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Abstract — A method is detailed allowing the computation of three-dimensional (3D) joint angles. Each
joint of the equine digit is modelled as a sequence of three single axis rotary joints. The Joint Coor-
dinate System was used,; it involves a specific sequence of cardanic angles. The decomposition of the
angles was chosen so that the three elementary angles coincide with the flexion/extension, passive
abduction/adduction and lateral/medial rotations. The algorithms and kinematic procedures were
described for the equine front digital joints. This method was tested in vitro on four forelimbs. For each
limb, angle values were measured while the member was loaded by a press (from 500 to 6 000 N).
These tests were repeated while a wedge raised one part of the hoof (toe, heel, lateral and medial sides)
in order to induce modifications of the angular patterns of the joints. This method allowed a pre-
cise quantitative determination of 3D joint movements. The modifications occurring with the wedges
are clearly identified and confirm some previously published semi-quantitative observations. More-
over, this method provides a way to collect objective data on the functional anatomy of joints and could
be used to study connective shoeing thoroughly. It may be directly applied to other species and may
be used by researchers interested in discreet articular movements, especially occurring in other
planes than the sagittal one.
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Résumeé — Utilisation concrete du systéme de coordonnées articulaires pour la quantification des
rotations des articulations du doigt du chevalCet article détaille une méthode permettant la
mesure des trois composantes anatomiques, en rotation, du mouvement des articulations du doigt du
cheval. Ce mouvement a été modélisé par une séquence de rotations autour de trois axes selon le Joint
Coordinate System ; les trois angles élémentaires correspondaient aux mouvements de flexion/exten-
sion, d’adduction et abduction passifs et de rotations latérale et médiale de I'articulation. Les algo-
rithmes et les procédures de mesure cinématique sont décrits et appliqués aux articulations du doigt
antérieur du cheval. Cette méthode a été testée in vitro sur quatre membres thoraciques. Pour chacun,
les valeurs des trois angles ont été mesurées durant la mise en charge du membre (de 500 a 6 000 N).
Ces tests ont été répétés en élevant alternativement certaines parties du sabot (talons, pince, quartier
latéral, quartier médial), de fagon & modifier les décours angulaires des articulations du doigt. Cette
méthode a permis de mesurer précisément les 3 composantes anatomiques, en rotation, du mouvement
articulaire. L'incidence de I'élévation de différentes parties du sabot sur les angles articulaires digi-
taux a été étudiée ; elle confirme les résultats précédemment acquis par des méthodes semi-quanti-
tatives (radiographie, surface de contacts articulaires). Cette méthode peut étre utilisée pour I'étude
de l'influence des ferrures orthopédiques sur le comportement des articulations du doigt du cheval.
Par ailleurs, elle n’est pas spécifique du cheval mais est directement applicable aux autres espéces ani-
males. Elle peut étre mise en ceuvre par les chercheurs soucieux de mesurer des phénoménes articu-
laires plus discrets que la flexion dans le plan sagittal.

cheval / cinématique / articulation du doigt / systéme de coordonnées articulaires / angles
cardaniques

1. INTRODUCTION to the strong influence of the asymmetrical
hoof placement on the floor [26] and many
authors consider the mediolateral imbal-
ances of the foot as a favouring or activating

anatomy, semiology and diagnosis. Horse SCKZJLOEE\égaI osteoarticular diseases [6,
are especially interesting in this field of =~ =™ ~ % 1

research because the equine digital joints Considering the number of clinical appli-
are sites often affected by locomotor dis<ations such as orthopaedic hoof trimming
eases. They undergo very high stresses duand shoeing, the behaviour of the equine
ing locomotion, particularly during uneven digital complex was evaluated using sev-
foot bearing [25]. These joints are quite speeral techniques. Radiographic studies pro-
cialised in flexion/extension movementsvide an objective evaluation of flexion and
occurring in the sagittal plane but they mayextension in the sagittal plane with latero-
also undergo axial rotations and collateromedial views [10, 22, 23] or collateromo-
motions. The term of collateromotion tion with dorsopalmar views [23]. But this
describes a passive rotation in the frontabi-dimensional (2D) method is restricted to
plane, a lateromotion being a displacemerdan instantaneous measurement and is less
of the distal segment in a lateral directiorsensitive to small axial rotations. Another
relative to the proximal one and a mediomoeommonly used radiographic technique for
tion, its contrary [26]. These axial rotationssmall measurement in human biomechan-
and collateromotions are small amplituddcs is the three-dimensional (3D) Roentgen
movements which are incriminated by clin-stereophotogrammetry [44]. Radio-opaque
icians for the generation of articular painballs are inserted into each segment and
and joint damage [31]. As an example, theadiography is performed before and after
symptoms of lameness due to interphaeach motion step. It allows 3D measure-
langeal osteoarthrosis increase as a horsengents but does not provide a continuous
running a curve [17, 27, 38]. This is relateddynamic measurement.

