
Manual pursuit of moving visual targets has been widely

investigated for many years (see Poulton, 1974) but in early

experiments emphasis was placed on the recording of hand

movement rather than the simultaneous recording of eye

movements. Nevertheless, one of the major observations was

that there is evidence of prediction in the tracking response.

More recently, simultaneous eye and hand recordings have

been made during manual tracking, both in normal subjects

and patients with neurological disorders (Mather & Putchat,

1983; Gauthier et al. 1988; Vercher & Gauthier, 1992; Cody et
al. 1993; van Donkelaar & Lee, 1994). Simultaneous

recordings have revealed that both hand and eyes exhibit

predictive characteristics when operating together (Xia &

Barnes, 1999).

The ability to improve performance through prediction

has long been known when the eye alone is used to track

the motion of a target (Stark et al. 1962; Dallos & Jones,

1963; Young & Stark, 1963). One way in which we have

previously attempted to investigate predictive behaviour

in ocular pursuit is by examination of simple anticipatory

movements and through this we have recently been able to

show a possible link with predictive ocular pursuit of

sinusoidal stimuli (Barnes & Wells, 1999; Barnes et al.

2000). Anticipatory eye movements provide an interesting

example of a predictive motor response because it is not

normally possible to initiate smooth pursuit movements at

will (von Noorden & MacKensen, 1962; Heywood &

Churcher, 1971; Kao & Morrow, 1994). However, it has

been shown that anticipatory eye movements can be

revealed by repeated presentation of identical transient

target motion stimuli (Barnes & Asselman, 1991; Kao &

Morrow, 1994; Barnes & Donelan, 1999). In the present

experiments, we have examined whether the same type of

anticipatory movements can be demonstrated for the

hand. This might seem like a simple question to answer

since, for hand movements, there is no problem in

initiating smooth movements at will. However, there are a

number of crucial questions to be answered. Are

anticipatory movements of the hand, like those of the eye,

scaled in proportion to target velocity? Do they exhibit a

build-up in velocity with repetition similar to that seen in

the eye? Is there a clear difference between responses to

predictable and randomised stimuli? Do concomitant

hand movements influence anticipatory eye movements?

Does the timing of anticipatory hand and eye movements

exhibit similar features to that of other repetitive motor

responses? 
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Anticipatory activity of hand and eye has been examined during oculo-manual tracking of a

constant velocity visual target with a hand cursor. Both target and cursor were presented briefly

(< 480 ms), but repeatedly, at regular inter-stimulus intervals (ISI). In Expt 1, the build-up of hand

and eye responses was examined for target velocities varying from 10–40 deg s_1 with an ISI of 2.4 s.

The velocity 100 ms after target onset (i.e. prior to visual feedback) for both hand and eye (V100)

progressively increased over the first four presentations but then attained a steady state (SS). SS V100

values for eye and hand increased in proportion to target velocity and were thus predictive of

forthcoming movement. Hand velocity exceeded eye velocity but both exhibited similar anticipatory

trajectories. In Expt 2, target velocity was constant (40 deg s_1) but ISI varied from 0.48–3.74 s.

Subjects made anticipatory eye movements for all ISIs but hand movements were often reactive at

the longest ISI. If the target failed to appear as expected, subjects initiated predictive hand and eye

responses with timing appropriate for the prevailing ISI. In Expt 3, predictive responses were

compared with responses to randomised presentation. Peak hand velocity was greater in the

randomised mode than in the predictive condition, whereas the converse was true for peak eye

velocity. This difference is discussed in terms of the mechanisms of positional error correction in

hand and eye. Results provide evidence of similar anticipatory mechanisms in hand and eye, using

storage of velocity and timing to achieve rapid prediction of target motion. 
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A number of previous experiments have examined the co-

ordination and synchrony between hand and eye

movements (Gauthier & Hofferer, 1976; Vercher et al.
1995). One factor of particular importance is that hand

movements appear to assist in the generation of

concomitant, smooth eye movements (Steinbach, 1969;

Gauthier & Hofferer, 1976; Leist et al. 1987; Koken &

Erkelens, 1992). For example, during transient motion of a

target moved by the subject’s own hand, the latency of eye

movement onset to target motion may be reduced from its

normal value ( >100 ms) to near zero (Vercher et al. 1995).

