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Abstract— This paper compares mor phological and functional
definitions of the flexion-extension axis using six dof
electrogoniometry and bone M odelling.
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. INTRODUCTION

In biomechanics, the kinematic " cross-talk " metira a
component of rotation (e.g., flexion) can be inteted as
another (e.g., abduction) [1]. The misalignmentnorre exactly
the wrong orientation of anatomical axes, definitige
reference frames of observation, with the axes ofement
would be the cause of a " cross-talk ", the eftdavhich was
mainly observed during knee analysis [2].

The question raised by the « kinematic cross tatk also
central for optoelectronic stereophotogrammetrithoes. The
use of external landmarks (quasi anatomical, manuai
virtually palpated) to determine the orientation tbé fixed
coordinate system (the observational frame) isnoftansidered
as the most critical source of errors. Erroneoaegrhent of
knee landmarks or the thigh wand in the Helen Hagedel
may induce large deviations in the computationipfrbtation

and knee varus/valgus angles. The reproducibility o %HJ(HH

measurement is "landmark-dependant” for opticaksys. The
use of an exoskeletal "Knee alignment device" [KADbes
not seem to solve the problem: the quality of #wults is still
dependent on suitable marker placement.

knee would be quasi parallel in the range of 45%0fdof knee
flexion.

Approach2.The functional method uses the mean helical
axis as invariant. This axis is used like a kinemdescriptor
making it possible to reorient the axis of flexiextension [9].
The observation of the axode of the knee showsliadey of
guasi-parallel axis between 40 and 80° of flexit@][ Both
reduction of inter specimen variability and ina@ay in
locating anatomical landmarks in vivo are the ficstions
most met to use this method.

This paper presented the results of a comparisomelea
various definitions of the flexion-extension axanétomical
and functional). We analysed the relative equivedeaf both
approaches when performed in vitro. Rigorous didimi of
anatomical reference frame was applied. The kneeclasen
taking into account the important literature auaida the
importance of these definitions for the realizatioh gait
protocols, and the functional concept of knee fests and
their placement.
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reference bony landmarks could improve the minitrizaof
the « cross talk » effect.

Two approaches are encountered in the literature.fifst
approach defines bony landmarks for the deterngnadf an
optimal flexion-extension axis [3,4,5,6]. The sed@pproach
calculates the average axis of the movement toiesrate the
axis of flexion-extension of the fixed referencanfie [7,8,9].

Approach 1. Anatomical methods propose several
definitions of an optimal axis like the transepidgiar line
(LTE) or the axis of geometrical centre (AGC) oé thosterior
condyles. Questions relating to the curves of thadgles, the
choice of the anatomical markers, the orientatibthe axes of
the movement with various ranges of flexion-extensir the
values of antero-posterior displacements of thedgleis are
retrieved for this approach. The axes of the moveroé the
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Figure 1. : Interspecimen variability (averageveuand standard deviation
of 7 specimens). A: Patellar tilt; B: Tibial Ratat. Note the quasi static
level of internal rotation after 30° of knee flexio



Il.  METHODS

A. Preliminary Study

In a previous study on the effects of tibial tulséo
elevation on femoro-patellar kinematics [11], weedisa
technique of reorientation of the global referefreene from
processing the mean helical axis (MHA) between &%t 75°

D. 3D reconstruction and virtual palpation

After CT-imaging the lower limbs, bone segmentatioml
3D reconstruction were processed using AMIRA (Gewyna
www.amiravis.com). On these bony models, a virpapation
was performed to sample the co-ordinates of theseaiho
anatomical landmarks necessary to define the varéores of
optimal flexion-extension.

of knee flexion. This range avoided the screw home Two virtual markers were identified on the medial

mechanism in the initial flexion and the posteshift of the

helical axis above 70°. This technique enabledatolu of the

interspecimen variability of associated componesftsknee

flexion, but also minimizing the variability of thpatellar

rotation and translation components. In this paldiccase, the
quality of the reorientation could be assessedhbysmallness
of the standard deviations (Figure 1). However, fthetional

method did not enable to locate the position amehtation of

this axis in the distal extremity of the femur. T¢mmbination

of medical imaging and three-dimensional electrigoetry

used in this paper was intended to solve thataitioih.

