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Abstract The present study investigates the coding of
positions reached in a two-dimensional space by popula-
tions of muscle spindle afferents. The unitary activity of
35 primary muscle spindle afferents originating from the
tibialis anterior, extensor digitorum longus, extensor
hallucis longus, and peroneus lateralis muscles were
recorded from the common peroneal nerve by the
microneurographic technique. The steady mean frequency
of discharge was analyzed during 16 passively maintained
positions of the tip of the foot. These positions were
equally distant from and circularly arranged around the
“neutral” position of the ankle. The results showed that a
same position of the foot was differently coded depending
on whether it was maintained for several seconds or
whether it was attained after a movement. Muscle spindle
activity was increased or decreased, respectively, when
the previous movement lengthened or shortened the
parent muscle; the magnitude of change in activity
depended on the amount of lengthening or shortening in
relation to movement direction. Each muscle surrounding
the ankle joint was shown to encode the different spatial
positions following a directional tuning curve. Data were
analyzed by using the “neuronal population vector
model”. This model consists of calculating population
vectors representing the mean contribution of each muscle
population of afferents to the coding of a particular
position, and by finally calculating a sum vector. The
direction of the sum vector was shown to accurately
describe the direction of a given maintained position
compared to the initial position. We conclude that muscle

spindle position coding is based on afferent information
coming from the whole set of muscles crossing a given
joint. A given spatial position is associated with a stable
muscle afferent inflow where each muscle makes an
oriented and weighted contribution to its coding.

Keywords Proprioception · Muscle afferents · Sensory
coding · Position sensitivity · Microneurography

Introduction

Position sense probably relies on information coming
from different sensory sources such as muscle, skin, and
joints (for review see Gandevia et al. 1992). Evidence for
the importance of muscle proprioceptive inputs in posi-
tion sense has been provided by studies in which the sense
of static position was differentiated from movement sense
by analyzing the minimum difference in static joint
position when the joint was displaced too slowly for the
movement to be perceived (Horch et al. 1975; Clark et al.
1985, 1986; Taylor and McCloskey 1990, 1992; Cordo et
al. 2000). In these conditions position sense was altered
by nerve blocks that affected muscle spindle afferents,
leaving skin and joint mechanisms unaffected (Clark et al.
1985, 1986).

The role played by muscle proprioceptive input in
position coding was also attested by unitary recording of
muscle spindle afferents in animals, and by microneuro-
graphic studies in humans: both revealed a simple linear
function between muscle spindle impulse frequency and
joint angle in relaxed muscle (Granit and Homma 1959;
Botterman and Eldred 1982; Vallbo 1974). However,
such a simple relationship disappears as soon as the
position is voluntarily attained. Indeed, the fusimotor
drive that accompanies an active position holding changes
muscle spindle output in a way that abolishes position
response of muscle spindles in the prime movers (Vallbo
et al. 1981; Hulliger et al. 1982).

The difficulty introduced by fusimotor output in the
interpretation of muscle spindle discharges, and that the
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central nervous system (CNS) has to face in order to know
body posture, has led some authors to introduce the
hypothesis that corollary discharges may be used to
extract the part due to voluntary drive in the muscle
spindle activity (Matthews 1982; McCloskey et al. 1983;
Proske et al. 2000). Other studies tend to give a major role
to proprioceptive information coming from the antago-
nist/stretched muscle not submitted to a fusimotor drive
(Capaday and Cooke 1981; Roll and Vedel 1982; Inglis
and Frank 1990; Inglis et al. 1991; Wise et al. 1998).
Finally, other psychophysical as well as microneuro-
graphic studies have shown the importance of both
agonist and antagonist muscle spindle output in the sense
of position and movement (Gandevia et al. 1983;
Gilhodes et al. 1986; Ribot-Ciscar and Roll 1998).
However, most of the articulations are crossed by more
than two muscles, and the relationship between spindle
discharge and joint angle is probably particular to each
muscle crossing the joint. So the question is how this
ensemble of information is used by the CNS to extract
position information.