Vercher et al. suggested that hand-related activity (efferent

and/or afferent) could trigger and maintain the generation

of smooth eye movements, in accord with the control co-

ordination model proposed by Gauthier et al. (1988).

However, it is also possible that the anticipatory smooth

movements that have been observed in the absence of

hand movement (Barnes & Asselman, 1991; Kao &

Morrow, 1994) could make a contribution to this

modification in latency of the response.

To investigate the characteristics of anticipatory hand and

eye movements we conducted three experiments using the

techniques of repeated intermittent stimulation that have

been used before to evoke anticipatory eye movements

(Ohashi & Barnes, 1996). In each experiment, anticipatory

hand movements were found to be similar to those of the

eye. In the first experiment, we examined stimuli with

varying velocity to determine whether anticipatory hand

movements exhibited velocity scaling. In the second, the

interval between presentations was varied to determine

changes in the timing of onset of anticipatory movements.

In the final experiment, we compared the anticipatory

responses in a predictable condition with responses to the

randomised presentation of target motion. In addition, we

compared the response of the eyes when tracking the target

with both hand and eye (EH condition) or with the eye

alone (EA condition). 

A preliminary report of this work has been presented

previously (Marsden et al. 1998). 

METHODS 
This study was performed in accord with the Declaration of
Helsinki. Experiments were carried out with the informed
and written consent of the subjects and with local ethics
committee approval. Eight normal, healthy subjects (two
male), without any known disorder of hand or eye mobility,
participated in all experiments. Mean subject age was
36.0 years (S.D. 13.4).

Subjects were seated in a darkened room at the centre of a
semicircular screen (radius 1.5 m). Horizontal eye movements
were recorded during binocular viewing using an infra red
limbus reflection technique (Skalar Iris, Delft, Netherlands).
This allowed recordings to be made in a linear range of at least
±20 deg in the horizontal plane with a resolution of 5–10 min
of arc. The head was immobilised using an adjustable head

clamp and chin rest. The subject was presented with two
images projected onto the screen at eye level, both of which
could be moved in the horizontal axis. One was a white circle of
diameter 1.2 deg with cross hairs and two small bars above and
below the circle. This formed the target for pursuit eye
movements. The other was a green cursor that also had a
diameter of 1.2 deg and bars above and below which could be
interleaved with those of the target. The cursor was coupled to
the movement of the hand in the following way. The forearm of
the subjects’ dominant side was strapped into a padded gutter
forming part of a manipulandum that was free to rotate about a
vertical axis. The subject lightly gripped a vertical bar located at
the end of the arm of the manipulandum. The manipulandum
rotated with negligible impedance and was moved by
flexion–extension movements of the wrist. The movement of
the manipulandum was transduced by a potentiometer, the
output of which then caused the green cursor to move on the
screen in the horizontal axis. To keep wrist movement within a
normal working range, the wrist-to-cursor displacement gain
was set so that a movement of ±20 deg of the cursor on the
screen was achieved by flexion–extension movement of the
wrist of ±30 deg. This wrist-to-cursor displacement gain was
held constant throughout the experiment so subjects became
accustomed to the amount of hand movement required to
generate a particular movement of the green cursor on the
screen. 

A total of three experiments will be described. In each of these,
subjects were required to track the movement of the white
target with the green cursor that was coupled to the hand. The
objective was to align the green cursor with the white target as
closely as possible throughout its movement. Prior to any
recording, subjects practised tracking examples of the different
stimuli. 

Each trial consisted of four to six consecutive series and was
preceded by a calibration of the eye movement. Within each
series there were 8 to 20 intermittent presentations of identical,
constant velocity, target motion stimuli. 

In Expt 1, the ramp stimuli had constant velocity throughout
each series but alternated in direction from left to right,
crossing the centre in each presentation (Fig. 1). In separate
series, the velocity had values of 16, 32, 48 or 64 deg s_1, these
velocities being presented in a randomised order. The interval
between onset of successive presentations was constant at
1.25 s and the duration of each ramp was 480 ms. Both the
target and cursor were only visible (i.e. presented) whilst the
target executed this ramp trajectory. Hence, the subject was not
able to see the hand movement before the target actually
appeared or after it had disappeared. Between series there was a
blank interval equivalent to two presentations (2.5 s), during
which neither the target nor the hand cursor were presented.
Within each series the number of presentations was randomly
varied from 8 to 12. Since subjects were unaware of the precise
number, the blank interval formed an effective catch trial, in
which anticipatory movements were made in the absence of a
visual target. 

