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Abstract It was proposed to study the proprioceptive
sensory coding of movement trajectories during the per-
formance of two-dimensional “drawing-like” movements
imposed on the tip of the foot. For this purpose, the ac-
tivity of the muscle-spindle afferents from the Extensor
digitorum longus, Tibialis anterior, Extensor hallucis
longus, and Peroneus lateralis muscles was recorded
from the lateral peronea nerve using the microneuro-
graphic technique. The drawing movements, describing
geometrical shapes such as squares, triangles, ellipses,
and circles, were imposed at a constant velocity in both
the clockwise and counterclockwise directions. A total
number of 44 muscle-spindle afferents were tested, 36 of
which were identified as primary and eight as secondary
afferents. Whatever the shape of the imposed foot move-
ment, the primary endings from one muscle never dis-
charged throughout the whole trgjectory (on average,
they discharged for only 49.2% of the length of the tra-
jectory), whereas all the secondary endings discharged
for most part of the drawing trajectories (average:
84.8%). The relationship between afferent discharge rate
and direction could be described with a cosine-shaped
tuning function. The peak of this function corresponded
to the preferred sensory direction of the receptor-bearing
muscles. The whole path of a given geometrical drawing
movement was found to be coded in turn by each of the
primary afferents originating from each of the muscles
successively stretched. The contribution of each popula
tion of muscle afferents from each ankle muscle was rep-
resented by a “population vector”, whose orientation was
the preferred direction of the muscle under consideration
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and whose length was the mean instantaneous frequency
of the afferent population. The “sum vector” correspond-
ing to the sum of all these weighted “ population vectors’
was found to point in the instantaneous direction of the
drawing trajectory, i.e., the tangent to the trajectory.
These findings suggest that trgjectory information is a-
ready encoded at the peripheral level on the basis of the
integrated inputs provided by sets of receptors belonging
to all the muscles acting on a given joint.
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Introduction

After the companion paper by Bergenheim et al. (2000),
dealing with the proprioceptive coding of spatially ori-
ented straight movements in two-dimensiona (2-D)
space, the present paper focuses on more complex 2-D
movements, such as those involved in the drawing of
rectilinear and curvilinear geometrical shapes.

It has by now become widely recognized that proprio-
ceptive cues constitute an important, reliable source of
information about specific movement parameters (Cordo
1990; Gandevia and Burke 1992; Gandevia 1996; Roll et
al. 1996). The authors of recent studies on animals and
humans have pointed out that, to be able to efficiently
encode movement parameters, the centra nervous
system (CNS) has to monitor the activity of an popula-
tion of afferents from a given muscle (Bergenheim et al.
1996) and requires both agonist and antagonist inputs to
be able to encode accurately the direction and velocity in
the case of simple, voluntary, aternating flexion/exten-
sion movements (Gilhodes et al. 1986; Ribot-Ciscar and
Roll 1998).

Since each of the muscles surrounding a given joint is
richly endowed with muscle-spindle receptors, the pro-
prioceptive feedback evoked by even quite simple move-
ments is always generated by the whole set of muscles



312

undergoing mechanical deformations (lengthening,
shortening, contraction, etc.) during a particular move-
ment. The question recently addressed by Gandevia and
Burke (1992) as to how many muscles are required for a
complex movement to be correctly coded is relevant
here, because it raises another important question: how
does the central nervous system integrate multiple pro-
prioceptive feedback signals to build up a single, con-
scious perceptual picture of the movement being per-
formed?

In previous psycho-physiological studies (Roll and
Gilhodes 1995; Roll et al. 1996), we established that, by
applying complex patterns of vibration to the wrist mus-
cles of human subjects, it was possible to induce the illu-
sion that they were drawing geometrical figures in the
complete absence of any actual hand movements. In
order to elicit complex kinesthetic illusions of this kind,
it was necessary to either synchronously or successively
activate all the main wrist-muscle groups by applying
patterns of vibration with varying frequencies. It, there-
fore, emerged indirectly from these behavioral studies
that natural proprioceptive feedback is probably orga-
nized on the basis of the activity of the muscle-spindle
populations belonging to al the muscles involved. In
addition, we assumed that the peripheral coding of any
motor trajectory might be based on a similar population
vector code to that previously described in the case of
the somatosensory neurons in the monkey cortex (Kalaska
et al. 1983, 1990; Caminiti et al. 1991; Georgopoulos et
al. 1993).

