 - 4.50 -1.75 0.38 - 1.07 - 2.05 -0.35 - 1.36 -0.80 -1.59 (1.34) - 3.54 (0.40)



0.83 1.01 1.02 0.10 1.04 -0.67 1.54 0.61 1.23 1.40 0.81 (0.66) 28.19 (1.833)



0.00 (0.00)



0.00 (0.00)



- 7.07 (0.81) 1.67 (6.22)



-0.54 (0.63) - 0.28 (0.28)



e (4 - 1.I2 - 0.85 - 2.68 -1.56 -1.61 -0.90 - 2.8’7 - 2.5.5 -1.47 - 2.3’5 - 1.86 (0.72) 0.00 (0.00)



1.14 1.08 1.26 0.66 1.26 1.42 0.72 2.04 0.76 1.21 1.15 (0.40)



0.00 (0.00)



0.00 (0.00) - 25.96 (2.39)



The optimal unit direction vector (Nc,p,X, Nc,pt,ply, N,,,,) and the position vector of the optimal pivot point (S,,,,, S,,,W,S,,,, (cm)) of the flexion axes of the elbow in the humeral coordinate system with its origin shifted to the epicondylus lateralis (EL), for all subjects (N = 10) omitting the last 10” of flexion and extension. subj., subject; e, estimated error; sd, standard deviation; GH, glenohumeral rotation center; EM, epicondylus medialis; PU, processus styloideus ulnaris.
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account that the dispersion is eventually eliminated by calculating the mean position and orientation, it can safely be assumed that random errors due to measurement noise do not play a great role in our results. When measuring on subjects, there are a number of other sources of errors, e.g. skin movements and influence of uncontrollable pro-supination by the subjects. Furthermore, repeated movements might differ each time a cycle is performed ( = kinematical redundancy) and the elbow might not be a tight hinge, in other words there might be a flexion axis that fluctuates during motion. Veeger et al. [13], performing measurements on a fresh cadaveric specimen, found errors of estimation of S, = 1.27 cm and N, = 1.45”, whereas the errors we found in vivo were S, = 1.15 cm and N, = 4.12”. The main difference between the measurements of Veeger et al. and our study was the fact that Veeger et al. used sensors that were mounted directly onto the bones, thus eliminating skin movement. Postiion



IHA on the Yh-axls



and Zh-axis



vs elbow angle



I 1



50 elbow angle with the Yh-am



0



100 (dgr )



150



1



Fig. 4. Positions of the IHA on the y,-axis and on the zs-axis of the local coordinate system of the humerus with its origin shifted to the epicondylus lateralis (EL) versus the angle of the forearm with the y,,-axis. The plots are for one subject, during five movement cycles. Maximum extension is about 0” and maximum flexion 130”. Table 3 Results of the present study and three earlier studies ~____ Axis in front of EL EL in front of CT Veeger et al. [13]



0.83



Present study Veeger and Yu [12] Wang [ 191



0.44



.___~~



1.86



+1.13 1 +1.13 +1.13



Furthermore, the movements were performed passively, thus eliminating the influence of active, dynamical movements of the subjects. Although a comparison between our results and the study of Veeger et al. cannot be made directly, the repeated errors might suggest that the elbow is not a very tight joint. The higher orientation error we found with respect to Veeger et al. can be explained by the influence of skin movement and kinematic redundancy. It might be interesting to estimate the influence of the kinematic redundancy by comparing the errors found when the arm is moved both actively by the subject and passively. The accuracy of our measurements, namely the difference between the estimated position and orientation and the true position and orientation, is very difficult to establish, for there is no way that the true axes of rotation can be established. There are two ways to obtain an estimation of the accuracy. First, the deviation of the measured position of the flexion axis from the true flexion axis of the artificial hinge joint gives an idea of the accuracy of the measurement methodology. Second, a comparison with the literature can be made. As the difference between the measured and the true hinge joint was 3.7 and 0.13 mm respectively for the yand z-coordinates, the accuracy of our method can be assumed to be sufficient. Deland et al. [4] and London [3] found the qualitatively described axis approximately in CT. The quantitative results of Veeger and co-workers [12,13], Wang [19] and the present study are shown in Table 3. Veeger et al. [13] provided a relation between EL and CT (estimated elbow circumference), which was used to calculate the position of the axis related to CT in the present study and in Veeger and Yu [12]. The problem with this relation is the dependency of the palpation place. The epicondyles in the present study were measured dorso-distally; in the two studies of Veeger and co-workers they were measured laterally [20]. This means that EL in the present study probably lies less far above and in front of CT than is suggested in Table 3 and, in that case, the axis will also be less far



Axis above EL



EL above CT



= 1.96



-0.19



= 2.99 = 1.57 1.3



0.81 - 0.60



+1.11 1 +1.11 +1.11



Axis in front of CT



Axis above CT = 0.92 = 1.92 = 0.51 -1.2



The data of Veeger and co-workers transformed to the local coordinate system of the humerus. The humeral head is used as an approximation of the glenohumeral rotation centre (GH) in the study of 1996 [12]. Bold data were reported on in the studies and italicized data are derived data, using values of Veeger et al. [13]. Derived data are the distances from the epicondyhrs lateralis (EL) to the centre of the trochlea humeri (CT), the arrow indicates where the data of Veeger et al. [13] (1.13 and 1.11cm) are used. Wang [19] used a different coordinate system and is not directly comparable to the other data. All results are in centimetres.