B. Validation of the re-orientation method

Two fresh-frozen lower limbs (58 and 87 years) wgsed.
The lower limb included a hemi-pelvis, thigh, shanid foot.
The rectus femoris, vastus intermedius, vastus atiedand
lateralis, biceps femoris, semitendinosus, semimandsus,
tensor fascia lata and gracilis muscles were disdeand
loaded. The distal tendons of these muscles amd ¢aipsule
were preserved. Bony tunnels were drilled through pelvic
insertions of these muscles to ensure that thélrspaere kept
close to the original anatomy.

Figure2. Virtual palpation of epicondyles, medid) &t lateral (B).

C. Measurement device

To describe tibiofemoral and patello-femoral kirgics
[12], we used 2 custom-made six revolute jointrimsented
spatial linkages (6R ISL) showing an accuracy 6 0ms in
rotation and of 1.2 mm in translation, and a pieniof 0.1°
[13]. A 3D digitizer was used to register the kiradivs on the
bony models. To measure the excursion of quadricays
hamstring tendons, four LVDT [Linear Variable Difémtial
Transducers (Machl series; Solartron Inc.; USA]enéarked
to the muscle tendons. Passive knee flexion/exdansiotion
was then performed and kinematics data was cotldayethe
6R ISL's.

epicondyle, or ME (Figure 2-A): one on the most rmeME
point, another in the small depression posteridvib (i.e., the
medial sulcus). The latter point is used to defime surgical
transepicondylar line (TEL). Three landmarks wereated on
the lateral epicondyle crest, or LE (Figure 2-Rjpearior aspect
of the crest, middle aspect and inferior aspe¢hefcrest. The
TEL may be defined between these five points. Is fiaper,
TEL is defined between the medial sulcus and tradhipoint
of the lateral epicondylar crest [14]. To defihe geometrical
center of the posterior condyles, landmarks wemtually
palpated on each condyle (Figure 2-B). By applyiag
iterative method, four different markers were sildcat each
iteration, allowing the calculation of the centexdahe radius
of curvature of the sphere passing by these foumtgoThe
radii of curvatures permit to verify the good esttian of the
curve center. The line joining both centers of thedial and
lateral condyles was named AGC (axe of geometciealer).

E. Re-orientation process

The parameters of the helical axis (HA) were first
calculated from the 6R ISL's transformation maticdhe
motion was described by a set of finite helical axEHA)
computed at every 3° of helical rotation during érfiexion-
extension. From all FHAs, we extracted 9 groupsHBfA's
each 20°-step of knee flexion or extension (0-203Q, 20-40,
30-50, 40-60, 50-70, 60-80, 70-90, 80-100°) (sintitaWilson
et al [15]). For each step, a mean helical axis @)lldnd its
piercing points in parasagittal plans closed to riredial and
lateral epicondyles were computed. MHA between dd 0°
of knee flexion (AHMgg9) and MHA between 20 and 120°
(AHM 50159 were also computed. All the transformations were
expressed in the 6R ISL original fram&o express kinematics
in an anatomical or functional reference frame,riarices of
displacements were pre-multiplied either by the rixabf
transformation defined starting from the anatomiedérence
marks or by the matrix of defined starting from tréentation
of the AHM,g.ggas

T=[PRE] * M2 * MR™

where MR is the reference matrix describing theepof
the tibia relative to the femur, M2 the matrix dietcurrent
pose during the movement and PRE the reorientatanix.

The origin of the reorientation frame was placettiezi on
the middle of TEL, or on the middle of ACG or atthivot
estimated between 20 to 120° of flexion. For theMdblsg the
piercing point of this axis in the sagittal plansmased due to
the inaccuracy of the estimation of X componerthefpivot in
this range of knee flexion, the helical axes bejngsi parallel.



F. Experimentation

Femoro-tibial kinematics was described in term#enfion-
extension, abduction-adduction, tibial rotation,dmeateral,
anterior-posterior and proximo-distal shift. Femgpedellar
kinematics was described in terms of patellar fiaxipatellar
and patellar tilt. The angles between LTE and ACTE and
AHM 4950 ACG and AHM,.goWere also processed.

Ill.  RESULTS ANDDISCUSSION

The angle between TElgcaand AGC, between MHA and

TELsurgica ,and between MHA and AGC were 2.3°, 1.1° and

6.7°, respectively.We previously mentioned the irtgnace of
the choice of the reference frame for the represiemt of
kinematics data. A comparison of 3D poses of rfie
definitions of flexion-extension axis for the spmen 1 is
shown in figure 3.

