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Abstract When the eyes and arm are involved in a track-
ing task, the characteristics of each system differ from
those observed when they act alone: smooth pursuit (SP)
latency decreases from 130 ms in externa target tracking
tasks to O ms in self-moved target tracking tasks. Two
models have been proposed to explain this coordination.
The common command model suggests that the same
command be addressed to the two sensorimotor systems,
which are otherwise organized in parallel, while the coor-
dination control model proposes that coordination is due to
amutua exchange of information between the motor sys-
tems. In both cases, the interaction should take into ac-
count the dynamic differences between the two systems.
However, the nature of the adaptation depends on the
model. During self-moved target tracking a perturbation
was applied to the arm through the use of an electromag-
netic brake. A randomized perturbation of the arm in-
creased the arm motor reaction time without affecting SP.
In contrast, a constant perturbation produced an adaptation
of the coordination control characterized by a decrease in
arm latency and an increase in SP latency relative to motor
command. This brought the arm-to-SP latency back to
0 ms. These results support the coordination control model.

Key words Ocular tracking - Oculomanual coordination -
Electromyography - Internal model - Human

Introduction

When two sensorimotor systems (arm and eyes) are si-
multaneously involved in a tracking task, the perfor-
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mance of each system changes. Particularly when a sub-
ject tracks a visual target attached to his self-moved arm,
the static (Steinbach 1969; Gauthier et al. 1988) and dy-
namic (Gauthier et al. 1988; Vercher et a. 1993) proper-
ties of the smooth pursuit (SP) system change. More spe-
cifically, accuracy increases (Steinbach and Held 1968),
maximum velocity increases from 40° to 100°/s (Gauthier
et a. 1988) and the latency decreases from 100-120 ms
(eye-alone tracking) to zero (Steinbach 1969; Gauthier
and Hofferer 1976).

Vercher (1984) and Gauthier et al. (1988) proposed a
model introducing a coordination control system (CCS)
which uses the arm motor command to synchronize the
arm and SP motor systems and the inflow information
from arm muscles to increase the SP system accuracy
(mutual coupling). Thus the CCS may use two different
strategies to coordinate the motor systems: one based on
time (phase and lag between target motion and SP) and
the other based on gain (Vercher et a. 1993). Recently
the CCS model has been implemented, simulated (Lazz-
ari et al. 1997), and tested (Vercher et al. 1997a).

Nevertheless, other models have also been proposed
to explain oculomanual coordination. At least two of
these models contradict the coordination model to some
extent. A first, quite general model (Howard 1971) pro-
posed that synchronization was a consequence of a
common command being addressed to both systems. A
more specific model known as the common/parallel
command model (Bock 1987) added to the scheme of a
common command a double organization controlling
the interaction: partialy in parallel, partialy in com-
mon. Indeed, since the dynamic characteristics of arm
and SP motor systems are quite different, the control
systems should be at least partially separate. In Bock’s
model the common section includes all of the visual
signal processing mechanisms. The parallel sections
concern only that which is specific to each system. It is
important to note that Bock’s (1987) model does not al-
low information from one system to affect the other
system directly. The only interaction is through the
common part (common command). If the common part



adapts, this change should affect the two sensorimotor
systems in the same way.

Alternatively, the CCS model (Lazzari et a. 1997)
proposes a purely parallel scheme, in which the two sen-
sorimotor systems are completely independent. The CCS
harmonizes the arm/eye interaction by controlling the
signal interchange between the two sensorimotor sys-
tems and also by taking into account the dynamic differ-
ences between the two sensorimotor systems. This con-
trol might depend on learning since as the external con-
ditions change, the internal representation of these me-
chanical properties must be continuously updated
(Flanagan and Wing 1997), and this learning (adaptive)
process is certainly based on nonvisual signals such as
arm proprioception (Vercher et a. 1996).

Although neither the Bock (1987) nor the Lazzari et al.
(1997) model is explicitly provided with adaptive capabil-
ities, the two models (coordination control and com-
mon/parallel command) suggest different predictions re-
garding the way in which the metasystem would react to
mechanical perturbations of the arm. In fact, running nu-
merical simulations of the models while changing the ex-
ternal conditions helped us determine what parameters
should be changed to maintain the performance. The pres-
ent study was aimed at testing these predictions, with un-
expected or sustained perturbations of arm movement exe-
cution. The prediction of each model is outlined below.

If acommon command were sent to both arm and eye
motor systems, unexpected perturbations of the arm
would not be taken into account, and the eyes and arm
no longer be synchronized. If the perturbation were ap-
plied systematically, however, arm inflow would allow
the arm motor system to take into account the perturba-
tion and to adapt. Two possibilities emerge: first, the ad-
aptation takes place within the component specific to the
arm (parallel sections) such that no changes would ap-
pear at eye level. Alternatively, the adaptation could take
place within the common component (common com-
mand and/or common representation). For example, the
motor command could increase to overcome the pertur-
bation a arm level, and this would result in an earlier
movement of both the arm and the eyes because the
same adapted command is used to move both. Thus, a
decrease in arm motor delay would be accompanied by a
parallel decrease in eye motor delay. The result would be
that SP would continue to lead the arm as long as the
perturbation is maintained.