In order to determine how the proprioceptive sensory
codes underlying the perception of complex 2-D move-
ments are organized, we directly recorded the muscle-
spindle activity originating from four of the main ankle-
muscle groups during various 2-D geometrical trajecto-
ries imposed on the tip of the left foot, using the micro-
neurographic method. In addition, the spindle activities
recorded were correlated with the spatial trajectories of
the extremity of the foot, rather than simply with the
changes in the ankle angle, as done in most previous mi-
croneurographic studies (Roll and Vedel 1982; Hulliger
et a. 1985; Burke et al. 1988; Valbo and Al Falahe
1990).

One of the reasons why it was decided to correlate the
spatial trajectory of the movements with neural activities
was that cortical recordings on monkeys have shown that
some movement parameters are reflected in the activity
of populations of neurons and that, by using a vector
model, it is possible to express neuronal activity in
gpatial terms (Caminiti et al. 1991; Kalaska 1991,
Georgopoulos et al. 1993; Schwartz 1993). More specifi-
cally, it has been established that, during drawing move-
ments, the cortical activity occurring during the hand-
path can be accurately described by a series of popula-
tion vectors calculated during the task (Schwartz 1992,
1993), i.e., by the sum vector pointing instantaneously in
the direction of the actual movement, the length of which
corresponds to the instantaneous speed. In the present
study, using a similar vector modeling procedure, we hy-

pothesized that the patterns of activity of the muscle-
spindle populations belonging to all the muscles associ-
ated with a given joint may reflect the instantaneous di-
rection of any motor trajectory as early as the periphera
level.

Material and methods

Since the material and methods used in this study were very simi-
lar to those used in the companion paper (Bergenheim et al. 2000),
they will be only briefly outlined in this paper (for further details,
see Bergenheim et al. 2000).

Fourteen young voluntary subjects (aged 22-28 years) partici-
pated in this study, which was duly approved by the local ethical
committee. The activity of atotal number of 44 muscle spindle af-
ferents (36 la, eight 1) was recorded using the microneurographic
method at the level of the Lateral peroneal nerve. These units be-
longed to the Tibialis anterior (T.A.; 13 Ia, three I1), Extensor digi-
torum longus (E.D.L.; 18 la, four 1), Extensor hallucis longus
(E.H.L.; three la) and Peroneus lateralis (PL.; three la, one II)
muscles. The experimental set-up (see Fig. 1A), the recording pro-
cedure and the criteria adopted to classify the units were all the
same as those described in Bergenheim et al. 2000).

The subject’s left foot was attached to a rotating pedal driven
by a computer-controlled machine. With this machine, it was pos-
sible to impose 2-D geometrically shaped movements, i.e., move-
ments describing circles, squares, triangles, and horizontal and
vertical ellipses. These movements were imposed at random and
performed in either the clockwise or counterclockwise direction
from the same starting position. The scale of all these geometrical
figures was such that they fitted a 50x50-mm frame corresponding
to the maximum vertical and horizontal displacements of the foot
tip (Fig. 1B). They were imposed at a constant velocity of
38.5 mm/s.

Data analysis

The analysis consisted of determining the instantaneous discharge
frequency of each unit at eight evenly distributed points along the
trajectory and of establishing which portion of the trajectory corre-
sponded to the activation of each unit. In a second step, all the da-
ta collected were processed with the aim of formulating a “neuro-
na population vector model” (see Bergenheim et al. 2000). For
this purpose, the instantaneous discharge frequencies of al the
units belonging to the same muscle were averaged at each point on
each trgjectory. Thisyielded a “population vector”, the orientation
of which was the preferred direction of the muscle under consider-
ation and the length of which was equal to the mean activity of all
the units. This procedure was carried out for the investigated mus-
cles (T.A., ED.L., EH.L., and PL.) using the microneurographic
method. In the case of the two remaining ankle muscles, which did
not lend themselves to microneurography, namely the Tibialis pos-
terior (T.P) and Gastrocnemius soleus (G.S.) muscles, the popula-
tion vectors were modeled by taking the activities of the E.D.L.
and E.H.L. muscle afferents as templates (see Bergenheim et al.
2000).