In Expt 2, the stimulus presentation conditions were similar to
those in Expt 1. However, target velocity remained constant
throughout all series at 40 deg s_1 and the duration of the ramp
was reduced to 240 ms. Target and cursor were only visible
during the ramp. Each trial consisted of five series and from
one series to the next there was a change in the inter-
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presentation interval, which took values of 0.48, 0.62, 0.91,
1.87 or 3.74 s in a randomised order. Each trial was performed
twice. The number of presentations in each series was varied
randomly from 8 to 16 and blank intervals were again given to
provide catch trials. 

In Expt 3, we compared predictable presentation with a
randomised presentation of the ramp stimuli. The target
always appeared at the centre and moved either to the left or the
right. There were 10 presentations per series. In the predictable
(PRD) mode all motion was in the same direction and had
identical velocity throughout a series. Velocity ranged from 10
to 40 deg s_1 in separate series and from left to right in separate
trials. The interval between presentations was constant at 2.4 s
and the duration of target exposure was 480 ms. In the random
(RND) condition, the direction and velocity of successive
ramps was randomised and the interval between presentations
was also randomised in the range of 2.7–3.7 s. In both the
predictable and randomised conditions, the subjects were
presented with two fixation cues which indicated the position
of centre. These cues were placed vertically, 3 deg above and
below the midpoint so that they did not cause interference with
the movement of the target or cursor. The fixation cues
remained on throughout the duration of each trial. In this
experiment, there were two conditions. In the first (EH) the
subject tracked the target when it appeared with hand and eyes
together. In this condition, the hand cursor did not come on
until the target also appeared but it remained on briefly after
the target had disappeared to allow the subjects to bring the
hand back to centre. In fact the cursor remained on for a
randomised time of 0.4–0.8 s so that the subjects could not use
the disappearance of the hand cursor to determine when the
next ramp would appear. In addition to the manual tracking
task, all subjects were given another condition (EA) in which
they tracked the target with the eyes alone. For this purpose,
only the white target was illuminated. Half of the subjects
carried out the EH condition first, the other half the EA
condition first. 

Data analysis
Signals representing the eye and hand movements were
recorded along with movement of the target. After low pass
filtering at 80 Hz, they were digitized at 200 or 250 Hz and data
were stored on disc for subsequent analysis. Eye movements
were analysed by first identifying and removing fast phase
components of the response using a technique similar to that
described previously (Barnes, 1982) but based on a combination
of acceleration and velocity threshold criteria. A linear
interpolation routine was used to bridge the gaps produced by
removal of the saccades from the eye velocity trajectory. Fast
phase movements were generally of small amplitude (less than
5 deg) and brief duration, making linear interpolation a simple
and adequate method of waveform restoration. Where
measured variables are referred to as steady state (SS) these
have been derived by averaging the velocity trajectory for the
fourth and subsequent presentations of the ramp stimuli
within each series. This yielded one steady-state trajectory per
subject per series.

For both hand and eye in each presentation, we measured the
velocity at target onset (V0) and 100 ms after onset (V100), the
peak velocity (Vpk) and the latency of peak velocity with respect
to target onset (Tpk). The acceleration at target onset (A0) was
calculated by fitting a linear regression to a section of the
velocity trace from 80 ms before, to 80 ms after, target onset.

The time of onset of each individual response (T0) was
determined by first estimating the time at which the velocity
exceeded a threshold of 5 % of the SS peak velocity for each
series. Then a linear regression was carried out on data points
for 100 ms after this time and extrapolated backward to define
a more precise time of response onset. 

Statistical comparisons were carried out on the measured
variables using SPSS software. Prior to performing repeated
measures analysis of variance (ANOVA), the data were tested
for normality (Shapiro–Wilk test) and no data transformation
was deemed necessary. The Mauchly test was applied to
determine sphericity of the data and when this was found to be
significant, the Greenhouse–Geisser correction was applied to
determine probability levels. 