The description of the articular move-
ments of joints is an important subject in



3D analysis method of articular rotations in the horse 299

A technique based on coloured articulafor this lack of research is certainly the dif-
surfaces has also been developed in vitrficulty for biologists to use these mathe-
for equine research [23]. Because its sensinatical procedures.

tivity detects axial rotation and passive Thus, the purposes of this study were:
adduction/abduction movements in the dig- . .
to apply the technique of the Joint Coor-

ital complex, it is used to qualitatively eval-— - LR
uate the influence of hoof balance and stance dinate System to the d'g't"’.‘l 10|'nts of the
thoracic limbs of horses in vitro, thus

modifications on the movements of the dig- 7 . .
realising the simultaneous and continuous

ital joints. ) g

evaluation of the three anatomical com-
Three-dimensional goniometry is cur-  ponents of joint rotations (flexion/exten-

rently used in human biomechanics. It pro- sion, collateromotion movements and

vides a way to detect the 3 components of an axial rotations);

articular movement [14, 33, 35, 48]. Unfor-_ 14 detail the method and algorithms in

tunately, this technique cannot be easily rger to make them usable by every biol-

applied to the horse even if 2D goniometry  qqist or veterinarian:

is useful for the sagittal movements [42]. . . .
9 [421. _ to assess its accuracy and particularly its

In vivo studies have also involved the capacity to detect the discrete modifica-
measurement of the sagittal components of tions associated with uneven foot bearing.
the equine limb joint angles using kinemat-
ics [5]. Unfortunately, the precision of these
results for the distal joints is often poor2. MATERIALS AND METHODS
because it is very difficult to stick skin mark- _
ers accurately on the bony prominences of-1. Computational procedure
the second phalanx. The small size of thii 1.1 Horse limbs
bone limits the possibility to study both =~
interphalangeal joints simultaneously and a

so-called resultant interphalangeal join Four isolated left forelimbs were col-

made of the composition of two real Oneéected from horses who were euthanised for
has to be considpered [21]. The relativéﬂedical considerations. Radiographs of the

motion between the skin and bone also Iimglgltal joints were taken in order to ensure

its the accuracy of such measurements. Lnat they were not affected by osteo-articu-
lar lesions. The humeri were cut above the

Kinematics provides an easy way to col-elbow joints, just at the proximal borders of
lect 3D coordinates of markers linked to thehe humeral insertion of the carpal extensor
bones. Different mathematical models assamuscles. The insertions of the digital flexor
ciated with kinematic measurements havenuscles were preserved.
been proposed for the quantitative evaluation
of human locomotion [3, 41, 52]. Because2.1.2. Definition of local coordinate
the subject is of high interest and necessi- systems: trihedron design
tates standardisation, thrgernational Soci- and fixation
ety of Biomechaniceecommends the use
of the Joint Coordinate System (JCS) [55] One trihedron per bony segment materi-
described by Chao [14] and Grood and Suralised the three axes of a coordinate system.
tay [30]. It provides a precise mathematicallhe central parts of each trihedron were
description of clinical terminology for joint made of cubes with 14 mm sides. Three
rotational motions [29]. Until now, this tech- adjacent sides were drilled 5 mm deep in
nique has never been used in equine researtteir centres and threaded to receive 2 mm
although a number of clinical applicationsstems. Four 4 mm spherical markers cov-
may be available in this species. The groundred with scotchlite (Scotchlite 7610 - 3M,
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Cergy Pontoise, France) were screwed ooameras (Sony FX 700 - Sony, Japan) were
these axes; two were on the Z-axiggRd placed on the left side of a press (MTS
P,) and the other two were placed on eachO/MH - Adamel Lhomargy, France). Two
X-axis (P) and Y-axis (B) (Fig. 1). of them were mounted on video tripods.
The origin of the coordinate system,They were focused on the central part of the

cale O, was th iersto of e e[ [ 1l etveen e axes was
axes; it was defined b@P,=AP,P, A ) )