Recently we have shown that the parameters of
multidirectional ankle joint movements (direction and
velocity) are accurately encoded when all the proprio-
ceptive information from all the muscles involved in the
movement is taken into account (Bergenheim et al. 2000;
Roll et al. 2000; Ribot-Ciscar et al. 2002). This was
shown by the use of the “neuronal population vector
model”, initially applied at the level of cortical cells
(Georgopoulos et al. 1983, 1984; Kalaska et al.1983;
Kalaska and Hyde 1985; Schwartz 1993). This model has
two basic features well adapted to analyzing multipopu-
lation coding of movements and positions by muscle
spindles. The first is the fact that, although muscle
spindles belonging to one particular muscle respond to a
certain range of directions of stretching movements,
named the “preferred sensory sector”, they are more
sensitive to one particular direction called the “muscle
preferred sensory direction” (Bergenheim et al. 2000).
The vector model takes into account this directional
sensitivity since each muscle proprioceptive message is
represented by a population vector whose direction
corresponds to the muscle preferred sensory direction
and whose length is the mean afferent firing rate.
Secondly, the hypothesis we put forward is that proprio-
ceptive coding of movements and positions relies on
proprioceptive information arising from the whole set of
muscles surrounding a joint. The vector model presents a
simple means of processing all muscles’ weighted and
directional proprioceptive contribution to the coding by
simply calculating a sum vector that corresponds to the
sum of all the muscle population vectors. Using this
model, we previously showed that the direction of any
movement trajectory could be accurately described by the
direction of the sum vector calculated from the muscle
spindle afferent responses of the six agonist/antagonist
ankle muscles (Bergenheim et al. 2000; Roll et al. 2000),
and that the length of the sum vector informs about the
velocity of the movements (Ribot-Ciscar et al. 2002).

Such an encoding by the ensemble of muscle spindle data
was then confirmed in active conditions at the level of the
human wrist (Jones et al. 2001).

In the present study, we focused on muscle spindle
position sensitivity by following the general idea that to
any position in space there corresponds a particular
landscape of proprioceptive activity coming from the
whole set of muscles surrounding the ankle joint, and that
it is by taking into account all this information that the
attained point may be accurately encoded in space.

More precisely, we analyzed the muscle spindle
resting activity during passively maintained postures of
the tip of the foot, equally distant from and circularly
arranged around the same starting position of the ankle
joint. Afferents were grouped according to the parent
muscle in order to obtain a mean profile of populations of
afferents for each muscle surrounding the ankle joint. Our
hypothesis was that each muscle encodes static positions
in its own manner, depending on the biomechanically
inferred length changes of the parent muscle, and that
position coding relies on the simultaneous processing of
the information from populations of muscle spindles
originating in all the muscles acting on the joint. A vector
analysis approach, similar to that used in previous studies
to analyze muscle spindle movement coding, was under-
taken to test this hypothesis.

Material and methods

The experiments were conducted on 16 healthy subjects between 22
and 28 years of age. All the subjects had given their informed
consent as required by the Helsinki Declaration. The study was
approved by the local ethics committee (CCP-PRB, Marseille I).
The activities of single muscle spindle primary endings (n=35)
originating from the tibialis anterior (TA, n=13), the extensor
digitorum longus (EDL, n=14), the extensor hallucis longus (EHL,
n=4), and the peroneus lateralis (PL, n=4) muscles were recorded
from the common peroneal nerve by the microneurographic
technique (see e.g., Vallbo and Hagbarth 1968; Bergenheim et al.
1999).

Experimental set-up and data recording

The subjects were comfortably seated in an armchair, with their
legs positioned in cushioned grooves so that a standardized relaxed
position could be maintained throughout the experiment without
any muscular activity occurring. The knee joint was at an angle of
about 120–130�. The right foot was placed on a stationary pedal.
The left foot was attached to a movable pedal connected to a
computer-controlled machine allowing the tip of the foot to be
placed in various positions in a two-dimensional space in a
controlled fashion.