Each point on any of the trajectories was, therefore, denoted by
a series of six weighted population vectors, the sum of which
(“sum vector”) was expected to point in the direction of the tan-
gent to the trajectory (“theoretical vectors’) at this point. This as-
sumption was tested statistically by performing aV test (Batschelet
1981).



Fig. 1A—C Experimental set-
up. A Position of the subject
and computer-controlled ma-
chine for imposing two-dimen-
sional trajectories on the foot.
B “Drawing-like” tragjectories
imposed on the tip of the sub-
ject’sfoot. C Example of are-
cording of a primary muscle-
spindle afferent originating
from the Extensor digitorum
longus (EDL) muscle during a
circular, counterclockwise tra-
jectory (constant velocity

38.5 mm/s). The nerve signal,
which was converted into an
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instantaneous frequency curve,
was recorded together with the
x and y positions of the foot ex-
tremity. The heavy part of the
circle (shown on the right) cor-
responds to the part of the cir-
cular trajectory during which
primary-afferent activity
occurred
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Results

Single unit activity during “drawing-like” movements

As an example, Fig. 2 gives the afferent activity of a pri-
mary muscle-spindle ending originating from the E.D.L.
muscle during counterclockwise “drawing-like” move-
ments and describing a straight line and various recti-
linear and curvilinear figures, such as a circle, horizontal
and vertical ellipses, a square, and a triangle. During all
these movements, the spindle activity showed conspicu-
ous changes only during parts of the movement trajecto-
ries. More specifically, the unit was activated only dur-
ing that part of the trajectory where the direction fell into
the preferred sensory sector of the receptor-bearing mus-
cle, and its maximum discharge frequency was aways
reached when the movement pointed in the so-called
preferred sensory direction of this particular unit (see
Bergenheim et al. 2000). As can be seen in this figure,
the discharge patterns were generally specific to each
category of drawing movement: stretch-like patterns
occurred during the drawing of both the straight line and
the various rectilinear figures, and curvi-shaped patterns
when curvilinear figures were being drawn. Upon ana-
lyzing the afferent discharge pattern of each individual
unit, they were all found to show these general features.

1s

The units in the three synergistic muscles located in
the anterior part of the ankle (T.A., EH.L., ED.L.) be-
haved in a similar way, since their preferred sensory sec-
tors were found to resemble each other very closely (see
Bergenheim et al. 2000). Since the muscles in the poste-
rior part of the ankle, such as the PL. muscle, have pre-
ferred sensory sectors which lay in the opposite direc-
tion, this resulted in the units being activated during a
different portion of the trgjectory. This is illustrated in
Fig. 3, which gives the responses of four primary end-
ings originating from the E.D.L., EH.L., TA., and PL.
muscles during the same triangular (Fig. 3A) and ellipti-
cal (Fig. 3B) movement trajectories. As can be seen, the
primary afferent activities in the three anterior muscles
increased during the drawing of the two first sides of the
triangle, and then stopped, and were relayed by the PL.
primary afferent. Generally speaking, none of the indi-
vidual primary endings ever fired throughout the entire
geometrical trajectory: the coding of the whole path
always involved partly redundant and successive prima-
ry-afferent activities corresponding to the various mus-
cles surrounding the ankle joint. On the other hand, all
the secondary endings tested behaved differently, since
they were generally able to encode the entire trajectory
simply by modulating their discharge frequency so that
the maximum frequency occurred in the preferred senso-
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Fig. 2 Examples of recordings of the activity of a single Extensor
digitorum longus (E.D.L.) primary muscle-spindle afferent during
various curvilinear (A) and rectilinear (B) geometrical trajectories
imposed on the tip of the foot in the counterclockwise direction.
The heavy lines on the trajectories indicate the part during which
the primary afferent was activated. Note the curvi-shaped instanta-
neous frequency curves recorded during the drawing of curvilinear
shapes and the stretch-shaped ones recorded during the rectilinear
trajectories

ry sector of each receptor-bearing muscle. These general
features were found to be very similar with all the geo-
metrical shapes drawn here, as shown in the case of the
elliptical shapein Fig. 3B.