. : g high in order to record a proximodistal-
?r?ﬁg%gicermmed by the construction of thgteromedial view of the limb. Two wedges
' (6° and 12°) were used to raise the hoof.
The metacarpal bone and the three pha-
lanxes were drilled and a fourth axis linked For each test, a preliminary compressive
each trinedron to the corresponding bondoad of 500 N was applied. From this ini-
The trihedrons were oriented in order tdtial position, the load was increased up to
make the Z-axis coincide with the long axis6 000 N by a regular displacement of the
of the bone, the Y-axis with the lateromediapiston of the press (500 mm-mth The
direction and the X-axis with the dorsopal-tests were recorded by the three video cam-
mar axis. Because it was difficult to obtaineras at 25 Hz. The cameras were synchro-
an effective correspondence of the trinedronised by bulb lighting.

axes and bone directions, the measurements ) )

trinedrons. elevation (three neutral tests, three with 6°
heels elevation, three with 12° heels eleva-
tion, performed randomly in a latin square

design). In the same manner, the nine next

ones consisted in toe elevation and the nine

The kinematics were performed using &her ones in lateral and medial side eleva-
method similar to the one developed for pregigns.

vious in vivo studies [20]. Three 8 mm video

2.1.3. Recording procedure

After the test session, the space was cal-
ibrated using a geometric structure with
markers of known coordinates. Thirty-six
control points were evenly distributed in the
whole control region [15]. They allowed
spatial reconstruction on a field of view of
552 mm diagonal length.

2.1.4. Three-dimensional transformation

The films were analysed using the Equine
Kinematic Analysis System (EKAS) devel-
oped for in vivo studies [39, 40]. The bidi-
mensional coordinates of the markers of the
trihedrons were measured on each film. The
Figure 1. Geometric design of a trihedron and itsrecon_structlon of their three-dlmensu_)nal
related coordinate system. The indice p refers t pordlnates was performed_ by the D'r?Ct
a trihedron fixed to the proximal segment of a-inear Transformation [1] which allows this
joint. The indice d would refer to a trinedron determination as markers are moving in the
fixed to the distal segment of a joint. calibrated space.
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2.2. Modelling of the joint movement
by JCS
Lateromotion

2.2.1. Principle of the modelling F'gi:isng )

X)

Each trihedron defined a local coordi
nate system fixed to a bone, &d R, being i
respectively the local coordinate systen Mediomoto
associated to the proximal and distal se ) ' T
ments of a joint. The rotation of an object i _'J/
equivalent to the rotation of the coordinat / Yp
system attached to it [44]. Kinematics pro r
vide a way to express,Rnd R,in Ry, and Medial gy a

thus R, can be defined relative to RThis rotation = Flexion

relative orientation of one body segmer v # Lateral
with respect to the other can also b oo
expressed in terms of three successive ro -

tions [19, 28] using the JCS [30]. This /
involves a specific sequence of cardani 74

angles in which the proximal segment wa

considered as the reference and the dis

one moved relative to it. This Sequenc(FigUI’e 2. Definition of the Joint Coordinate Sys-
defines a specific system of axes presentel®m (example of the left metacarpophalangeal
in Figure 2. In this configuration, the distalloM0-

local coordinate system is first assumed to b

coincident with the proximal coordinate sys-. ] N
tem [30]. Then, the distal segment rotated the right-handed sense about the positive
successively around three axes to its finaY -axis. It is represented by the elementary

orientation: matrix Mg

— the first movement is a rotation of an
angleB; around the common Y axis Cl 0 -s1
(Yq= Yp); it corresponds to the flex- M= 0 1 0|,
ion/extension of the joint; s1 0 C1

— then the distal segment rotates with an

angleez around the rotated X', called the where C1 refers to the cosine of ang]e

ﬂoating axis [30], which is at each time and S1 refers to the sine of angle
orthogonal with the two extreme axes; it

simulates the collateromotion of the joint; 1 ne collateromotion movement is defined

by a single rotation through andlgabout

— the final rotation is of an angig around e positive X-axis. It is represented by the
the twice-rotated axis Z” (correspond- elementary matrix I

ing to Z;in its final position); it corre-

sponds to the axial rotation of the joint.