As in the common command model, the coordination
control model predicts that a randomly applied perturba-
tion of the arm motion should not affect SP initiation
(Spi) since SP should precede the arm motion. However,
if the perturbation were applied systematically, unlike in
the previous model, the coordination control model pre-
dicts an adaptation of both the arm motor system and the
CCS, dthough possibly in different ways. Because the
CCS model considers that the two sensorimotor systems
are controlled in parallel but interact with each other, it
is possible that different adaptations to arm perturbations
take place at different levels (i.e., decreasing the arm
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motor delay and increasing the eye motor delay, result-
ing in the arm-SPi latency being reduced to about 0 ms).

In order to test these predictions, subjects were re-
guested to move their arm and to track a hand-moved
target with their eyes. The arm motion was perturbed by
means of an electromagnetic brake. The perturbation was
applied randomly or systematically. The electromyo-
graphic (EMG) signa of one of the arm muscles in-
volved in the movement (biceps brachialis) allowed us
approximately to date the arm motor command. Indeed,
as EMG activity begins only 24-30 ms after motor cor-
tex activity (Cheney 1985), one may consider that the
initiation of the EMG burst is a good indicator of the
time of occurrence of the motor command.

Another aim of this study was to determine the way in
which the oculomanual system compensates for con-
stantly applied perturbations of arm motion. Based on
the CCS model, three hypotheses are proposed and are
discussed below. First, the motor command could be
temporarily adjusted by the feedback loop bringing the
EMG-to-arm latency back to its initial values (without
perturbation) while the EMG-to-SPi latency would re-
main unaffected. The second hypothesis proposes an ad-
aptation at the oculomotor level: the SP latency should
increase to equal the EMG-to-arm latency. Findly, a
concomitant adaptation of both arm and eye motor com-
mands to the perturbation is proposed by the last hypoth-
esis. All of these hypothetical mechanisms result after
adaptation to a SPi-to-arm latency close to nil. Thus it
would be difficult to confirm one of the three without a
time reference provided here by the EMG signal. [The
arm movement is self-initiated by the subject; thus there
is no external stimulus or signal to be used as a reference
(Vercher et a. 1997b)]. This study is the first experimen-
tal demonstration of predictions originating from numer-
ica simulations of the coordination control model pro-
posed by Lazzari et a. (1997). In addition, the analysis
of the observed time course of adaptation will help usto
provide the CCS model with adaptive capabilities.

Methods

Subjects

Six right-handed subjects ranging in age from 21 to 32 years (four
females and two males), participated in the present study. They
were naive with regard to the aim of the study. They were also all
exempt of known visual or oculomotor disorders.

Experimental setup

The experimenta setup is shown on Fig. 1. A complete descrip-
tion can be found elsewhere (Vercher et al. 1996). Horizontal eye
movements were recorded with an infrared corneal reflection de-
vice (Iris Skalar: bandwidth DC to 200 Hz, resolution 1.5 arc, lin-
earity £30°). Arm position was measured with a potentiometer at
elbow level. The EMG activity of the moving arm biceps was re-
corded using surface electrodes (Meditrace, Graphic Controls)
placed on the m. biceps brachialis. The EMG signal was preampli-
fied (x10,000), and prefiltered (high-pass 30 Hz, low-pass 200 Hz).
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Fig. 1 Experimental set-up

The shoulder was placed in abduction and flexion (about 30°), and
the arm/forearm angle was near 100° (Adamovitch et al. 1994) to
increase signal/noise ratio. The target, arm, eye, and EMG signals
were amplified, filtered (low-pass 250 Hz) and digitized at 500 sam-
ples/s. An electromagnetic brake (Warner Electric, model TB 500,
maximal torque 40 Nm, tension range 0—20 V) was also posi-
tioned on the rotation axis. The brake torque was directly con-
trolled by the computer through a digital-to-analog converter, such
that the generated friction was proportional to the tension com-
mand. Thus, when the brake was off, the manipulandum needed a
torque of 0.44 Nm to be activated. On the other hand, the brake
needed 2.66 Nm when 3 V were applied (the relation between the
tension and the torque is near to linear in the range 1-17 V). Lac-
quaniti and Soechting (1986) showed that muscular activation is
proportional to the perturbation force.

Tracking task and condition

The subjects were subjected to two conditions during two experi-
mental sessions. The sessions, but not the conditions, were coun-
terbalanced for the subjects. The subjects had to move their right
arm back and forth and to track the hand-driven target with their
eyes. At the beginning of each trial the subject put the target at the
right side of the screen and had to move the arm sinusoidally at
about 0.3 Hz in frequency and 15° in amplitude. Subjects were re-
quired to maintain target fixation with their eyes. After receiving a
“ready” signal from the experimenter the subject started to move
the arm. The subject had 3 sin which to make the complete move-
ment. The conditions were:

— Brake off (B-OFF): the brake was fitted to the manipulandum
but was not activated.

— Brake on (B-ON): just before the arm movement, a passive
friction was applied to the manipulandum. Prior to the session
the subjects were instructed to try to maintain the velocity and
the amplitude of arm movements in spite of the perturbation.
There was no cue to indicate to the subject whether the brake
was to be activated or not.

In experiment 1 the two conditions (B-OFF and B-ON) were ran-
domly assigned to the subjects over atotal of 120 trials. The brake
was always fitted to the manipulandum but activated on an aver-
age of only one-third of thetrials.

In experiment 2 the perturbation was applied systematically.
Subjects completed 100 consecutive trials in three blocks:

— PRE block (preexposure): self-moved target tracking without
perturbation (20 consecutive trials in the B-OFF condition)

— PER block (during exposure): self-moved target tracking with
perturbation (60 consecutive trials in the B-ON condition)

— POST block (posteffect): self-moved target tracking without
perturbation (20 consecutive trials in the B-OFF condition)

The subjects did not know when the change in condition would
occur; however, they did know that during the 100 trials a constant
perturbation would be applied.