Table 1 gives the percentage of the entire path perim-
eter corresponding to spindle activity in the case of the
primary and secondary endings belonging to each mus-
cle with each category of figure (curvilinear and rectilin-
ear) and in both movement directions (clockwise and
counterclockwise). It emerged from the analysis that
there existed a significant difference between the prima-
ry and secondary afferents, the activity of which covered,
on average, 49.2% and 84.8% of the entire trgjectory, re-
spectively. These percentages did not vary significantly
whether curvilinear or rectilinear figures were being
drawn or whether the drawing was performed in the
clockwise or counterclockwise direction.

Population coding of curvilinear and rectilinear
trajectories

With all the primary and secondary endings tested, the
geometrical trgjectories were all systematically imposed
on the ankle joint as long as the recording remained sta-
ble. In order to investigate the muscle-spindle coding of
amovement trajectory, the data on each receptor-bearing
muscle were first pooled, so as to quantify the contribu-
tion of that muscle, and the contribution of all the mus-
cles acting together on the ankle joint was evaluated in a
second step.

The activity of each afferent was, therefore, first
determined by calculating its instantaneous discharge
frequency at eight evenly distributed points on each
movement tragjectory (see Fig. 2A). Secondly, the values
obtained on all the units belonging to the same muscle
were averaged. Each geometrical shape could, therefore,
be described by a series of mean firing rates based on all
the units corresponding to one muscle. Thisisillustrated
in Fig. 4 in the case of a circular movement imposed in
the counterclockwise direction. The coding of the move-
ment trajectory in terms of the mean instantaneous dis-
charge frequency is given here by thin lines. The pre-
ferred sensory sectors are indicated on the diagrams by
heavy lines, each of which corresponds to one of the
muscles tested (see Bergenheim et al. 2000), and the pre-
ferred sensory direction by dotted lines. With al the
muscles tested, the preferred sensory sectors and the
curve describing the mean frequency changes during the
trgjectory at the eight pre-selected points were almost



Fig. 3 Examples of recordings
of the activity of four muscle-
spindle primary endings origi-
nating from the Extensor digi-
torum longus (EDL), Extensor
hallucis longus (EHL), Tibialis
anterior (TA), and Peroneus lat-
eralis (PL) muscles and a mus-
cle-spindle secondary ending
from the Extensor digitorum
muscle during a triangular
counterclockwise trgjectory (A)
and a horizontal counterclock-
wise elliptical trajectory (B)
imposed on the tip of the foot.
Note that, during both trajecto-
ries, the primary endings origi-
nating from the three muscles
in the anterior part of theleg
showed redundant behavior,
since their discharge ratesin-
creased during the first two
thirds of the trajectory. The pri-
mary ending from the Peroneus
lateralis took over the task of
coding the last third of the tra-
jectory. The discharge frequen-
cy of the secondary ending was
only slightly modulated during
most part of both trajectories

Table 1 Percentages of the entire path perimeter corresponding to
spindle activity in the case of the primary (Ia) and secondary (1)
endings belonging to each muscle with each category of figure (cur-
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vilinear and rectilinear) in both directions (clockwise and counter-
clockwise). TA Tiblidis anterior, EDL Extensor digitoum longus, PL
Peroneus lateralis, EHL Extensor hallucis longus

All shapes Curvilinear (1a) Rectilinear (1a)
la 1] Clockwise Counterclockwise Clockwise Counterclockwise
TA 45.1 100.0 429 44.2 48.3 46.7
EDL 54.0 84.4 477 58.9 50.4 56.7
PL 26.8 56.0 26.7 53.7 28.4 36.1
EHL 64.8 71.0 58.7 76.0 63.0
All muscles 49.2 84.8 45.6 50.0 49.3 51.6