0 O
C2 2

-S2 C2

2.2.2. Angles calculation Mc=

O O B

2.2.2.1. Rotation matrix

The flexion/extension movement is The axial rotation is defined by a single rota-
defined by a single rotation through angje tion through angl@®, about the positive
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Z-axis. It is represented by the element:

matrix Mg
C3s3 0
Mg=|-S3C3 0
0 0 1 =
. i X4
The matrix M. for the composite rota- .
tions about body-fixed axes is [28, 44]: \ ¥
Mecr= Mg M. Mg
thus v— A
C1C3-S1S2S3  C1S3+S1S2C3 -S1C2 A
Mee=| -C2S3 c2c3 9 Y

SI1C3-C1S82S3  S13-C1S2C3  C1C2

A&

Where\7d=MFCRD7p 67p is a vector in R /’f : e
Y (it

.
&
_“v‘.
-F-J

i

R e

V, is the same vector expressed j).R

Figure 3. Local coordinate systems associated
2.2.2.2. Transformation matrix with the trihedrons (example of the metacar-
pophalangeal joint).

R, is the global coordinate system dete
mined by the kinematics calibration. It i
defined by(Qy, X0, Yo Zo) X, is on the X
axis (palmaro-dorsal)fo on they,¥xis
(medio-lateral) and, on the,Zxis (disto-  * Definition of a right-handed orthogo-

nal local coordinate system

proximal). ) i
The four markers of a trihedron define

R, is the local coordinate system associthree vectors associated to each axis.

ated with the proximal segment. It is defined

oY Qplply . In he same way. fls g~ i =, P +

defined by(O, iy, 4 ke (Fig- 3). W =PP=PP,+PPR=\PP.+PP
The global matrix searched isjjjso U5 =PiP5=PiF; + PP = Ol) PP,

that V4= Mgy D7p where\7p is a vector

expressed in Rand V; the same vector with Pﬁ; = pr; and\ known by the con-
expressed in R struction of the trihedron.
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The vectorsO,P, O, O, OF, are imip K, can be expressed as:

measured in Rby kinematics

O =Xb. Xo +Yh Yo + 20 2
where n{1,2,3,4}

I
—
<
e
I
<
~T

X!
+
—_
<
5

I
<
~T
2=
=
o

+
—_—
N
e

I

N
A~ T
BT

= (xa-x2xo+(y3-vilvo+ (2 -2z

=\ X3~ 271 3~ 47) 37 Z4)40
(x" x)x +(yp yp)y +(zp z”)z
Thus

ui =

p p p Pl
)\(x3—x4) +(x1—x4) Xo

Yo

+[A (y?,-yi) +(y’i-yi)
A (zg—zﬂ) + (z‘{—zﬁ)] Z

P _yPy, P, P,
U; =XXo + Y1y + 232,

+

uh =

P p P p
)\(x3 —x4) + (x2 —x4) Xo

+

Ay +(v2 —yﬂ)}%

)\(2‘3’ - zﬂ) + (z‘;—zﬂ)i

N

+ 0

uh = X5, + Yhy, + 25z,

ug=

(v 2)y2-vi) e
) (A+1)(z§—zﬂ)]20

W3 = X3Xo + Yy + 252, .

(A + 1)(x§ —xﬁ)

+

+

Zy

L ® X Y 7

: 1
= =l Ly + 7
p = pXot—Yo+t—2o
g NETONTTON
P P p P
- u X5— Yo— Z5—
Jp :TZZ%X0+%YO+%ZO
| NeTONETONG

P p P P
W XB YR ZB
p =T =7 ot Yot 7

] N5 NN

with N‘;:\/Xﬁ2+YEZ+Zﬁ2 where n[J

{1,2,3}.

