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Abstract

This new approach highlights for the first time that all the gaits, symmetrical as well as asymmetrical, correspond to the
succession of sequences that start by the movements of the two fore limbs, followed by the movements of the two hind limbs.
Inside those sequences, the gaits are identified by the time lag between the movements of the two pairs and by the time la
between the movements of the two feet inside each pair. This approach, by breaking the stride paradigm, gives a new frameworl
to locomotion analysisTo cite thisarticle: A. Abourachid, C. R. Biologies 326 (2003).
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Résumé

Une nouvelle méthode d’analyse des allures symétriques et asymétriques des quadrupedes. Ce travail propose une
nouvelle méthode permettant, pour la premiére fois, I'analyse de toutes les allures, symétriques comme asymétriques. Elle
utilise des séquences qui débutent par les mouvements des deux membres antérieurs, suivis par ceux des deux membi
postérieurs. A lintérieur de ces séquences, les allures sont identifiées par le décalage de temps entre les mouvements d
deux paires, antérieure et postérieure, et par le décalage de temps entre les mouvements de chagque membre a l'intérieur d
paires. Cette approche, qui brise le paradigmetdde, offre une nouvelle base a I'étude de toutes les alllresr citer cet
article: A. Abourachid, C. R. Biologies 326 (2003).
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1. Introduction two feet of the fore pair and of the hind pair are evenly
spaced in time. Asymmetrical gaits (e.g., gallop and

Quadrupeds use two kinds of gaits [1]. Symmetrical hound) occur when the actions in at least one pair
gaits (e.g., pace, walk or trot) occur when footfalls of 5, unevenly spaced in time [2]. Classical methods
allowed the comparison of symmetrical gaits [2—4],
E-mail addressabourach@mnhn.fr (A. Abourachid). but there was only one method available to describe
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all asymmetrical gaits [5]. Furthermore, most of the sical methods involves a dissociation of the coordi-
parameters used for symmetrical and asymmetrical nation of paired feet and a caudo-rostral coordination
gait analyses were different thus there was no way (Fig. 1).
of analysing all the gaits using the same method. All The use of six variables in the antero-posterior se-
methods were based on the stride, that is the cycle quence, five of which are already used by Hildebrand
of one reference foot beginning with the footfall (or to described symmetrical gaits [2], enables the repre-
any given action) of this foot and ending with the sentation of all gaits, symmetrical and asymmetrical
next footfall of the same foot. The actions of the [14]. Three of the five are time lags, and include that
three other feet had to begin during that stride [6]. (i) between the forefeet footfall (F lag)ij X between
It was sometimes difficult to establish which foot the hind feet footfall (H lag), andii() between the
must be chosen as reference, and depending on theootfall of ipsilateral feet, fore and hind feet of the
study this needed be a hind [2,4—11] or forefoot [12]. same side (P lag). The velocity is expressed by the
It was furthermore not always possible to establish time a foot is on the ground, the duty factor, which
a reference foot for a whole study, or even for a decreases when speed increases [15]. The duty factor
complete sequence if the animal changed its gait [13]. is similar for the four feet in symmetrical gaits [2],
Thus there existed no method able to encompass thebut not in asymmetrical gaits [8,12,16] and thig (
observed phenomena as a whole. the fore limbs’ duty factor, andv] the hind limbs’
duty factor must be considered separately. All mea-
surements can be expressed as a percentagg ti¢
2. Method cycle duration, which is the same for all the feet in a
sequence.
A new approach is proposed, which is based on
two observations. First, in all vertebrates, due to bi-
lateral symmetry, there is a total morphological and 3. Interpretation
functional similarity between both limbs of a pair, fore
or hind. Alternatively, fore limbs and hind limbs can The graphical representation of gaits using the
be very different morphologically and functionally, in  antero-posterior sequence allows a new interpretation
bats for example. The strong morphological relation- of the motor coordination (Fig. 2). All gaits follow
ship within pairs means that they must be linked by a the antero-posterior sequence perfectly, with fore feet
basic coordination and thus two limbs of a pair must action followed by that of the hind feet. All the gaits
not be separated in the analysis. Secondly, locomotion can be identified using three parameters: the F lag, the
is initiated by an activity of the brainstem locomotor H lag and the P lag (Table 1).
system, which activates a locomotor pattern genera- A gait variability of 5% around the given values has
tor in the spinal cord [1]. Thus, for locomotor initia- been established [2]. For symmetrical gaits, by defini-
tion, there is rostro-caudal activation, which leads to tion [2] the time lags between the two feet of the pairs
the forelimb spinal network being activated before the (F lag and H lag) are the same (50% of the cycle dura-
hind limb spinal network. Furthermore, in terms of tion). The succession of the movements, simultaneous
space, the fore limbs are the first to approach modi- of the ipsilateral feet in the pace, simultaneous of the
fications of the environment and must be the first to diagonal in the trot and the alternated in the walks [17]
adjust their movements. The analysis must take into are the result of the time lag between the action of the
account these two factors and describe the whole lo- fore and hind pairs (P lag). The P lag in pace (100%
comotor sequence, beginning by the action of the fore cycle duration) induces simultaneous movements of
limbs, followed by the action of the hind limbs. Inclas- the two right feet and of the two left feet. The forefeet
sical methods, the analysis was based on the stride,are synchronized with the hind feet of the precedent
which does not include the whole sequence, and thussequence. In the trot, the P lag (50% cycle duration)
the stride often contained the action of a limb that does induces a simultaneous action of the diagonal feet; i.e.
not belong to the sequence of the reference foot. The second foot of a pair and first foot of the other pair. The
cyclic interpretation of the feet coordination in clas- second forefootis synchronized with the first hind foot
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in a sequence, whereas the first fore foot is synchro-