316

Fig. 4 Mean frequency curves
of la afferents originating from
the Extensor digitoum longus
(E.D.L.), Peroneus lateralis
(P.L.), Extensor hallucis longus
(E.H.L.), and Tiblialis anterior
(T.A.) muscles during a coun-
terclockwise circular trajectory
imposed on the tip of the foot
(constant speed 38.5 mm/s).
The mean instantaneous fre-
quencies for all the units be-

longing to the same muscle
were calculated at eight points
on the trgjectory (1-8). Itis
represented by thin lines. The
heavy curves give the preferred
sensory sectors of the various
muscles and the dashed line the
corresponding preferred senso-
ry directions, as defined in Ber-
genheim et a. (2000). Note the
almost good angular superim-
position obtained between the
mean frequency curves and the
preferred sensory sector with
each of the ankle muscles. On
the central graph, the mean fre-
quency curves of all the ankle

muscles were combined. The 10 Hz

dashed curves corresponded to
the activity of the Tibialis pos-
terior and Gastrocnemius so-
leus muscle spindles, which
was modeled as described in
Bergenheim et a. (2000)

completely superimposed. In other words, a given prima-
ry muscle-spindle population was activated during any
trgjectory only in that muscle’s preferred sensory sector,
i.e., when the instantaneous direction of the trgectory,
which can be described by the tangent to the curve, fell
within the preferred sensory sector. In addition, when all
the mean curves obtained with all the ankle muscles
were combined on the same graph (center graph in
Fig. 4), it can be seen that most part of the 360° trajecto-
ry was encoded and that the various sensory sectors
sometimes overlapped considerably, especialy in the
case of adjacent muscles.

The “vector model” as a means of describing
the proprioceptive population coding of geometrical
trajectories

The results were further analyzed using the “vector mod-
el” previously used to describe population coding at the
cortical level (Georgopoulos et al. 1984; Kalaska et al.
1990) and the perceptual integration of proprioceptive
information (Roll and Gilhodes 1995; Roll et al. 1996).
This involved denoting by vectors the contribution of
muscle-spindle populations in each ankle muscle to the
coding of a given trajectory.



Fig. 5 A Vector diagram of
muscle-spindle popul ations
during a clockwise triangular
trajectory (constant speed
38.5 mm/s). Each population
vector (thin vector) is oriented
in the preferred sensory direc-
tion of the corresponding re-
ceptor-bearing muscle and has
amodule corresponding to the
mean instantaneous frequency
recorded at three characteristic
points on the trajectory. The
heavy vectors are the sum vec-
tors calculated at each point on
the trajectory. Note that their
orientation varied, depending
on the direction of the path.

B Detailed diagram of popula-
tion vectors, sum vector, and
theoretical vector correspond-
ing to two particular points on

A
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the trajectory (dashed squares
in A). The theoretical vector is
the tangent to the trajectory at
this point, and 6 is the angular
difference between the experi-
mental sum vector and the the-
oretical vector. TP Tibialis pos-
terior, GS Gastrocnemius so-
leus, PL Peroneus lateralis,
EDL Extensor digitoum longus,
HL Extensor hallucis longus,
TA Tiblialis anterior

A

’
Sumvector | e < Theoretical vector

At a given point on the movement trgjectory, a popu-
lation vector was calculated: its direction was taken to be
the preferred sensory direction of the receptor-bearing
muscle and its length, the mean instantaneous frequency
of that population of units. Six population vectors were
calculated in the same way, corresponding to the instan-
taneous oriented and weighted contribution made by
each muscle to the coding of the trgjectory. Four of the
six vectors (E.H.L., E.D.L., T.A., PL.) were directly cal-
culated on the basis of microneurographic recordings as
mentioned above, and, in the case of the remaining mus-
cles acting on the ankle joint (G.S. and T.P), the vectors
were deduced by modeling their preferred sensory direc-
tion and their mean frequency, based on the effects of the
vibration-induced illusions and the data from the tem-
plate muscles (see Bergenheim et al. 2000).