* Calculation of the transformation matrix
Mp,0 and My, are the matrix expressing

R, and Rjin Ry
X%RY%EZ%Q i Xq
Mpro =/ NBY%QZ%B with| j, | =Myo Yo |
X NEY%EZ%E K, Z
In the same way,

YaYatal [T X,
Myo= X%g"%gz%g with JE =Myo )E) .

x%gY%/N%z%/N% Kq z,

The global matrix can be expressed as
Majp= Mgo* Moo= Mg Mp/OT

X%‘}Y%‘}Z%E x%gx%gx%g

Man = | ¥hg Yhs g | |V Voe Vg

X%%Y%/N% 24 g Z%’i Z%gz%g

rll r12 r13

r21 r22 r23

M3 32 M3

d P d p d P
Nn Npo No Noo NG NG

with n and nJ {1,2,3}.
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2.2.2.3. Equality of rotation and 3.1. Flexion/extension measurements
transformation matrix;
calculation of the

During the neutral tests (flat foot, without
elementary angles

any wedge), the metacarpophalangeal joint
underwent an extension, the proximal inter-
phalangeal joint a discreet flexion and the
distal interphalangeal joint a more pro-

C1C3-S1S2S3  C1S3+S1S2C3  -S1C2 nounced flexion.

Mer=| -C2S3 C2C3 2
SIC3-CIRS3  S13-CI1S2C3  C1C2 For all horses, raising the heels had little
influence on the metacarpophalangeal joint
but modified the flexion/extension patterns
of both interphalangeal joints. The flexion of
[EP PPy the proximal interphalangeal joint was sig-
nificantly increased by the wedges at the

=My p =] o1 Mo Mg |-
R B end of the test (Fig. 4). The distal interpha-

912 a3 langeal joint was more flexed. The decrease
of its palmar angle was equal to the wedge
size.

P r _
Thuselz—atanri 8, =asin b3 63:—atanrﬁ- Inversely, toe elevation provoked an
3

2 increase of extension of both interphalangeal
joints compared to the neutral test, and also
had little influence on the metacarpopha-

2.2.2.4. Computation &, 8, and 6, - langeal joint.
statistical analysis

The three-dimensional coordinates of the; ;, - ateromotion measurements
markers were exported in Microsoft Excel
(Microsoft Software - Microsoft France, o _
France). Angle$,, 6, and@, were calcu- For all horses and joints, the elevation of
lated via the given formula. The angle valthe lateral side of the hoof provoked a lat-
ues at the beginning and the end of each tegtomotion of the digital joints (Fig. 5). The
were calculated. The results obtained werelevation of the medial side induced the
compared using the ANOVA procedureopposite phenomenon (mediomotion).
(SAS - SAS Institute, North Carolina, USA).
The level ofP < 0.05was chosen for sta-

tistical significance. 3.3. Lateral/medial rotation
measurements

3. RESULTS For all horses, the three digital joints

underwent a rotation opposite of the side of
The absolute data were different fromelevation. As an example, Figure 6 shows
one horse to another but the relative datdhe influence of the elevation of lateral and
expressed as the difference between thmedial sides of the hoof on the proximal
wedge tests and the neutral ones, were veigterphalangeal joint. A medial sided ele-
similar. The four limbs demonstrated simi-vation induced a lateral rotation of the prox-
lar patterns after data were normalised témal phalanx. Inversely, a lateral sided ele-
the neutral one. vation induced a medial rotation.
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Figure 4. Influence of heels raising on the flexion of the proximal interphalangeal joint. Raising
the heels increases the proximal interphalangeal flexion (example of horse 1).
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Figure 5. Influence of latero-medial hoof elevation on the collateromotion of the metacarpopha-
langeal joint. Medial side elevation (with 12° wedge) induces a mediomotion and lateral side eleva-
tion a lateromotion (example of horse 4).