nized with the second hind foot of the precedent se-
quence. During walking, alternated movements of the
limbs arise from an intermediate time lag; i.e. more
than 45% in a lateral walk, less than 45% in a diagonal
walk [2]. Once again, the coupling of successive se-
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tion changes from the paired feet strictly alternated
movement in symmetrical gaits (pair lag 50%) to

an in phase coordination of paired feet in asymmetri-
cal gaits, which is completed in bounds [1]. Thus, the
F lag and the H lag are lower than 50% of the cycle
and are used to determine the gait (Table 1). During

guences induces a temporal superposition of the limb asymmetrical gaits, both pairs are not always coordi-

movements, mainly diagonally, that provides good sta-
bility of the animal during its locomotion [14].

During asymmetrical gaits, animals modify more
parameters, including the pair lags as in symmetri-
cal gaits, but also coordination between the two fore
feet and between the two hind feet. This coordina-

nated in the same way, and in the half bound, the hind
feet are synchronized, whereas the movements of the
fore feet are not simultaneous. The P lag varied with
speed during asymmetrical gaits. The tendency to syn-
chronize the paired feet associated with the decrease of
the duty factor allows the introduction of suspension,
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Fig. 1. Differences between the antero-posterior sequence analysis and the stride analysis in gaits. Gaits are represented on gait diagran
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[18]. The four feet are plotted on successive lines, the time when a foot is on the ground is symbolised by a continuRHEs Hinst fore
foot (arbitrary right);LF: second fore foot (left)RH: first hind foot (right);LH: second hind foot (left). On the schemas between animal

silhouettes, the grey arrow represents the head, the circles represent the feet. The black lines linking the circles represent simultatseous footfal
and the black arrows the order of succession of the footfalls during a stride. The use of the stride (included in the dotted square limits on
the gait diagrams) gives the succession of the footfalls presented in the scheme. It highlights the differences between the gaits, and sugges
diagonal and postero-anterior coordination. On the contrary, the use of the antero-posterior sequence (thick lines on the gait diagrams) using
the movements of the two fore feet followed by the movements of the two hind feet highlights the same basic coordination pattern for all the

gaits (dotted arrow).
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Symmetrical gaits
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Fig. 2. Characterisation of the gaits using the antero-posterior sequence. Inside the basic coordination pattern, the gaits are generated k
adjustments of the time lag between the fore feet touch down (black line: F lag), between the hind feet touch down (hatched line, H lag) and
between the pairs touch down (pointed black line: P lag). (See data in Table 1.) In symmetrical gaits, by definition 2]HF leg—= 50%.

The different gaits arise from difference in the time lag between the pair movements=PL&@ produces a pace: the movement of the right

hind foot is synchronized with the movement of the right fore foot of the next sequence.=P386 produces a trot and the simultaneous
movements of diagonal feet (fore and controlateral hind) arises from the synchronisation of movements of the feet inside the Isequence (
andRH) and from the coupling of successive sequentéds ¢f a sequence with theF of the precedent sequence). P 1a§0% produces a

lateral walk, whereas P lag50% produces a diagonal walk. In asymmetrical gaits, the tendency to synchronise paired feet [1] is expressed
by a decrease of the fore and hind lag50% cycle duration). Those time lags (F lag and H lag) are used to characterize the gaits (Table 1),
whereas the time lags between the movements of the two pairs (P lag) depend on speed. H lag in rotary gallop is negative, because the first hin
foot (RH) touches the ground after the second hind fadd}.

during which no foot is placed on the ground. Depend- 4. Conclusion

ing on speed and animal morphology, suspension can

occur after the stance of the fore feet (gathered suspen-  The use of the stride for gait analysis allowed clas-
sion), after that of the hind feet (extended suspension), sifying them by highlighting their differences. The
or with both [14]. The rotary gallop is different from  stride hides the common pattern, which becomes con-
all other gaits in that the first foot to touch the ground spicuous when using the antero-posterior sequence.
is the right fore, while the first hind is a left foot. It ~ Thus, leaving the stride paradigm through the use
thus appears that the hind feet are ‘left-handed’, while of the antero-posterior sequence provides a simple
the forefeet are ‘right-handed’ and vice versa. method to analyse all gaits coordination, symmetrical
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Asymmetrical gaits
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Fig. 2. Continued.
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