M. Stokdijk et al./Clinical



Biomechanics 14 (1999) 177-184



183



to a rolling motion; in that case, identical displacements are expected. London found, however, other displacements and therefore methodological inaccuracies are assumed. Finally, the importance of the use of anatomically based coordinate systems should be understood. The mounting of sensors on the subject cannot be controlled completely. Furthermore, geometrical differences between subjects are considerable. When anatomical landmarks are used, the marker position is controlled, and geometrical differences are ruled out. This means that the intersubject variability will be lowered. The intersubject variability woefound was 6.6 and 7.2 mm respectively on the y- and z-axes (see Table 2) which is rather low. Wang [19] found the intersubject variability to be 6.1 and 3.3 mm on the axis through CT to CG and through CT to CW, which was based on measurements on only three subjects. The low intersubject variability means that between healthy people, the flexion axis of the elbow does not show a great dispersion.



above and in front of EL and CT. Therefore, comparing the results of different studies, even when comparable coordinate systems are used, is only possible when a description of the exact measurement place of the bony landmarks is known. It would be interesting to describe the functional axis in relation to orientation points on the humerus, with regard to the placement of an endoprosthesis. Supplementary information about the relation between palpation points (EM and EL for instance) and orientation points on the humerus in surgery is then required. This would make the position and orientation of the functional axis better interpretable. The direction vector of the mean flexion axis can be expressed as three angles. These are the angles between the direction vector and the x-, y- and z-axes of the humeral coordinate system. The present study found the angles between the direction vector of the mean flexion axis and the respective humeral axes to be 15.3, 82.3 and 77.7”. This seems to be in concordance with the results of Veeger and co-workers [12,13], who found angles of 6.5, 84.1 and 86.7” in their study in 1996 and 13.4, 82.2 and 87.7” in 1997. Wang [19] found an angle of 9” with the plane through GH, CT and the centre of the wrist (CW). This seems comparable to the angle of 15.3” with the x,,-axis of the present study; here again, comparing the results is difficult because of the different coordinate systemsused in the studies. The minimal displacement of the axis during the movement, except in the extremes and the low interindividual variances, indicates a fixed flexion axis. This is in concordance with findings of Morrey and Chao [21], Deland et al. [4] and Veeger and co-workers [12,13]. The shifts in extreme flexion and extension are partly consistent with the results of London [3]. This phenomenon could be caused by a higher varus/valgus laxity in these extreme positions, but is probably caused by the sensitivity of the calculated position and direction for small (rotation) velocities (see eqn (2)eqn (3)eqn (4)) therefore deviations in position can be expected at the extremes of the movement. Although London used a different method - a refinement of Reuleaux’s technique - this method is also sensitive for small rotations at the turning point of the movement. This could explain the deviations in position which London found. London explained the deviations by a change of a sliding motion in the joint



5. Conclusion



A useful method for establishing the axis of rotation of the elbow in vivo and for evaluating the position of endoprostheses is developed. The measurements are non-invasive and easy to perform. A reasonably accurate estimation of the position and orientation can be obtained. Estimating an optimal position and orientation minimizes the measurement noise. Filtering of the raw data, which is always complicated to perform, is thus avoided. The use of anatomically based coordinate systems means that the position and orientation can be expressed in reference points and planes and that the intersubject variability is low. Supplementary information concerning relations between palpation points and orientation points on the humerus can help to make the position and orientation of the functional axis useful in placing an elbow endoprosthesis. Acknowledgements
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List of symbols AA AC



Angulus acromialis Art. acromioclaviculare



N opt “0,



AI



Angulus inferior scapulae



P



Optimal direction vector Position vector from y in coordinate systemx Position vector US in humeral system
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IHA



In the LCS of a bone sensor From the bone sensor Position vector of a bony landmark Centre of the trochlea humeri Shortest distance EM/EL to S,,, Degrees of freedom Epicondylus medialis Epicondylus lateralis Flock of BirdsTM In the global coordinate system Global coordinate system Glenohumeral rotation centre In the LCS of the humerus Humeral sensor Instantaneous helical axes



moa



Mean optimal axis



LCS n



Local coordinate system Direction vector of the IHA



N,



Estimated error of N,,,



B



CT d



DoF EM EL FOB G (superscript) GCS GH 1;prscript)
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Processuscoracoideus Processusstyloideus radii Processusstyloideus ulnae Orientation matrix from y in systemx Vector of a point on the IHA In the LCS of the stylus sensor Position of the stylus tip Estimated error of the pivot point Optimal pivot point From the stylus sensor Stylus sensor Optimal direction vector Trigonum spinae Ulnar sensor Vector from a bone sensor to a bony landmark in the LCS of the bone sensor Vector from the stylus endpoint to the centre of STS in the LCS of STS Translation speed along IHA Angular velocity vector of US in LCS of the humerus
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