4. DISCUSSION plex and have typically six degrees of free-

dom (DOF): three in rotation and three in

Modelling of the digital joints of the translation. However, in many cases a full

horse- The joint is the interface at which six DOF description and measurement is

relative motion is allowed between two rigidnot required or even helpful, and many
bodies [34]. The anatomical joints are comyesearchers have measured and described
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Figure 6.Influence of latero-medial hoof elevation on the axial rotation of the proximal interphalangeal
joint. Medial side elevation (with 12° wedge) induces lateral rotation and lateral side elevation,
medial rotation (example of horse 1).

joint motion with less than six DOF for valid ~ The study was limited to rotation DOF.
reasons [9]. Moreover the description ofThe main reason for this choice was that the
joint motion must be suitable for the appli-computation of translational motion is dif-
cation and use of the available data. Becauseult. First, translations are difficult to
such a modelling had never been performedefine precisely by the kinematics [11], as
for the joints of the horse, we had to makehey are generally very small and prone to be
the choice of a model on the basis of théidden by experimental artefacts and errors
functional anatomy of the digital joints of [28]. Second, rotations are independent of
the horse. the choice of the base point, but the mag-
nitude of the translation vector, and hence its
components, depends upon where the ref-
and the soft tissues around them. Thérence points are located in each bone [30].

¢ hal L ioint i tvpical his implies that the external coordinate
metacarpophalangeal joint 1S a typiCalgy siamg cannot be directly used to compute
condylar joint with an intermediate relief.

It involves mainly flexion/extension move- the translations but should be re-located at a
ments in the sag)i/ttal plane and limited assosl-oe-CIfIC point of the bones. This operation is

. : | ifficult and poorly accurate since it implies
ciated motions. The two interphalangealy . jiqgraphic step. Third, no commonly
joints h_a\llefismlla; cc;ndyl_ar surfaces altlo‘.’v'accepted convention exists that defines func-
't?]g ma'qtyl eIX|on glz<hen|5|on MOVEMENLS IN i h a1y significant translational directions

€ Sagittal plan€. The Iower Congruence Qjop, the joint is in an arbitrary configura-

these joints permits rotational movementg;q, [2, 30]. Furthermore, the rotations are
that can be detected by the human eye "iﬁdependent of the translations [44] and the

horses are running a curve, especially fo&h . . ;
. : N oice to study only rotations will not have
the distal interphalangeal joint. These y ony

condyles prevent sliding but low amplitudeany incidence on the quality of the results.
translational motions still exist in the equine The equine digit was assumed to be an
digital complex [23]. opened chain of three universal motors [14].

Joint motions involved in daily activities
are defined by the articular bone surface



3D analysis method of articular rotations in the horse 307

The model chosen was the three DOF sphethe [RCF] and [CRF] ones did the same.
ical joint [9]. The three DOF were affected Furthermore, the curves obtained with these
to the three anatomical rotations. four sequences had similar shapes in time

h " del h s observed by other authors in the human
e geometric model was chosen accord .o [28, 54].

ing to the recommendations of timerna-
tional society of Biomechani¢kSB) [55]. We arbitrarily decided to conserve the
They involve a joint coordinate system inconvention of Chao [14] and Grood and
which a rotation occurs about one axis oSuntay [30], which is generally used in
the local reference frame of the proximahuman biomechanics [46, 55], for the horse.
segment, a rotation about one axis of th&his joint coordinate system corresponds to
local reference frame of the distal segmenthe following convention of cardanic angles:
and a rotation about the floating axis, perthe coordinate systems of two adjacent
pendicular to the two other ones [14, 29, 30hones are first assumed coincident, then the
55]. This presents the great advantage dafistal coordinate segment moved relative to
preserving an important linkage with clini- the proximal one, considered as the refer-
cal medicine where the use of independergnce, following a sequence of three succes-
paired rotations is common usage [55]. sive rotations. The first was through the
The two segment-fixed axes had to b Y-axis of the segment (ﬂexion_/extension),
hen through the rotated X’-axis (collatero-

ggoﬁi?]ggroeffgu%g:;gezergg?/oﬂgte{m'sneot:’]?otion) and finally through the twice-rotated
q ) ; ' PO _axis (axial rotation). Only two axes have
was very important since the results ar

physical representation, the first axis which
dependent'of the sequence [4, 18, 30, 4.%3 made visible by Yand the final one