More precisely, the machine (Rematique, Saint-Etienne,
France) has a metal rod that moves freely and smoothly in a two-
dimensional plane, and that can be freely rotated around its own
axis (360�). The lower end of the pedal rests on a ball joint (see
enlargement in Fig. 1A). As the metal rod moves in the two-
dimensional frontal plane of the machine, it is allowed to slide
slightly under the pedal. This means that a downward movement on
the frontal plane of the machine (i.e., 90� in Fig. 1B) creates a
plantar flexion of the ankle joint. A sideward movement to the left
(i.e., 180� in Fig. 1B) results in an eversion and not a translation of
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the foot. The center of rotation of the foot was adjusted and aligned
with the center of rotation of the ankle joint.

The various positions tested were circularly arranged around the
same starting position and had the same amplitude (25 mm at the
tip of the foot). They were attained by passive ramp-and-hold
movements in 16 directions (see Fig. 1B). The various positions
were attained in a randomized manner.

Single-unit recordings were performed using insulated metal
microelectrodes (Frederick Haer & Co., Bowdoinham, ME, USA;
impedance 500 kW to 1 MW tested at 1 kHz with a tip diameter of
about 5–10 �m). The electrode was manually inserted percuta-

neously at the level of the fibular head. The recordings were
continuously monitored on an oscilloscope and a loudspeaker.
Single units were isolated by adjusting the position of the
microelectrode in minute steps. The neural activity was amplified
(�10,000) using a 300–3000 Hz band-pass to ensure an optimal
signal-to-noise ratio.

The afferents were classified as probable primary muscle
spindle afferents on the basis of (1) their high dynamic sensitivity to
passive muscle stretch, (2) their silence during passive muscle
shortening, (3) their high sensitivity to mechanical vibration, and
(4) their response to small movement amplitude. The present set of
criteria leaves little chance of misclassifying Golgi tendon organs,
but it is impossible to totally exclude the possibility that some of
the data may have been obtained from secondary endings.
Particular care was paid to defining the muscle of origin of each
afferent by manually pressing the tendon of the different muscles.
The absence of muscular activity was monitored throughout the
experiments by recording surface electromyographic activity of the
receptor-bearing muscle.

Data analysis

For each afferent, the mean frequency of discharge was calculated
during three 1-s windows (see Fig. 1C): (1) at the starting position
named “home” position, (2) at each final position named “target”
position and 1 s after the change in position had occurred in order
for the afferent to completely adapt, and (3) at the return to the
starting position named “return home”. These values were averaged
for the whole population of afferents belonging to each recorded
muscle.

These data were analyzed by using the neuronal population
vector model (see e.g., Georgopoulos 1990). This model is based on
the idea that the neuronal coding can be analyzed in terms of a
series of population vectors and by finally calculating a sum vector.
To apply this model, it was first necessary to test whether the mean
directional tuning curves of each population of afferents of each
muscle were cosine-shaped. A directional tuning curve means that
the mean activity of a population of afferents of a particular muscle
varies with the direction of the change in position (see Fig. 3). The
cosine shape of these tuning curves was tested by multiple
regression analysis applied to find the constants b0, b1, and b2 for
the tuning equation:

F ¼ b0 þ b1sinqþ b2cosq

where F corresponds to the discharge frequency, b0 is the mean of
rates found in change in position to the 16 targets, b1 is the y
component of the maximum discharge in the preferred direction, b2
is the x component of the maximum discharge, and q is the angle
(direction) of the tested change in position.

The neuronal population vector model consists in calculating a
“population vector” that represents the mean contribution, in
position coding, of all the muscle spindle afferents within one
directionally tuned muscle. More precisely, the length of the
population vector is given by the averaged mean frequency of
discharge calculated for all the afferents within one particular
muscle, and the direction of the population vector corresponds to
the preferred sensory direction of the muscle under consideration
(see Bergenheim et al. 2000). Finally, we calculate a sum vector
that corresponds to the sum of all these muscle population vectors.
This calculation was repeated for all the Target positions and for all
the muscles.