This is of importance for reproducibility and
communication of results in anatomical terms. Tor o
knowledge, this paper showed for the first timeoaparison
between the morphological and functional approadreshe
same specimens by using registration techniques 8ifat Jan
et al., 2002)

Both the choice of anatomical landmarks and theigian
of location are prone to error. Errors from 12®mm were

reported duringin vivo palpation of anatomical landmarks

(Della-Croce et al., 1999) To solve this lack of
reproducibility, many authors tried to get rid afiatgomical

landmarks by developing numerical methods to deterrthe

centers and axes of rotation of a joint in an optimay (Besier
et al., 2003)

However, numerical methods raise interrogationsei&'tis
this axis located in the joint? Over which moti@nge one
must estimate the center or the optimal axis ofntib@ement?
Can one use the pivot of the movement to locateothygn of
the reference frame of observation? What is tnsigeity of
this invariant of movement (the helical axis) tce tfoad
conditions of the joint? Our results suggest atiredaagreement

between the MHA and some above-described anatomical

landmarks.

In short, if the optimal axes (TEL, AGC) are cloke
parallel, rotations will be equivalent. Howeverarnslations
seem more dependent on the definition of the optaxes and
seem minimized if related to the posterior bicoadyxis
(AGC). The position of the MHA seems to be alscseltoto
this posterior axis.

Some limitations must be underlined. The referdrame
related to the tibia was not morphologically defirgermitting
to define its mechanical axis. We regarded thedfixand
mobile reference frames as coincident at the reéerg@osition.
Nevertheless, this approach limits the number dpataed
landmarks.

In patients presenting bony deformations, sepayatire
relative experimental bias of the deformation ftgglie knee
misalignment) from the error arising from the reaiss talk is

not easy. The results of this paper should bé Vadatedin
vivo prior to clinical implementation.

The effect of load is a significant parameter istmethod
is applied in the operating room. The first obations show
little effect on rotations. On the other hand, thenslations
should be affected by the loading conditions. Eixpental
protocols focused on this parameter should be mwoedi to
infirm or confirm this observation.

The sensitivity of the components associated with t
principal movement was shown and reinforces ouwiction
in the use of reorientation techniques of the mamnaxis.
These techniques are not reserved for the knet @id could
be used for other joints where similar cross-taidbpems are
also described (elbow, wrist).

In conclusion, this paper tackled the issue of kages
reorientation. Such work is of importance for aroglucible
analysis of experimental protocols. The agreemettvden
both functional and morphological methods reinfdrosur
decision to insert it in our clinical protocols.

REFERENCES

Piazza S.J. and Cavanagh P.R. (2000) Measuremén¢ ascrew-home
motion of the knee is sensitive to errors in adignanent.J Biomech.
33, 1029-1034.

Blankevoort L., Huiskes R. and de Lange A. (1988 Envelope of
passive knee joint motiod.Biomech. 21, 705-720.

Asano T., Akagi M., Koike K. and Nakamura T. (2008)vivo three-
dimensional patellar tracking on the fem@tin.Orthop. 413, 222-232.

Iwaki H., Pinskerova V. and Freeman M.A. (2000) igiemoral
movement 1: the shapes and relative movementsedfethur and tibia
in the unloaded cadaver kndeBone Joint Surg.Br 82, 1189-1195.

Hill P.F., Vedi V., Williams A., lwaki H., Pinskexa V. and Freeman
M.A. (2000) Tibiofemoral movement 2: the loaded amdoaded living
knee studied by MRU.Bone Joint Surg.Br 82, 1196-1198

Freeman M.A. and Pinskerova V. (2003) The movenuérthe knee
studied by magnetic resonance imagi@ign.Orthop. 410, 35-43.

Cheze L., Fregly B.J. and Dimnet J. (1998) Deteatim of joint
functional axes from noisy marker data using thrétdi helical axis.
Hum.Mov.ci. 17, 1-15.