RESULTS
General observations
Figure 1 shows typical examples (from Expt 2) of the

movement of the eye and hand during the intermittently

presented stimulus. The responses observed in Expts 1

and 3 were similar. In the first presentation, the responses,

of both hand and eye typically occurred around 100 to

150 ms after the target appeared and started to move. But,

with repetition of the stimulus, anticipatory movements of

both hand and eye were built up in the dark period prior to

the onset of target motion. A similar pattern was observed

when the eyes alone were used to track the target in Expt 3

as found previously (Ohashi & Barnes, 1996). In the

example of Fig. 1, the peak velocity of the eye gradually

increased over the first three presentations and appeared

to stabilise thereafter. In contrast, peak velocity of the hand

was high for the first three presentations, but diminished

with repetition. A fairly stable response was obtained in the

hand from the fourth presentation onwards but, in

general, there was much more irregularity in the hand than

in the eye movements. It should be noted that the saccadic

components were removed from the eye velocity trace

prior to further analysis whereas no such operation was

carried out on the hand movements. 

When the target failed to appear as expected in the blank

period at the end of each series, subjects initiated

anticipatory responses (the predictive velocity estimates)

in both the hand (PVEH1 ) and eye (PVEE), which were then

terminated after a short delay (Fig. 1). In the example of

Fig. 1, the subject continued to make a further smooth

movement with the hand (PVEH2) in the blank period.

However, the attempt to continue the eye movement in

this way resulted in the generation of a large saccade, rather

than smooth movement, as indicated by the large arrow in

this figure.  

Changes in response magnitude as a function of
target velocity (Expt 1)
The changes that occurred with repetition can be

demonstrated by comparison of the first two presentations

with the steady-state (SS) response derived from averaging
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responses from the fourth presentation onwards (Fig. 2).

Note that left- and right-going responses have been

averaged separately, although subsequent analysis

revealed no directional difference and all comparisons

were therefore carried out on combined data. In order to

quantify the changes in the response, we examined the eye

and hand velocity 100 ms after target onset (V100) when the

effects of visual feedback would first be expected to

become apparent. V100 for the first four presentations is

compared in Fig. 3 with the steady-state response (SS) and

the response that occurred when the target unexpectedly

failed to appear (PVE). Analysis of variance indicated that

there was a significant build up in V100 over the first four

presentations (F4,28 = 42.32; P < 0.001), but there was no

significant difference between the fourth presentation and

the SS. In the first presentation, V100 was negligible because

of the latency associated with the delay in visual feedback.

At the highest target velocity (64 deg s_1) there was also

little response in the second presentation. There was no

significant difference in V100 between the hand and eye

(F1,7 = 2.23; P = 0.18), but there was a significant increase

in V100 with increasing target velocity (F3,28 = 16.18;

P < 0.001). There was a small but significant reduction

(12 % for eye; 16 % for hand) in V100 for the PVE when

compared with V100 for the SS (F1,7 = 12.58; P = 0.009). 

Peak velocity (Vpk) showed a rather different trend with

presentation order (Fig. 4). Vpk for the eye was significantly

less in the first presentation than in the SS (F1,7 = 16.89;

P = 0.005), but Vpk in the second, third and fourth

presentations was not significantly different from SS. By

contrast, Vpk for the hand was, on average, greatest in the

second presentation. Simple contrasts showed that values

of Vpk in the first, second and third presentations were all

significantly greater than SS (e.g. F1,7 = 22.21; P = 0.002 for

third vs. SS) but there was no difference between the fourth

presentation and the SS. Vpk of the PVE for both hand and

G. R. Barnes and J. F. Marsden320 J. Physiol. 539.1

Figure 1
Examples of hand and eye movements of a single subject made in response to the regular, intermittent
presentation of a target moving alternately left and right at a constant velocity of 40 deg s_1. Spikes in the eye
velocity trace represent the small, saccadic movements evident in the eye position trace. At the end of the
record both the target and hand cursor failed to appear as expected. The subject initiates one predictive
velocity estimate (PVEE) in the eye, but two in the hand (PVEH1 and PVEH2). See text for an explanation of the
large arrow.



eye was significantly less than SS (F1,7 = 61.92; P < 0.001)

because it generally became attenuated when no visual

target appeared as expected. However, Vpk of the PVE

increased significantly with target velocity (F3,21 = 31.13;

P < 0.001), attaining high levels at the highest target

velocity (37 deg s_1 for the eye; 52 deg s_1 for the hand)

even though these movements were made in the absence of

a moving target. 