Note that since the present study was aimed at analyzing the
data with respect to population coding, it was important to take into
account the whole set of proprioceptive information coming from
the totality of the muscles surrounding the ankle joint. However,
two of the ankle extensor muscles are not accessible from common
peroneal nerve recording, namely the gastrocnemius soleus (GS)
and tibialis posterior (TP). As in our previous works, the population
vectors of these two muscles were deduced by modeling their
preferred sensory direction and their mean frequency of discharge,
based on the effects of the vibration-induced illusions and the data

Fig. 1A–C Experimental set-up. A Position of the subject and
computer-controlled machine for bringing the tip of the left foot to
different positions located in a two-dimensional space. B The 16
tested positions were equidistant from and circularly arranged
around the same starting position. The 90� position corresponds to a
plantar flexion, 270� to a dorsiflexion. C Example of a recording of
a muscle spindle primary ending originating from the tibialis
anterior (TA) muscle. The upper diagram shows the instantaneous
frequency of the response, the middle diagram shows the original
recording, and the lower diagram shows the X and Y co-ordinates of
the change in position. Initially lying in the same starting position
(Home), the tip of the foot was passively brought to a differently
oriented position (Target, 135� in this example), maintained such
for 2 s, and then brought back to the starting position (Return
Home). For the further analysis, the mean frequency of discharge of
the unit was determined during the three 1-s time windows
indicated by vertical bars
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from the template muscles. In brief, the preferred sensory direction
of each muscle was taken to be the direction of the illusory
movement induced by vibration of the tendon of the muscle under
consideration, and then the response of the TP muscle was modeled
on the basis of the response of the EDL muscle (+157.5 phase
shift), and the response of the GS muscle was based on that of the
EHL (�157.5 phase shift) (see Bergenheim et al. 2000).

A circular statistical analysis (V-test, Batschelet 1981) was
carried out to test whether the sum vectors had a significant
tendency to point in the direction of the Target position relative to
the Home position.

Results

The steady mean frequency of discharge of 35 muscle
spindle primary afferents was analyzed through 16
maintained target positions equally distant from and
circularly around the “neutral position” of the ankle. The
different positions were attained by movement of the
ankle joint imposed in a two-dimensional plane.

Influence of hysteresis on joint position coding

Each change of position began from the same starting
point, named home position. The home position was not
totally neutral with both muscle groups of the anterior and
posterior parts of the leg equally stretched. In fact, the
mean spontaneous frequency of discharge of all muscle
spindles belonging to the ankle flexor muscles was
slightly higher than that of the ankle extensor muscles,
i.e., 7.7€0.6 and 6.0€0.3 impulses/s, respectively (mean
€SD).

The home position may be expected to be encoded in
the same manner by muscle spindle afferents whether this
position is maintained for several seconds (Home on
Fig. 1C) or re-attained after a movement has occurred
(Return Home on Fig. 1C). In fact, muscle spindle activity
differed in these two cases and the difference depended
on whether this position was re-attained after a movement
that stretched or shortened the parent muscle. Moreover,
the movement that brought back the tip of the foot to
home position influenced muscle spindle activity differ-
ently depending on its direction. This is illustrated in
Fig. 2B, which gives the mean frequency of discharge of
the populations of muscle spindle afferents belonging to
the ankle flexor (squares) and extensor (circles) muscles
in the home position re-attained after differently oriented
passive movements (return home). The far right points on
Fig. 2B give the spontaneous muscle spindle activity
(mean €SD) for each muscle group in the home position,
i.e., before any movement occurred.

As can be seen in Fig. 2B, the mean discharge rates of
the populations of afferents decreased when the home
position was re-attained after a movement that shortened
the parent muscles, and they increased after a movement
that stretched the parent muscles, i.e., for the ankle flexor
muscles, the activity decreased when returning from
positions located in the 0–180� sector and increased in the
200–337� sector, and inversely for the ankle extensor

muscle. Moreover, the amount of decrease or increase in
activity varied with the direction of the returning move-
ment, that is with the amount of shortening or stretching
of the parent muscles.