Figure 5 gives, as an example, the individual popula-
tion vectors of each muscle (thin lines) at three charac-
teristic points on the triangular trajectory imposed in the

3
v

TA « EDL

e PL HL .

clockwise direction. Here, the weight of one particular
population vector can be clearly seen to have depended
on the orientation of the movement. At each point on
each movement trgjectory, the six population vectors
were summed together and the orientations of the sum
vectors (heavy lines) were compared with those of the
tangents to the trgjectory at the same points (called the
“theoretical vector” in Fig. 5B). As can be seen, the ori-
entations of the sum vectors were related to the trajecto-
ry orientations (mean difference among all the shapes:
42.4°).

The sum vectors are furthermore illustrated in Fig. 6
in the case of elliptical shapes performed in the clock-
wise (right) and counterclockwise (left) directions. Gen-
erally speaking, it could be seen that, even when the
direction of the sum vectors differed from that of the the-
oretical vectors, their orientation resembled that of the
trajectory. In fact, the crossing of the same point on the
trajectory in either the clockwise or counterclockwise
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Fig. 6A, B Changesin the
population and sum vectors
during the performance of el-
liptical counterclockwise (left)
and clockwise (right) trajecto-
ries. The corresponding lower
graphs give, as an example, the
activity of aprimary afferent
originating from the Extensor
digitorum longus muscle (EDL)
during the latter trajectories.
The heavy part of each trajec-
tory isthe part during which
the primary afferent was acti-
vated. Note the permanent re-
orientation of the sum vectors
and their opposite directions
during clockwise and counter-
clockwise trajectories

A

Y

direction led to a re-orientation of the sum vector of
115°, on average, instead of the 180° expected theoreti-
cally.

A circular statistical analysis (V test) was conducted
on all the data in order to determine how accurately the
direction of the movements was coded on the basis of al
the proprioceptive feedback information arising from all
the muscles acting on a joint. The results of this test
were highly significant (u=6.44, n=65, P<0.0001), which
indicated that the sum vectors pointed around the expected
directions.

In conclusion, the proprioceptive coding of these geo-
metrical trajectories seems to have been based on a
multi-popul ation coding process, whereby each individu-
al muscle-spindle population provided weighted, oriented
information contributing to defining the parameters of
the ongoing trajectory.

ANTI CLOCKWISE

CLOCKWISE
a

Discussion

In a recent paper, Verschuren et al. (1998) claimed that,
in humans, “It has so far been impossible to record from
ensembles of muscle spindle afferents and that, conse-
quently, the representation of movement parameters by
ensemble of receptors has been limited to studies of per-
ception”. The results presented in this paper probably
constitute a first step towards overcoming this difficulty
by recording from muscle-spindle afferents originating
from different muscles in humans and by showing that
the central nervous system is fed with successively re-
layed primary-afferent feedback inputs arising from all
the different muscles working on a given joint. This ap-
proach was first suggested by results based on vibration-
induced illusions of spatialy oriented movements and
the drawing of geometrical figures evoked at the hand
level in human subjects (Roll and Gilhodes 1995; Roll et
al. 1996). It was also suggested by these studies that it
might be possible to denote the direction and velocity of
the perceived movements by the population vector of the



vibration-induced muscle-spindle inputs arising from the
entire set of muscles acting on a given joint. Upon ad-
dressing the same general question, i.e., “what role is
played by the ensemble of muscle spindles within the
same muscle or within synergistic muscles?’, Verschuren
et a. (1998), by selectively perturbing calibrated hand
movements via vibration, recently showed that the per-
formance errors were larger when combinations rather
than individua muscle tendons were vibrated. Given that
the performance of a motor task requires perception of
both the joint velocity and position of the wrist, these
authors suggested that kinesthesia may be derived from
the integrated inputs from muscle spindles located in all
the synergistic muscles crossing a joint, in line with pre-
vious findings on perception (Roll and Gilhodes 1995).