Data analysis

Analysis started with digital low-pass filtering of all signals (cut-
off frequency of 30 Hz, —3 dB). The latencies between target and
SP motion onsets, EMG burst and arm motion, EMG burst and
SP motion, arm and SP motions were measured (target-to-SP,
EMG-to-arm, EMG-to-SP, and arm-to-SP latencies). For deter-
mination of the SP and arm movement onsets, we used a veloci-
ty-acceleration criterion previously described (Vercher et al.
1996). For determination of the EMG burst beginning, we used a
similar technique, proposed by Hodges and Bui (1996), after rec-
tifying and integrating the EMG signal. Maximal velocities of
arm motion and SP were also determined. In order to test the ef-
fect of condition, analysis of variance (Sg <c;>) and a Student-
Newman-Keuls post hoc test were applied to the data. Since we
were interested in SPi, only the trials where eye motion began
with SP were analyzed. The others (e.g., starting with a saccade)
were rejected. These latter trials represented less than 5% of the
total.

Results

In order to obtain reference data, all the subjects were
tested in eye-alone tracking (EAT) and self-moved
tracking (SMT) conditions with the brake device being
removed (when the brake is fitted but not activated
there is still a residual friction). In EAT the target fol-
lowed an horizontal sinusoidal path (15°, 0.3 Hz). The
latencies recorded in the EAT and SMT conditions were
not significantly different from previous experiments,
i.e., 135+27.86 ms in EAT and considerably shorter,
—0.83+25 ms, in SMT (Gauthier and Hofferer 1976;
Gauthier and Mussa-1valdi 1988; Steinbach 1969; Ver-
cher et al. 1993, 1996).

Experiment 1: nonsystematic perturbation

The aim of the first experiment was to determine the ef-
fect of a mechanical arm perturbation on the arm-to-SP
temporal coordination. In the B-ON condition (Fig. 2B),
SP begins with alatency relative to the arm muscle EMG
burst which is similar to that observed in B-OFF condi-
tion (Fig. 2A). However, the beginning of the arm move-
ment is delayed relative to the two other events (up to
510 ms after SPi and 650 ms after the beginning of the
EMG burst). The delayed arm movement initiation re-
sults in an ocular anticipation leading to an increased
number of saccades in the direction of the visual target
(Fig. 2B).

The frequency histograms in B-OFF and in B-ON
conditions (Fig. 3) confirm the delayed initiation of arm
motion (relative to EMG and SP motion), showing an in-
crease in arm-to-SP and EM G-to-arm latencies (average
and variance). Only the EMG-to-SP latency remains un-
affected. Table 1 provides the average latencies for all
the subjects and al the conditions.
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Fig. 2 Selected examples of 20
oculomanual tracking in the : !
brake off (B-OFF) condition ;
(A) and in the brake on (B-ON) !
condition (B). Continuous lines, |
eye (thin) and arm positions 10 :
(bold); dashed lines, eye (thin) g
and arm (bold) velocities. Gray i
bold line at bottom, rectified
and integrated EMG of the bi-
ceps muscle. Vertical scales
correspond to the position (left
axis) and velocity (right axis)
signals, respectively. Thereis
no scale for the EMG signal
amplitude, which values arein -10 -
mV. Vertical lines, the begin-

ning of arm and SP movements

and EMG activity

o

Position (°)

20 I

Velocity (°/s)

LA ,.
WY VO~

30

0 500

; -40
1000 1500 2000

Time (ms)

!
)
!
i
T
1
20 | !
H
i
3
3
i

iy
o

Position (°)

10 e

Velocity (°/s)

The analysis of variance showed a significant effect
of condition, explaining 68% of the EMG-to-arm laten-
cy variance (Fsg5=1255.25, P<0.001), and 72% of the
arm-to-SP latency variance (Fy 555=1502.2, P<0.001). No
effect was found for EM G-to-SP latency.

A linear regression performed between EMG-to-arm
and arm-to-SP latencies (Fig. 4) showed a strong correla-
tion between these two variables (r2=0.88) for the B-ON
trials (r2=0.91), not for the B-OFF trials (r2=0.01). A
correlation has also been found between EMG-to-SP and
EMG-to-arm latencies (r2=0.54) in B-OFF only (r2=0.03
in B-ON).

Thus, these results show that an unexpected perturba-
tion of the mechanical conditions of arm movement exe-
cution changed the temporal correlations of oculomanual
tracking, particularly the EMG-to-arm and arm-to-SP la
tencies, confirming that it is indeed the actual arm move-
ment which is affected by the brake, and not the com-
mand nor the control.
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Experiment 2: systematic perturbation and adaptation

The first experiment showed an effective perturbation
of the coordination but did not allow us to distinguish
between the coordination models presented in the “In-
troduction.” The aim of the second experiment was to
determine the way in which the oculomanual system
behaves when it is submitted to a constant perturbation
of the mechanical conditions of arm movement execu-
tion. The CCS model predicts that when the system is
exposed to a constant perturbation, the system should
adapt so as to bring the arm-to-SP latency back to about
0 ms.