That the two antagonist muscle groups were influenced
by the previous movement in opposite ways, i.e., a
movement direction that caused a maximum increase in
the mean activity of the ankle extensor muscles caused a
maximum decrease in the antagonist muscle group,
suggests that it is important to take into account both
the agonist and antagonist muscle groups in order to
minimize the influence of the positioning movement on
muscle spindle activity.

Muscle spindle directional tuning during position holding

Most muscle spindle afferents exhibited spontaneous
activity at the home position; when the tip of the foot
was brought to target positions in the two-dimensional
space that induced stretching or shortening of the parent

Fig. 2A, B Influence of the direction of the returning movement on
muscle spindle position coding. A The foot was initially at the
Home position (home data); it was passively brought to one of the
16 differently localized targets (solid circles) and then brought back
to the home position (Return-Home data). This was repeated for
each target. The diagram on the right indicates the two time
windows for which the mean activity of each afferent was
determined. B The graph illustrates the mean discharge frequency
of the ensemble of muscle spindle afferents belonging to the ankle
flexor (squares) and extensor muscles (circles) at the Return-Home
position depending on the direction of the returning movement
(polynomial regression lines were fitted to the data), and at the
Home position (far right points, mean €SD). Note that the same
Home position which was re-attained from differently oriented
movements was differently coded, i.e., the activity increased after
movements that stretched the parent muscles and decreased after
movements that shortened the parent muscles; the amount of
change in muscle spindle activity depended on the amount of
change in length for each muscle group
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muscle this steady activity was increased or decreased,
respectively. This is illustrated by Fig. 3, which gives the
mean activities at each target position for the whole
sample of muscle spindle afferents and for each of the
tested muscles. As can be seen, since the different targets
are circularly arranged around the home position, the
same change in foot position was differently coded by
each muscle depending on the spatial orientation of the
change in position and by all the muscles for the same
orientation.

More precisely, the mean frequency of discharge of the
whole population of afferents belonging to a particular
muscle varied in a sinusoidal manner with the direction of
the change of position by following a cosine function,
whose equation is given on top of each graph of Fig. 3.
The preferred sensory directions of each muscle, i.e., the
maximum of the cosine function, were the same as those

determined for the movement phase of oriented straight-
line movements (Bergenheim et al.2000). The very good
sinusoidal fit (see R2 on Fig. 3) legitimized the use of the
neuronal vector model to investigate muscle spindle
position coding.

The neuronal population vector model as a means
of describing the muscle spindle position coding

According to the neuronal vector model (see Georgopou-
los et al. 1983), a population vector was computed for
each muscle and for each target position. For each target
position, the length of a particular population vector

Fig. 4A, B The neuronal population vector model. A Each diagram
gives the result in one maintained position (only eight targets are
illustrated). The origin point of the vectors represents the target.
Thin lines correspond to the population vector of each muscle, i.e.,
the direction of each vector corresponds to the preferred sensory
direction of the muscle and the length corresponds to the mean
firing rate of the population of afferents of that muscle. Bold lines
give the sum vector of all six population vectors. The central
diagram gives the mean activity of each muscle population at home
position. B The diagram on the left gives the name of each
population vector (TA tibialis anterior, EHL extensor hallucis
longus, EDL extensor digitorum longus, PL peroneus lateralis, GS
gastrocnemius soleus, TP tibialis posterior), and on the right is
illustrated how the sum vector is calculated for the target at 45�
from home position

Fig. 3 Mean discharge frequency of the whole sample of muscle
spindle afferents for each differently oriented and maintained target
position and for each recorded muscle (EDL extensor digitorum
longus, EHL extensor hallucis longus, TA tibialis anterior, PL
peroneus lateralis). The direction of the target relative to the home
position is given in abscissa. Each of the muscle spindle popula-
tions coded the different positions according to a cosine tuned
function, whose equation and coefficient of determination are given
on top of each graph
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corresponded to the mean frequencies of discharge for the
whole sample of afferents of one particular muscle, and
its direction was that of the preferred sensory direction of
the muscle under consideration. Then, a sum vector
corresponding to the sum of all these weighted population
vectors was calculated (see Fig. 4B).