Which is Z,. The intermediate axis, called

is not the case in the equine digital joints;, g axis s perpendicular to the other
where the flexion pattern is important COM-~10 ones [18, 30]

pared to the associated movements of co}—
lateromotion and axial rotation. Therefore, This notion of sequence presents the
the six possible combinations of three rotaadvantage of clarifying the relations between
tions provide theoretically six series of dif- the three elementary movements. Consid-
ferent results: the sequence must be exactiring a perfect mechanical ball-and-socket
specified to give a sense to the results [44]oint, it is easy to define a system of orthog-
Moreover the three angles calculated in @nal axes and, in this linkage, each move-
sequence are dependent on each other: arent is independent of the other ones. But
angle value is meaningful since it is assoarticular surfaces are not so simple and the
ciated to the two other ones [30]. three movements are always associated. Fur-
thermore, the soft tissues surrounding the

Considering that the joint underwent ajoint decide of the type of pattern [7].
n

flexion [F], a collateromotion [C] and a
axial rotation [R], six combinations of rota-  Use of bony-implanted trihedronsThe
tions were possible. The six sequences weggeat majority of in vivo studies involves a
tested on a lateral wedge test. The [RFC3et of reflective markers sticking on the skin.
and [CFR] sequences gave atypical resulfShe sliding of the skin over bony landmarks
which confirmed the observations ofmay however change the results [51]. The
Blankevoort et al [8] who demonstrated thatontraction of the muscles and the tension of
the effect of the sequence is relatively smaligaments also generate external deforma-
only if the large amplitude motion [F] is not tions [12]. The influence of skin movements
at the centre of the sequence. Thesen the accuracy of determination of these
sequences were eliminated. The [FCR] andmall amplitude movements was evaluated
[FRC] sequences provided the same resultsn the human knee [43]. Skin mounted
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markers were only able to give a good repintra- (IAV) and inter-individual (IEV) vari-
resentation of skeletal motion for flex- ability of the absolute and relative data (dif-
ion/extension. The agreement between skiference between the value of a wedged test
and bone markers for rotation and adducand a neutral one). The IAV of a parame-
tion/abduction movements was poor. Sucher for the population is the mean of the stan-
a study was not realised on moving horsedard deviation of this parameter for the four
but the large amplitude of skin sliding overhorses. The IEV of a parameter for the pop-
the proximal parts of the equine limbs [49]ulation is the standard deviation of the
may produce large artefacts which countermeans of this parameter for the four horses
act the rigid body theory on which angle[21]. Considering the absolute data, their
calculations are based. The physical soluEV are high compared to their IAV: param-
tion to address this problem is to mount threeter measurements are repeatable for each
(or more) markers on a rigid object which ishorse but horses are different. However the
securely strapped to the body segment [16felative data (difference between wedge
Thus we used trihedrons drilled to the bonesjalue and neutral test) have IEV that are
allowing us to apply the rigid body theory similar to the IAV: the discreet error of ori-
unambiguously in order to calculate segentation of the trihedrons does not allow the
mental kinematics from the measuredaccurate determination of absolute data but
marker coordinates. the analysis of the influence of hoof eleva-
The orientation of a solid in space istion compared to a flat-footed position is
known if a minimal number of three non- Valuable.
collinear markers are used. We used four Reliability to other experiments The
markers in a first attempt since they give aesults obtained with the varied experimen-
good representation of the local coordinatéal conditions are correlated with previously
frame. Two unit vectors are physicallyreported semi-quantitative results. Con-
defined using three of our markers and theerning flexion and extension, in vivo stud-
third one can be computed from the vectoies involved radiographic measurements of
rial product of the two other ones. Its coorthe metacarpophalangeal angulation on
dinates can be easily integrated to the fohorses standing square with different angu-
mula. lation wedges placed under their heels [10].
Orientation of the trinedrons This |t was demonstrated that raising heels had
method also implies strongly fixing the tri- little influence on the metacarpophalangeal
hedrons to the bones and paying specié‘P'”ts- The increase of f[eX|on o_f both inter-
attention to the positioning of their axes.Phalangeal joints associated with heels rais-
The measurement of rotations is dependeffd Was also demonstrated in vivo by radio-
of the local coordinate system orientatiord"@phic evaluations [10, 12, 25]. The
but independent of the choice of the basg'0delling and experimental design detailed
point [44]. The trihedron can be fixed every-N€re provided objective data which are con-
where on the bone but its axes should bgiStent with previously published results.
oriented toward the supposed anatomicdyloreover it allowed continuous measure-
axes of the bony segment. Small errors if€nts during loading.
the orientation of the axes induce an impre- Concerning movements occurring in the
cision on absolute angle data [32]. Howeveother planes, radiography and coloured artic-
relative results such as the comparisonlar surfaces demonstrated that the eleva-
between different test conditions or ampli-tion of one side of the hoof is associated
tude measurements are still available. In thatith rotation of the digital joints on the side
way, the neutral test provides the referencepposite of the compression. In the same
data to which the other tests are comparedvay, the phenomenon of collateromotion
This is confirmed experimentally by the of the joint on the side of the elevation has
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also been previously documented [23]rotation associated with scoliosis can be
Before this study, no quantitative measureevaluated by the asymmetry of the shadows
ments were available for these movementsf the vertebral pedicles. But the precision
in the horse. The method presented here preemains poor (about 5°) [45].