Figure 5 shows examples of behavior during the ad-
aptation series. No trial in PRE condition is shown since
the same characteristics were found as in the first experi-
ment. The first trial in PER was always similar to trials
in B-ON of the first experiment (Fig. 2B). Nevertheless,
after performing two-thirds of the trialsin PER (Fig. 5A)
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Fig. 3 Frequency histograms of latencies for the trials in the B-OFF
(A) and B-ON (B) conditions (all subjects)

Table 1 Tracking latenciesin the two conditions (random pertur-
bation): mean+SD over al the subjects

Condition EMG-to-SP EMG-to-arm Arm-to-SP

B-OFF 96.4+47.3ms 111.1+50.8 ms -14.7435.7 ms
B-ON 88.4+48.7ms 362.1+120.6 ms* —273.6+122.6* ms
* P<0.05

the subjects were fully adapted since their performance
at this stage of the adaptation session could not be distin-
guished from their performance during the B-OFF trials
of the first experiment. As opposed to the previous trials,
the first trial after brake deactivation (Fig. 5B) always
showed a slightly delayed initiation of the SP relative to
the arm motion for all subjects. This behavior lasted
throughout the subsequent trials in the POST block.
However, the number of trialsin this block was too small
to observe a return to initial (PRE) latencies. Table 2
provides the average latencies, over all subjects and tri-
alsin ablock.

During continuous exposure to the brake (PER block,
condition B-ON), a correlation was found between EMG-
to-arm and arm-to-SP latencies (r2=0.63). A correlation
was adso found (although moderate, r2=0.3) when the
brake was turn off (condition B-OFF in POST block),
while no such correlation was found in this condition dur-
ing experiment 1. On the other hand, no relationship ap-
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Fig. 4 Correlations and linear regressions between EMG-to-arm
and arm-to-SPi latencies in the B-OFF (white dots) and B-ON
(black dots) conditions

peared in any of the conditions between the EMG-to-arm
and the EMG-to-SP latencies (r2=0.16) nor between the
EMG-to-SP and the arm-to-SP latencies (r2=0.006). Anal-
ysis of variance showed an effect of condition on EMG-
t0-SP (F,58,=12.27, P<0.01), EMG-to-arm (F,55,=18.21,
P<0.01), and arm-to-SP (F,zg,=10.40, P<0.01) laten-
cies. Post-hoc analysis revealed a significant difference
between PRE and POST conditions for EMG-to-SP
(P<0.05) and arm-to-SP (P<0.05) latencies but not for
EMG-to-arm latency. Figure 6 shows the evolution of la-
tencies between the arm and SP motions and the EMG
burst in the different stages of the experiment. The figure
shows a clear increase in EMG-to-arm latency and a de-
crease in arm-to-SP latency at the first trial when the
brake was unexpectedly on, followed by a progressive re-
turn of both EMG-to-arm and arm-to-SP latency to 0 ms
during the adaptation session.

Figure 7 shows the time course of arm peak velocity
(reached on average 350 ms after motion onset) over tri-
as. The figure shows that the subjects were able to
maintain a stable movement pattern except when the
brake was suddenly and unexpectedly deactivated. Al-
though the velocity remains constant along the trials (for
the three consecutive conditions), it increases by more
than 100% in the first trial following the deactivation of
the brake. Remember that the subjects were instructed
aways to produce the same type of arm movement in
terms of amplitude, velocity profile and duration. In-
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deed, in this experiment we noted a durable and moder-
ate increase in EMG-to-SP latency between the PRE and
POST blocks, and a progressive decrease in EMG-to-
arm latency during the PER block, both leading to a de-

Table 2 Tracking latencies in the three condition blocks (PRE B-
OFF, PER B-ON, systematic perturbation, POST B-OFF): meant+SD
over al the subjects

Condition EMG-to-SP EMG-to-arm Arm-to-SP
crease in arm-to-SP latency between the beginning and
the end of the experiment. PRE 66.3t23.07ms  78.80+30.81ms -12.51+26.10ms
PER 82.96+35.83ms* 108+61.67 ms*  —25.04+60.19 ms*
POST 83.31+36 ms* 84.11+40.38 ms  -0.80+33.92 ms*
Discussion * P<0.05

The coordination control system modeled by Lazzari et
al. (1997) and Vercher et al. (1997a) assumes that arm-
SP coordination results from a system that is indepen-
dent of the different sensorimotor systems involved in
coordinated tasks. Indeed, one of the most astonishing
features of arm-SP coordination is the amost perfect
synchrony observed between the eyes and the arm during

SMT tracking tasks in spite of large differences known
to exist between these sensorimotor systems. This short
latency SP was first observed by Steinbach (1969), who
attributed it to previous knowledge of arm motion. Fol-
lowing our theory, intersystem coordination is based on
an exchange of sensory and motor signals. Indeed Gau-
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Fig. 6A—C Time-course of the
latencies (EM G-to-arm, EMG-
to-SPi, arm-to-SPi) averaged
over al subjects as afunction
of trial number. Vertical dashed
lines, transition from one block
to the other; horizontal dotted
lines, the average of the laten-
ciesin the PRE block; horizon-
tal dashed lines (in the POST
block), the average latenciesin
the POST condition; arrows,
first trial of the adaptation block
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thier and Hofferer (1976) showed that nonvisual signals
can trigger and maintain SP of an imaginary target either
actively or passively moved by the observer's hand.
Gauthier et al. (1988) and Vercher and Gauthier (1988)
supported the idea that arm motor signals are used to
synchronize the onset of arm motion and SP eye motion.
In contrast, proprioceptive signals appear to play a
role in the cross-calibration of eye and hand motor sys-
tems once the movement has started (Vercher et al. 1996,
1997b). This was highlighted by a modification of SP
system characteristics (maximum velocity, gain, and ac-
curacy) when proprioception is atered (Gauthier et al.
1976, 1988; Vercher et al. 1996). Vercher et al. (1997b)
recently proposed that this synchrony could be the result
of the CCS taking into account, through arm propriocep-
tion, the dynamic differences between the sensorimotor
systems, in order to harmonize the temporal relationship
during the oculomanual tracking. Note that CCS is not

directly involved in arm control but receives information
from both the arm and eye sensorimotor systems. That
means that both systems (the CCS and the arm motor
system) could adapt independently to arm perturbation
but not necessarily in the same way.