The primary spindle afferent feedback from one muscle
does not suffice to completely specify the entire
trajectory

All the previous studies dealing with the proprioceptive
coding of movement have focused on a single spatial
direction (i.e., on the stretching or shortening of a recep-
tor-bearing muscle under either passive or active condi-
tions) (Hagbarth and Vallbo 1968; Roll and Vedel 1982;
Hulliger et al. 1985; Burke et al. 1988; Ribot-Ciscar and
Roll 1998). By using a computer-controlled machine to
impose a variety of 2-D movements on a specific joint,
we were able here to make a qualitative jump, yielding
new insights into the organization of proprioceptive
feedback during complex motor trajectories, such as
those involved in drawing 2D geometrical shapes.

One of the most striking points emerging from the
present study is that each individual primary afferent
started to fire as soon as the instantaneous direction of
the ongoing trgjectory entered the preferred sensory sec-
tor of the receptor-bearing muscle and stopped firing
when the ongoing movement left this sector. Conse-
guently, the notion of a preferred sensory sector deter-
mined on the basis of linear and differently oriented
movements (see Bergenheim et al. 2000) can be extend-
ed to all kinds of motor shapes described by ajoint dur-
ing the performance of a drawing task. As can be seeniin
Fig. 4, the distribution of the preferred sensory sectors
was not perfect. This might be explained by the fact that
we focused in this study only on the main muscles acting
on the ankle joint. It seems likely that a more uniform
distribution would be obtained if al the muscles (includ-
ing the smaller muscles, e.g., the Extensor digitorum
brevis, Fibularis brevis, and Fibularis longus) were taken
into account. The question as to how the entire tragjectory
of agiven geometrical figure is encoded in sensory terms
can, therefore, probably be answered by the fact that the
CNS receives the successive primary spindle inputs from
the various muscles groups surrounding the joint as they
are stretched one after the other during the trajectory.

These results shed light on previous data on the illu-
sions of drawing evoked at hand level by applying specific
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patterns of vibration to the four main wrist muscle groups
(Roll and Gilhodes 1995; Roll et al. 1996). In view of the
neurosensory data presented in the present paper, it is now
easier to understand why, for example, to be able to in-
duce an illusion of curvilinear figure drawing, it was nec-
essary to co-vibrate two adjacent muscle groups and to in-
crease the vibration frequency applied to the one muscle
while applying a decreasing frequency to the other. When
this pattern of vibration is applied to al the successive
pairs of adjacent wrist group muscles, the sensation elicit-
ed is, therefore, one of “circle-like’ drawing.

Contrary to the primary endings, the secondary ones
were found to be active during almost the entire “draw-
ing-like” path and modulated their activity inside the
preferred sensory sector of their receptor-bearing mus-
cle. This specificity of the secondary endingsis probably
due to their high degree of position sensitivity and to the
fact that they generally do not fall silent during muscle
shortening (Vallbo 1973; Burke et al. 1988). Conse-
quently, it seems likely that the secondary afferent feed-
back may convey information about the location of the
ongoing trajectory within the subject’s working space.
Unfortunately, since only a few secondaries were record-
ed, thisissue remains to be investigated.

In short, the on-line coding of complex geometrical
trajectories can be said to constitute a collective task,
during which each of the primary spindle populations
from each muscle is mobilized in turn. From this point of
view, the sensory coding of a movement on the basis of
proprioceptive feedback might directly reflect the ana-
tomical organization of the joint involved. The anatomi-
cal structure of a joint determines the spatio-temporal
pattern of muscle stretching and shortening, which in
turn gives rise to a multipopulation proprioceptive pat-
tern. The coding of atrajectory in either the clockwise or
counterclockwise directions might, therefore, differ, de-
pending on the order in which the muscles involved are
stretched.