Marin F., Mannel H., Claes L. and Durselen L. (2008rrection of axis
misalignment in the analysis of knee rotatioHsm.Mov Sci. 22, 285-
296

Martelli S. (2003) New method for simultaneous anatal and
functional studies of articular joints and its apafion to the human
knee.Comput.Meth. Progr. Bio. 70, 223-240

Mannel H., Marin F., Claes L. and Durselen L. (2084terior cruciate
ligament rupture translates the axes of motion iwitthe knee.
Clin.Biomech. 19, 130-135

Salvia P., Ransbotyn J.-F., Debouck Feipel,V., \GamtJan S., David
J.H., Klein P. and Rooze M. (199Patellar kinematics and muscular

moment arms after anterior tibial tuberosity elevation simulation. In

17th Congress of the International Society of Biomechanics p. 318.
Calgary (Canada).

Salvia P., "Développement et application de ['éteginiométrie

tridimensionnelle a I'étude expérimentale et clieigle la cinématique
articulaire." , Ph. D. Thesis, Université Libre Blrixelles,Belgium,2004
Sholukha V., Salvia P., Hilal I., Feipel V., Rod#e and Van Sint Jan S
(2004) Calibration and validation of 6 DOFs instented spatial
linkage for biomechanical applications. A practicapproach.

Med.Eng.Phys. 26, 251-260.

Eckhoff D.G., Dwyer T.F., Bach J.M., Spitzer V.MncaReinig K.D.
(2001) Three-dimensional morphology of the distaftpf the femur
viewed in virtual realityJ.Bone Joint Surg.Am. 83-A Suppl 2, 43-50.

(1

(5]

6l
(7

8l

19

[10]

[11]

[12]

[13]

[14]



[15] Wilson D.R., Feikes J.D., Zavatsky A.B. and O'Can&d. (2000) The [17] Della-Croce U., Cappozzo A. and Kerrigan D.C. (199Pelvis and

components of passive knee movement are coupldtéxion angle. lower limb anatomical landmark calibration precisioand its

J.Biomech. 33, 465-473 propagation to bone geometry and joint anghed.Biol.Eng Comput.
[16] Van Sint Jan S., Salvia P., Hilal I., Sholukha V.Rooze M. and 37155-161.

Clapworthy G. (2002) Registration of 6-DOF Elecoogpmetry and CT  [18] Besier T.F., Sturnieks D.L., Alderson J.A. and Ildo¥.G. (2003)

Medical Imaging for 3D Joint Modelind.Biomech. 35, 1475-1484. Repeatability of gait data using a functional lamj centre and a mean

helical knee axis] Biomech. 36, 1159-1168.

Frontal plane Transversal plane
T 5o, s
5 (3
£
£
<
0
k3
K
7
; &
-50 1 -50
-50 0 50 -50 0 50
«Medial Lateral—» «Medial Lateral—
Medial plane Sagittal plane Lateral plane
1 30 1 30 21 30
E_| @ E |8 E |6
>E< 20 >e< 20 E 20
&, &, o
10 10 10
0 | 0 oMz, 0
ﬁMC o Qclc
-10 -10 1 -10
»
E -20 g -20 g -20
& a a
) Ly tag
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
A «Posterior Anterior — «Posterior Anterior — «Posterior Anterior -
Knee flexion Knee ab/adduction Knee rotation
140 30 40
i 2 3
120 20 R 30
~ 100 ~ E’ 20
- > = .
g 80 g § 10 é
z = s
E 50 § 0—@< ’?\ 0
EI}/ 40 g 10 ::,i -10
E -20
20 20
-30
0
-30 -40
0 1000 2000 3000 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Knee flexion (deg.)
301, 40,5 4074 —
~ 20 B 30 —~ 30 ACG
£ £ E — AHM,
E = 20 c® L AHM,
£ 10 i3 £
G & 10 @ 10
T = =
i @ 5
E a -10 * .10
Z-10 o) )
2 5 £
g 520 520
) £
0 < 30 * a0
-30 -40 -40
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Knee flexion (deg.) Knee flexion (deg.) Knee flexion (deg.)
B
Figure 3. A: comparison of 3D poses of differeetinitions of flexion-extension axis (1- frontakw , 2- 3D view , 3- transversal view )
and piercing points (5- sagittal plan 4- medigb-efateral parasagittal plan . B: comparison aftamical rotations (1- Flexion-extension; 2-
Abduction-adduction; 3- external-internal rotatjoand anatomical translations (4-medio-laterdt stii-antero-posterior shift ; 6- proximo
distal shift ). In black, the trans-epicondylarspin cyan, axis of geometrical centers ; in magiemtean helical axis estimate between 40 et
80° of knee flexion and in green, mean helical astmate between 20 et 120° of flexion.