SP and arm tracking do not have the same motor delay

Obviously the arm motor system and the oculomotor
system differ at both the biomechanical and neura lev-
els. As a consequence, motor delays [defined by Schmidt
(1988) as the time between the onset of EMG activity
and the onset of a measurable movement] are expected
to be longer in the arm motor system than in the ocul o-
motor system. Steinbach (1969) and Gauthier and Hof-
ferer (1976) used this argument to explain the observa-
tion that SP leads the hand in self-moved target tracking.
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Fig. 7 Time course of arm velocity as a function of trial number
averaged for all subjects

They pointed out that if a motor command is sent simul-
taneously to the eye and finger muscles, the eyes lead the
finger by at least 65 ms, due to different conduction and
mechanical activation times. However, the SP latency in
response to the motion of a hand-attached target is usual-
ly much closer to zero than would be expected. It can be
proposed that subjects use inflow to be informed of and
compensate for the longer motor delay of the arm. A
similar interpretation has been proposed by Bard et al.
(1992) to explain a difference between deafferented and
control subjects in the way in which simultaneous finger
and heel movements are synchronized. In response to an
external signal both control and deafferented subjects
showed a precedence of finger movement over heel
movement. In contrast, in a self-paced condition, controls
showed a precedence of heel over finger, whereas the re-
sponses of the deafferented subject remained unchanged.
The authors suggested that control subjects synchronized
the inflow signals from the heel and the finger conse-
guent to movement while the deafferented subject syn-
chronized the motor command send to both segments.

Which model best explains SP-arm synchronization?

In the “Introduction” we presented the common/parallel
command model as an alternative to the CCS model. Can
such a model which is based on the same command be-
ing addressed to different systems redly apply to eye-
arm coordination and even be generalized? Simultaneous
eye and head (gaze) movements are certainly controlled
by a common, centraly generated command signa
(Galiana and Guitton 1992; Crawford and Guitton 1997).

Flanagan and Wing (1997) recently proposed an al-
ternative scheme for intersensory coordination. They
showed that controlling the grip of an object and moving
(pushing or pulling) it are two functions that share a
common internal model of arm/object dynamics. When
the manipulandum was made compliant, perfectly syn-
chronous changes in hand trgjectory and in grip forces
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Fig. 8 Schematic representation of EMG-arm-SPi timing as ob-
served with unexpected perturbation (A) and as predicted by the
two models in the adaptation experiment (B). To estimate the delays
between EMG, arm and SP, the time origin is synchronized with the
EMG onset. t; isthe arm and SP onset in normal condition; t, shows
the arm onset with unexpected perturbation. The hypotheses are
based on the models represented beside the graphs. Gray arrows in
the models, the element adaptively affected by the perturbations

clearly showed, in the coordinated task used by the au-
thors, that the system controlling grip force makes use of
an internal representation of the mechanical properties of
the arm/object. A copy of the arm (move) command is
addressed to this internal representation in order to esti-
mate (predict) the effect of this command at the mechan-
ical level and to adjust by anticipation the command at
hand (grip) level. Moreover, while Flanagan and Wing
(1997) did not specifically assess the time course of ad-
aptation over practice, their data showed that this shared
internal representation is updated in order to maintain
the grip-move coordination.

Several experimental results support the idea that the
common command model does not apply to arm-SP co-
ordination in tracking tasks. Indeed, respective latencies
of fast eye and arm movements in response to target mo-
tion onset are not correlated (Gielen et al. 1984). Gain
and phase responses of the arm and the eyes show uncor-
related features (Bock 1987), suggesting the existence of
specific commands for each system. Vercher and Gauthier
(1988) and Brown et al. (1993) showed, respectively, in
monkeys and humans, that lesions of the cerebellum dis-
rupt the coordination between arm and eyes in tracking
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tasks while maintaining the ability to produced SP and
arm tracking movements in isolation. Van Donkelaar and
Lee (1994) showed that SP performance is even worse
when cerebellar patients are asked to track a target with
their eyes and arm simultaneously.

In the present study the use of a brake at arm level al-
lowed us to further investigate this question by changing
the timing between the arm motor command and the sub-
sequent arm motion. Figure 8A is a schematic represen-
tation of subjects’ behavior in terms of latency during
the first experiment. Indeed, when the brake was activat-
ed (B-ON condition), the force required to produce an
arm movement was increased, thus at least during the
first experiment due to the static component of friction,
the initiation time of arm movement was delayed. Due to
this increased motor delay (from t, to t,), when the per-
turbation was randomly applied to the arm, the SP eye
motion (whose latency relative to arm EMG remained
unchanged regardless of the perturbation applied to the
arm) largely anticipated the arm movement. This con-
firmed that SP triggering is under the tight control of the
arm motor command. Moreover, the increased variability
of arm-to-SP latency was clearly due to the increased
variability of arm motor delay, as shown by the correla-
tion between EMG-to-arm and arm-to-SP latencies (B-
ON condition). Note that the three |atencies are not inde-
pendent; one is the difference of the other. Thus, if a
variable remains constant (here the EM G-to-SP latency),
the change in arm-to-SP latency is explained only by the
variability of EMG-to-arm latency.