This analysis showed that the direction of the sum
vector was a good predictor of the direction in which the
target position was spatially located relative to the home
position. This is illustrated by Fig. 4A, in which the
muscle spindle population vectors for each muscle are
indicated by thin lines and the sum vector is illustrated by
bold lines (eight of the tested target positions are
illustrated). The statistical analysis clearly showed that
the sum vectors pointed in the actual direction of the
target position relative to the home position (u=5.13,
P<0.0001, V-test).

Discussion

The present results showed that the population of muscle
spindle afferents of each muscle surrounding the ankle
joint encodes different spatial positions of the foot,
following a directional tuning curve that could be
accounted for by a particular cosine function centered
on the muscle preferred direction. Hence, the position can
be derived unambiguously only if the patterns of activity
of all the muscle populations are considered. This was
verified by using the vector population model and by
showing that the direction of the resultant sum vector was
a good predictor of the direction of the change in position
relative to the home position.

Proprioceptive messages arising from only
one muscle are not sufficient for position coding

Numerous studies have suggested that proprioceptive
messages coming from the antagonist/stretched muscle
play a major role in position coding. This role has been
assessed in particular by experiments using mechanical
vibration, which is a powerful activator of muscle spindle
primary endings (Roll et al. 1989), and which induces
illusions of movement and of position changes. For
example, vibration of the antagonist alters the attainment
of target positions whereas vibration of the agonist does
not (Capaday and Cooke 1981, 1983; Inglis and Frank
1990; Inglis et al. 1991). However, the absence of
alteration by agonist vibration may be explained by the
absence of vibratory response of muscle spindles due to
their unloading in the shortening muscle, and thus do not
rule out the possibility that the agonist muscle contributes
to position coding. Gilhodes et al. (1986) showed the role
played by the coupling of agonist/antagonist muscles in
experiments in which the two muscles were simulta-
neously vibrated. They showed that whereas differences
in the frequency applied to each muscle led to specifically

oriented illusions of movement, co-vibration at the same
frequency resulted in a stationary sensation.

More recently, the role played by proprioceptive
messages in position coding was also extended to the
ensemble of synergistic muscles in a motor coordination
task that required perception of joint velocity and
dynamic position of the human wrist (Verschueren et al.
1998). It was shown that vibration of combinations of
wrist extensors resulted in undershoot errors that were
clearly larger than the errors induced by vibrating each
muscle independently, which led to the conclusion that
proprioceptive inputs from sensory receptors in all three
synergistic muscles contribute to the perception of
dynamic joint position and velocity.

Finally, it was recently demonstrated that there is a
very limited range of wrist joint angles at which
individual muscle spindle afferents of one muscle are
position sensitive (15� on average over the entire 110� of
wrist positions in humans), strongly suggesting that
position sense relies on population codes (Cordo et al.
2002).

The previous evidence and the present results strongly
suggest that position coding is devoted to the whole set of
muscles surrounding an articulation, i.e. agonist, antag-
onist, as well as synergistic. Firstly, we have shown that a
home position was not coded by the same muscle spindle
static discharge if this position was maintained for a
certain time or if it was attained after a movement.
Moreover, the static discharge was dependent, firstly, on
whether the movement that brought the foot to the home
position was lengthening or shortening the parent muscle,
and, secondly, on the amount of lengthening or shortening
of the movement. The result was that when we took all
the synergistic muscles of the anterior part of the leg as a
whole, and all those of the posterior part as a whole, they
were influenced by previous movement in two opposite
ways (see Fig. 2). This is new evidence of muscle spindle
hysteresis, which has been extensively studied (see Proske
et al. 1993), and is extended here to the case of two-
dimensional movements. That ankle extensor and flexor
muscles behaved in opposite ways strongly suggests that
this nonlinear characteristic of muscle spindle receptors
may be masked by the ensemble response and may also
be extended to other types of muscle spindle nonlinear
characteristics such as adaptation or rate sensitivity
(Proske et al. 1993). Whether this masking is also valid
in the case of active positioning remains to be investi-
gated.