The afferent inputs from all the muscles acting on ajoint
encode the instantaneous direction of any trajectory

As early as 1984, Georgopoulos and his collaborators
proposed a “vector model” for describing the relation-
ship between the activity of motor cortical-cell popula-
tions and some specific movement parameters. Since
then, this model has been amply used to study the activ-
ity of population of neurons on both the motor areas
(Kalaska 1991; Schwartz 1992, 1994) and the sensory
areas (Kalaska 1991; Ruiz et a. 1995) on the cortical
level. In this context, studies should be also mentioned
which showed that motor cortical cells do not exclusive-
ly signal information in extrinsic space, but also in in-
trinsic one (Mussa-lvaldi 1988; Scott and Kalaska 1997).

In the present study, we used the vector model to de-
termine whether the parameters of a given drawing tra-
jectory are aready encoded at the periphera level by
populations of muscle spindles originating from the set
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of muscles with which a joint is equipped, i.e., very
intrinsic information, which would also support an ex-
trinsic coordinate coding.

In arecent study by Schwartz (1992), it was reported
that the mean activity of individual neurons in the motor
cortex varied with the instantaneous direction of an on-
going drawing task and that there exists a cosine-tuning
function between the movement direction and the dis-
charge frequency. Moreover, it was shown that the direc-
tions of both movement and population vectors changed
continuously during the drawing of spirals (Schwartz
1994). Area-5 proximal-arm cells showed the same vari-
ations in their activity with the hand path as did the mo-
tor cells, the only difference being that most of them dis-
charged only after the onset of movement and appeared
to be strictly “sensory” (Seal et al. 1983; Kalaska 1991).
These properties suggest that a representation of natural
movement trajectories might be built up in this area on
the basis of multiple proprioceptive inputs generated by
the movement itself (Mountcastle et al. 1975; Kalaska et
al. 1983; Burbaud et al. 1991; BattigliaMayer et al.
1998). Here, we established that, as early as the muscle-
afferent level, the mean activity of a muscle-spindle pop-
ulation also varies with the instantaneous orientation of
the drawing trajectory and that this variation in the mus-
cle-spindle activity also obeys a cosine-shaped function.
Moreover, at each point on the ongoing geometrical-
shaped trajectory, the sum vector expressing the contri-
bution of all the units belonging to all the ankle muscles
was found to have a similar orientation to that of the tan-
gent to the trajectory. Certainly, the matching of the cal-
culated population vectors and the theoretical vectors
was not perfect (in particular those seen for the inver-
sion/eversions in Fig. 6). There may have been severa
reasons for this imperfect matching. First, the muscle-
spindle activity was not exactly cosine tuned, and the
preferred directions were not exactly uniform (Sanger
1994). When the afferent data were analyzed by means
of a multiple linear-regression method, the accuracy of
the instantaneous direction determination was about 15%
greater. Secondly, the number of units tested here was
relatively small (44 units) in comparison with the num-
bers generally tested at cortical level (300—400 units in
Schwartz's 1993 study), and the units differed quantita-
tively from one muscle to the other. Third, the preferred
sensory direction was determined with a fairly broad an-
gular step of 15°. Four, the movements were passively
imposed on the ankle, thus reducing the amount of gam-
ma drive (Hulliger 1984; Ribot-Ciscar and Roll 1998).

To summarize, as concerns the proprioceptive coding
of geometrically shaped movement trajectories, the pri-
mary afferent feedback information arising from a single
muscle does not suffice to completely encode the entire
trgjectory, since the muscle receptors in a given muscle
respond only when the tangent to the ongoing movement
falls within that muscle’s preferred sensory sector. How-
ever, during any movement tragjectory, each muscle
makes an instantaneous, oriented, and weighted contri-
bution to the sensory coding of the movement direction.

The population coding process involved can be de
scribed by the instantaneous sum vector, the orientation
of which is constantly updated, depending on the direc-
tion of the ongoing movement.

Lastly, the results of these two companion papers, the
one dealing with spatially oriented and the other with
“drawing-like” movements, strongly suggest that kines-
thesia is based on the simultaneous processing of the in-
formation from populations of muscle spindles originat-
ing in al the muscles surrounding a joint. The question
as to whether such a multi-muscle proprioceptive pro-
cessing is applicable during 2-D active movements will
be addressed in further studies.
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