One possible interpretation of the short SP latency in
the B-OFF condition is that because the subject himself
decided when to move his arm, he knew when the target
would move, and he would therefore be able to antici-
pate target motion. Anticipatory eye movements due to
expectation appear when the subject receives a cue to
target onset (Kowler et a. 1984), or when the target is
presented intermittently (Barnes and Asselman 1992;
Kao and Morrow 1994; Barnes et a. 1997). We do not
believe that expectation can explain eye-arm synchrony
in self-moved target tracking tasks, because in these con-
ditions SP can start as long as 300 ms before target mo-
tion (in B-OFF condition) and even 600 ms before in the
B-ON condition. Moreover, Barnes and Asselman (1992)
showed that anticipatory eye movements need at least
three or four cycles of intermittent target presentation for
anticipatory eye movements to appear (the SP latency to
the first target flash was 95 ms, the eyes lagging the tar-
get), whereas an almost perfect synchronicity between
the eyes and the arm appears immediately when the tar-
get is hand-moved. The same explanation can be pro-
posed for the B-ON condition.

How does the arm motor system take
into account the perturbation?

Let us consider now the results from the second experi-
ment (adaptation). Asillustrated in Fig. 8B, the main dif-

ference between the arm motor system and the oculomo-
tor system is that the eyes, unlike the arm, are little af-
fected by external mechanical influences (gravity, im-
posed forces, etc.). The arm motor system is able to react
to unexpected perturbations on line (i.e., during the exe-
cution of movement; Prablanc and Martin 1992) through
feedback mechanisms, while the existence of a similar
process at the oculomotor level is still debated (O Keefe
and Berkley 1991; Knox and Donaldson 1993). In the
long term, (i.e., during sustained perturbations) both sys-
tems show adaptive properties. While on line control is
based on the comparison of the command with an affer-
ent signal specifying how the motion is actually execut-
ed, the adaptive control usualy needs two sources of in-
flow information, one interoceptive, i.e., proprioception,
and one exteroceptive, i.e., vision (Welch 1974; Gauthier
1979). The two compensative mechanisms have been
highlighted in this study. During the B-ON trials the sub-
jects were instructed to maintain their arm movement
whatever the perturbations. Thus, when the brake was
activated, the subjects, because of this instruction, had to
increase the force applied to the manipulandum and thus
to change the command, until the arm overcame the op-
posing force (Ghez and Gordon 1987; Cordo 1990).

This dual compensation mechanism is indicated by
the gradual 75% decrease in the EMG-to-arm latency
during exposure to the brake (PER block). The first trial
in the B-ON condition showed a large average increase
in arm movement latency (400£200 ms). At the next trial
the latency was already reduced by 50% (Fig. 6A). This
behavior during the two first trials suggests an on-line
control, compensating for the unexpected perturbation.
Once the “surprise effect” is overcome, i.e., during the
subsequent 58 trials, latency decreased progressively to
near control values. Although no “surprise effect” ap-
peared in terms of latency at the offset of the brake, it
did appear in terms of arm velocity (Fig. 7). Thus during
the first trial of the POST block the feedforward part of
the arm command was still set for a perturbed condition.
As soon as the movement was initiated, the feedback
loop allowed the command to be reset to the unperturbed
state. To this concern, the performance during the POST
block cannot be really seen as reflecting a posteffect
since the arm motor system is not in open loop from a
proprioceptive point of view. Only the first trial at brake
offset may give an indication of the adapted state. Thus
the central nervous system constantly modulates the acti-
vation pattern of muscles in order to take into account
the external forces (Virji-Babul et al. 1994). However,
the lack of a durable posteffect may also be due to the
relatively low number (60) of trials, which does not al-
low a durable adaptation of the motor command.

How does the oculomanual coordination take
into account the arm perturbation?

Although data showed that EM G-to-SPi latency signifi-
cantly increased from the PRE to the POST block, we



did not see a clear evolution during the PER block as
opposed to the EMG-to-arm latency (see Fig. 6B). This
could indicate that different types of adaptation occur,
for example, a progressive process at arm motor level
(see previous section) and a more discrete process at
eye or coordinative level. The lower part of Fig. 8 helps
us to link our results to the hypotheses proposed in the
“Introduction,” which were based on the common/par-
allel command and coordination control models. Again,
neither the common command nor CCS models are ex-
plicitly provided with adaptive capabilities. At this stage
we can only speculate what the effect of adapting a giv-
en parameter would be on the overall performance.
There is no way to predict from simulations of the mod-
el how the adapted state would be reached. A common
command model predicts that if the arm motor com-
mand is adapted to an imposed impedance, the increased
command sent to the arm motor system (which results
in a decrease in arm latency: following the force increase,
the threshold required to activate the manipulandum is
reached earlier) would lead to a similar reduction in mo-
tor delay at the oculomotor level (thus decreasing the
SP latency).