Secondly, the present results have shown that all
muscles crossing an articulation give rise to different
average response characteristics depending on their own
preferred sensory sector and preferred sensory direction
(see Fig. 3; Bergenheim et al. 2000). Similar directional
tuning of muscle spindle position response has been
recently reported at the level of forearm muscles in
humans (Jones et al. 2001).

Finally, a muscle may be pluriarticular, and in order to
know which joint a change in position related to the
variation in muscle spindle output is referred to, it appears
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that the CNS must process the ensemble of afferent
information related to joint rotation. For example, a
contextual decoding of afferent messages arising from
extensor digitorum longus muscle seems necessary since
receptors in this muscle are excited by ankle extension
(see Fig. 3), but their activity is also greatly enhanced by
flexion of the toes. It is assumed that messages from EDL
associated or not with messages from other ankle muscles
will signal an ankle displacement or a toe displacement,
respectively.

Validity of the population vector hypothesis in describing
the coding of directional information by muscle spindles

The present study has shown that a change in position
gave rise to muscle spindle tonic discharges that differed
for different spatial orientations of the target. More
precisely, the activity of populations of muscle spindle
afferents were related to the direction of the change in
position in a fashion well described by a sinusoidal
directional tuning curve. This property allowed us to
apply the population vector model (Georgopoulos et al.
1983) in order to take into account the whole set of
muscles surrounding the ankle joint. In this model, each
muscle population of afferents makes a vectorial contri-
bution, which is greater for target positions with direc-
tions similar to the muscle preferred direction. The
vectorial sum of these contributions proved to be a good
predictor of the actual change in position direction.

Since we have previously demonstrated that the sum
vector was also a good predictor in the case of differently
oriented movements (Bergenheim et al. 2000; Roll et al.
2000), it seems that the vector model would be a good
means of describing the directional coding of muscle
spindle afferents during movements as well as during
oriented maintained postures. Notice that such an inter-
pretation of the data supposes the existence of an external
coordinate frame. Even if such an endpoint coordinate
frame was shown not to be the only one possible for
position sense, it appeared to be one of the most
interesting on the basis of modeling studies (Scott and
Loeb 1994).

It is interesting that the behavior of our populations of
muscle spindle afferents parallels that of cortical neurons
reported in animal studies. Firstly, motor and parietal
cortical neurons present different tonic discharges during
postural fixation of the monkey limb in differently
oriented positions (Georgopoulos et al. 1983, 1984;
Kalaska et al. 1983; Kalaska and Hyde 1985). Secondly,
the direction of the sum vector of motor and parietal
cortical populations has been shown to also be a good
predictor of movement direction (Georgopoulos et al.
1983; Kalaska et al. 1983). Finally, the amplitude of the
sum vector is a good predictor of movement velocity both
for populations of muscle spindle afferents (Ribot-Ciscar
et al. 2002) and for populations of motor cortical neurons
(Schwartz 1993). This parallelism between central and
peripheral systems is furthermore found at the level of

motor units, whose activity is tuned to a cosine function
of force direction (Hermann and Flanders 1998).

So, there appears to be a common mechanism of
information coding, whether one compares the periphery
or high level structures and the motor or the sensory
systems. These similarities may be seen as a means to
facilitate the dialog between structures, and thus would
facilitate the execution as well as the control of postures
and movements.

To summarize, muscle spindle position coding relates
to afferent information coming from the whole set of
muscles crossing a given joint. Indeed, a given spatial
position is associated with a particular and stable state of
length of each muscle surrounding the joint. This
biomechanical landscape in turn generates a propriocep-
tive landscape that is also stable and where each muscle
makes an oriented and weighted contribution to the
coding of the actual position.
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