vides an efficient way to quantify them. Application to living animals- Up to this

Precision of the method The precision day, this experimentation was conducted on
of the method was evaluated using the facteparated horse limbs. The tendons and their
that trihedrons are non-deformable strucaccessory ligaments are viscoelastic cords.
tures [44], thus the distances and angle§hey lengthen during limb loading and
between the markers of each trihedrorshorten as the charge is removed. This abil-
remain constant. Four distances and fouity of the equine limb to go back to its orig-
angles between markers were measured famal configuration, without any muscular
each trihedron after 3D reconstruction. Thisaction, allows the repetition of in vitro tests.
provided 16 distances and 16 angles at eattowever, the experimental conditions differ
frame. The standard deviations of distanceom those associated with living horses.
and angles were calculated for the first neuAs an example, the low speed displacement
tral test of each limb. The maximal mearof the piston increases the duration of limb
standard deviation was 0.3° for angles antbading. These in vitro data are valuable to
0.2 mm for distances. It appears difficult tounderstand the functional anatomy of equine
further evaluate the precision because it is sthgits, but the observations cannot simply
high, that to make a comparison of standartie extrapolated to in vivo conditions and
values with computed values meaningfultheir dynamic characteristics.
would necessitate advanced apparatuses able.l_h. thod b lied to livi
to detect very small rotations. Considerin IS method may be applied 1o living

the diagonal length of the field of view, the rganisms. In fact, the implantation of bony

performance index of the system was 2 564/"K€d trihedrons may be performed on liv-
which is superior to the in vivo conditions Ihg animals. Bone pins have been 'mp'af.“eo'
[20] on horses [50] as well as on human beings

[36, 37, 43]. A 6 mm canal drilled through
The direct observation of the results giveshe bone, including bone cortex, and Stein-
a way to assess the good performance of tlreann pins does not affect the locomotion
method. As an example, raising the heelsf sound horses [49]. Trihedrons could be
with a 6° wedge induced a discrete increasscrewed on such sticks before the test ses-
of flexion of the proximal interphalangeal sions.
joint at the beginning of the test. The mean

difference between this condition and th t:;?]'zfasr%:;ﬁ ggzgel\é Ztﬁget(;;g? r%ct)gt]igﬁ_
neutral one was 0.7°, was repeatable an 9

had statistical significance. This low rateds well as collateromotion. This method can

demonstrates the ability of the method t € helpful to improve the understanding of

identify discrete angular modifications sucht'€ 2tiology of joint injuries and articular
as those generated by hoof elevations. Pain as well as the indications of corrective
hoof shoeing. It is not specific to the horse

This kinematic technique completes theand the algorithms described may be directly
radiographic method in which measurementadapted to the study of articular movements
are difficult: the incidence of the radio- in other species. Moreover the publications
graphs, the conic distortion of large objectsin human biomechanics suffered from a lack
and the definition of a coherent coordinateof homogeneity till the standardisation com-
system limit its accuracy. Furthermore, axiaimittee of thd SBexpressed its recommen-
rotation is difficult to evaluate. In the opti- dations in 1995. The analysis of the appli-
mal case of the human vertebra, their axiadation of this method in the horse may
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favour the homogeneity of further studies13] Caudron I., Grulke S., Farnir F., Aupaix R.,
in animal biomechanics.
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