On the contrary, the CCS model predicts that an adap-
tation of arm motor system (decreased latency) might be
accompanied by an increase in ocular latency. Indeed,
during the exposure phase the CCS would take into ac-
count the changes in the dynamic properties of the arm,
thus leading to a strong adaptation of the SP system (see
the EMG-to-SP latency in the POST block in Fig. 6.
Posteffects are usually seen as the proof of the existence
of an adaptive process, since at this moment the pertur-
bation is no longer applied: the adapted state is reached
at the end of the PER phase but may be masked by the
on line contral). Our results are consistent with the CCS
model rather than with the common command model.
We observed that the EM G-to-SP latency variations can-
not be explained by the effect of the arm command adap-
tation. The on-line adaptation of the arm motor system
has no effect on the oculomotor system or on the CCS:
the SP latency is not affected by the randomized pertur-
bation. However, it is clear that the maintenance of the
perturbation led to an adaptation of the coordination (see
Fig. 6, EMG-to-SP and arm-to-SP latencies change be-
tween PRE and POST blocks). Thus at least two levels
adapted since the two effects are opposite in value (de-
creasing for the arm, and increasing for the eye, as
shown in Fig. 5B). The double adaptive structure shown
here leads to a global decrease in arm-to-SP latency.

What isthe role played by afferent information
(proprioception) in CCS adaptation?

Our results do not alow us to directly address this ques-
tion. However, we may suppose that inflow information
role is essential. Arm proprioception informs the central
nervous system about the existence and the nature of a
perturbation (friction, viscosity, stiffness, mass). Therole
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of proprioception in adaptation to perturbation has been
studied with deafferented subjects. These studies showed
that the afferent information is necessary for the motor
command synchronization during pointing movement
(Bard et al. 1992). Interestingly, when an artificial delay
is introduced between the arm and target movements in
an oculomanual tracking task, subjects without proprio-
ception perceived this visual feedback delay as a me-
chanical arm perturbation (Vercher et a. 1996). In fact,
aslong as their arm movement was not visually detected,
the deafferented subjects increased their motor command
and interpreted the need for more force as being due to a
mechanical resistance to their arm movement. During the
randomized perturbation our subjects had a similar reac-
tion. The constant friction produced a delayed target
movement relative to the motor command, and as a con-
sequence the subjects increased their force to maintain
their arm movement. The deafferented subjects partici-
pating in the study of Vercher et al. (1996) could have
interpreted the target visual delay (relative to their arm
movements) according to the most natural situation which
could be met by a normal subject. Due to the lack of pro-
prioception they could not sense their arm and distin-
guish between these situations. In deafferented subjects
vision partially replaced the missing information source.
Vercher et al. (1997b) recently showed that the EMG-to-
SP latency is much more variable in a deafferented pa-
tient than in controls, indicating a possible role of arm
proprioception in calibrating the temporal relationship
between arm and eye motor commands.

Conclusion

Transitory and unpredictable perturbations of arm motion
showed that the SP system is not affected (in terms of time
of initiation) by the delayed onset of arm movement. This
confirms that the synchronization between the arm and SP
is not based on afferent (visual or kinesthetic) signals. By
submitting the subject to a sustained perturbation we have
shown that not only the arm motor system responds appro-
priately to the perturbation (by both an on-line, feedback
based control and an adaptive process), but that the oculo-
motor system is also affected. The middle-term (few min-
utes) adaptation process evidenced here may also occur
over alonger period: during growth, humans must adapt to
the motor segments evolution (size, mass, etc.). The differ-
ent patterns and time courses of adaptation to dynamic al-
terations of the arm at arm control level (leading to a de-
crease in arm latency), and at SP control level (leading to
anincrease in SP latency), provide support to the existence
of a purely parald treatment. The harmonization of these
two sensorimotor systems is achieved by the CCS which
takes into account the dynamic conditions of arm move-
ment execution by processing arm proprioception. This
signal, together with retinal and extraretinal signds, is in-
volved in the updating of an internal model, thereby allow-
ing the differences and possible aterations of one of the
two sensorimotor systems to be taken into account.



52

Acknowledgements This work was supported by grants from the
CNRS. K.S. is a graduate student supported by the French Minis-
tére de I’ Education et de la Recherche. The authors are grateful to
Prof. Bernard J. Martin (University of Michigan, Ann Arbor, MI,
USA) for providing the brake system. Two anonymous reviewers
provided us with helpful comments, and Thelma Coyle and Dr
Maggie Schiffrar helped us with the manuscript.

References

Adamovich SV, Levi MF, Feldman AG (1994) Merging different
motor patterns: coordination between rhythmical and discrete
single-joint movements. Exp Brain Res 99:325-337

Bard C, Paillard J, Lgjoie Y, Fleury M, Teasdale N, Forget R, La-
marre Y (1992) Role of afferent information in the timing of
motor commands: a comparative study with a deafferented pa-
tient. Neuropsychologia 30:201-206

Barnes GR, Asselman PT (1992) Pursuit of intermittently illumi-
nated moving targets in the human. J Physiol (Lond) 445:
617-637

Barnes GR, Grealy M, Collins S (1997) Volitional control of antic-
ipatory ocular smooth pursuit after viewing, but not pursuing,
amoving target: evidence for a re-afferent velocity store. Exp
Brain Res 116:445-455

Bock O (1987) Coordination of arm and eye movements in track-
ing of sinusoidally moving targets. Behav Brain Res 24:
93-100

Brown SH, Kessler KR, Hefter H, Cooke JD, Freund HJ (1993)
Role of the cerebellum in visuomotor coordination. |. Delayed
eye and arm initiation in patients with mild cerebellar ataxia.
Exp Brain Res 94:478-488

Cheney PD (1985) Role of cerebral cortex in voluntary move-
ments. Phys Ther 65:624-635

Cordo P (1990) Kinesthetic control of a multijoint movement se-
quence. J Neurophysiol 63:161-172

Crawford JD, Guitton D (1997) Primate head-free saccade generator
implements a desired (post-VOR) eye position command by an-
ticipating intended head motion. J Neurophysiol 78:2811-2816

Flanagan JR, Wing AM (1997) The role of internal models in mo-
tion planning and control: evidence from grip force adjust-
ments during movements of hand-held loads. J Neurosci 15:
1519-1528

Galiana HL, Guitton D (1992) Central organization and modeling
of eye-head coordination during orienting gaze shifts. Ann NY
Acad Sci 656:452—471

Gauthier GM (1979) Le contréle cérébelleux des systémes sen-
sorimoteurs. Thesis, Université de Provence

Gauthier GM, Hofferer IM (1976) Eye tracking of self-moved tar-
gets in the absence of vision. Exp Brain Res 26:121-139

Gauthier GM, Mussa-lvaldi F (1988) Oculo-manual tracking of
visua targets in monkey: role of the arm afferent information
in the control of arm and eye movements. Exp Brain Res 73:
138-154

Gauthier GM, Vercher JL, Mussa Ivaldi F, Marchetti E (1988) Oc-
ulo-manual tracking of visual targets: control learning, coordina
tion control and coordination model. Exp Brain Res 73:127-137

Ghez C, Gordon J (1987) Trajectory control in targeted force im-
pulses. I. Role of opposing muscles. Exp Brain Res 67: 225-240

Gielen CCA, Van Den Heuvel PIM, Van Gisbergen JAM (1984)
Coordination of fast eye and arm movements in a tracking
task. Exp Brain Res 56:154-161

Hodges PW, Bui BH (1996) A comparison of computer-based
methods for the determination of onset of muscle contraction
using electromyography. Elect Clin Neurophysiol 101:511-519

Howard IP (1971) Perceptua learning and adaptation. Br Med
Bull 27:248-255

Kao GW, Morrow MJ (1994) The relationship of anticipatory
smooth eye movement to smooth pursuit initiation. Vision Res
34:3027-3036

Knox PC, Donaldson IML (1993) Afferent signals from the extra-
ocular muscles of the pigeon modify the vestibulo-ocular re-
flex. Proc R Soc Lond B Biol Sci 253:77-82

Kowler E, Martins AJ, Pavel M (1984) The effect of expectations
on slow oculomotor control-1V Anticipatory smooth eye
movements depend on prior target motions. Vision Res 24:
197-210

Lacquaniti F, Soechting JF (1986) EMG response to load perturba-
tions of the upper limb: effect of dynamic coupling between
shoulder and elbow motion. Exp Brain Res 61:482—-496

Lazzari S, Vercher JL, Buizza A (1997) Manuo-ocular coordina-
tion in target tracking. I. A model simulating the human per-
formance. Biol Cybern 77:267-275

O'Keefe LP, Berkley MA (1991) Binocular immobilization in-
duced by paralysis of the extraocular muscle of one eye: evi-
dence for an interocular proprioceptive mechanism. J Neuro-
physiol 66:2022—-2033

Prablanc C, Martin O (1992) Automatic control during hand
reaching at undetected two-dimensional target displacements.
J Neurophysiol 67:455-469

Schmidt RA (1988) Motor control and learning. Human Kinetic,
Champaign

Steinbach MJ (1969) Eye tracking of self-moved targets: the role
of efference. J Exp Psychol 82:366-376

Steinbach M, Held R (1968) Eye tracking of observer-generated
target movement. Science 161:187-188

Van Donkelaar P, Lee RG (1994) Interactions between the eyes
and hand motor systems: disruptions due to cerebellar dys-
function. J Neurophysiol 72:1674-1685

Vercher JL (1984) Rdle du cervelet dans le contrdle de la coordi-
nation du systéme visuo-oculo-manuel. Thesis, Université
Aix-Marseillelll

Vercher JL, Gauthier GM (1988) Cerebellar involvement in the
coordination control of the oculo-manual tracking system: ef-
fects of cerebellar dentate nucleus lesion. Exp Brain Res 73:
155-166

Vercher JL, Volle M, Gauthier GM (1993) Dynamic analysis of
human visuo-oculo-manual coordination control in target
tracking tasks. Aviat Space Environ Med 6:500-506

Vercher JL, Gauthier GM, Guedon O, Blouin J, Cole J, Lamarre Y
(1996) Self-moved target eye tracking in control and deaffe-
rented subjects: role of arm motor command and propriocep-
tion in arm-eye coordination. J Neurophysiol 76:1133-1144

Vercher JL, Lazzari S, Gauthier G (1997a) Manuo-ocular coordi-
nation in target tracking. I1. Comparing the model with the hu-
man behavior. Biol Cybern 77:267-275

Vercher JL, Gauthier GM, Cole J, Blouin J (1997b) Role of arm
proprioception in calibrating the arm-eye temporal coordina
tion. Neurosci Lett 237:109-112

Virji-Babul N, Cooke JD, Brown SH (1994) Effects of gravitation-
a forces on single joint arm movements in humans. Exp Brain
Res 99:338-346

Welch RB (1974) Research on adaptation to rearranged vision:
1966-1974. Perception 3:367-392