Changes in response as a function of inter-stimulus
interval (Expt 2)
In Expt 2, each series had a different inter-stimulus

interval (ISI), so that the subjects had to assess the

appropriate time at which to initiate the anticipatory

response. Figure 5 shows the changes in onset time (T0)

with repetition for an inter-stimulus interval (ISI) of

0.91 s, corresponding to the example of Fig. 1. A similar

pattern of change was observed at all ISIs. Both hand and
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Figure 2
Comparison of the responses in the first presentation in each direction (first right; first left) of a new series
with the steady-state responses (SS right, SS left) of (A) the eye and (B) the hand. The SS response is the
average of all responses after the first three presentations. Data derived from example in Fig. 1.

Figure 3
A, eye and B, hand velocity 100 ms after target onset (V100) for the first four presentations, the steady state
(SS) and the predictive velocity estimate (PVE) that occurred when the target unexpectedly failed to appear.
Target velocity (V) = 16–64 deg s_1. Mean of data from eight subjects ± 1 S.E.M.



eye initially had a latency in excess of 100 ms before onset

of the first response, but the onset became significantly

more anticipatory over the first four presentations

(F4,28 = 30.48; P < 0.001). Simple contrasts, using the SS as

the reference, showed that there was a significant

difference between the first and second values and the SS

(P < 0.015), but no difference between the third or fourth

and the SS. T0 for the PVE was also not significantly

different to T0 of the SS, even though the PVE occurred in

the absence of any timing cues. 

In steady-state conditions, there were significant changes

in the timing of the anticipatory response as ISI increased

from 0.48 to 3.74 s (F1,7 = 17.01; P = 0.004), but there was

a significant interaction in the ANOVA because of the

different behaviour of the hand and eye at ISIs ≥1.87 s. For

both the hand and eye the (negative) latency (T0)

progressively increased as ISI increased from 0.48 to 0.91 s

and, for the eye, there was a further increase in T0 at

ISI = 1.87 s (Fig. 6A). Eye movements were still

anticipatory at ISI = 3.74 s in all subjects, but in six of the

eight subjects, hand movements were no longer initiated

before target onset. For this reason, T0 values for both the

hand and eye at ISIs of 1.87 and 3.74 s have been plotted

separately in Fig. 6A for the six subjects who did not make

anticipatory hand movements (group A) and the two who

did (group B). Note that the mean hand latency for the

group A subjects when ISI was 3.74 s was 78 ms, so that

these were not truly reactive responses. In only two of

group A were the responses consistently reactive

(i.e. T0 >100 ms). When ISI was 3.74 s, the eye movements

in group A were initiated somewhat later than in group B,

but they were still anticipatory and were initiated much

earlier than hand movements. For ISIs from 0.48 to 0.91 s

ANOVA on all subjects showed that hand movements

occurred significantly earlier than those of the eye

(F1,7 = 10.16; P = 0.015). This trend was reversed at

ISI = 3.74 s (F1,7 = 14.39; P = 0.007), with mixed effects in

different subjects at ISI = 1.87 s. 

The magnitude and form of the anticipatory responses in the

steady state (SS) also changed with ISI and in order to

describe this we have considered the changes in T0 together

with the acceleration at target onset (A0, Fig. 6B) and the

velocity 100 ms after onset (SS V100, Fig. 7). SS V100 values for

the hand and eye remained relatively constant as ISI

increased from 0.48 to 0.91 s, but then decreased

significantly at ISIs of 1.87 s (F1,7 = 37.32; P < 0.001) and

3.74 s (F1,7 = 40.0; P < 0.001) as revealed by simple contrasts

(Fig. 7). For the lower ISIs (0.48–0.91 s) it would be expected

that, since T0 increased with increasing ISI whilst V100

remained constant, A0 would show a decrease as ISI

increased. This was indeed observed, as shown in Fig. 6B
(NB; values of A0 are means of all subjects, since groups A and

B differed very little). A0 for both the hand and eye decreased

progressively in a significant manner (F4,28 = 57.06;

P < 0.001) as ISI increased. On this basis, it appeared that the

goal of the anticipatory activity was probably to achieve a

certain value of V100, irrespective of the starting time, by

controlling anticipatory acceleration. However, as ISI

increased beyond 0.91 s, this mechanism appeared to break

down. Thus, at ISI = 3.74 s, the response of the eye was less

anticipatory than at ISI = 1.87 s, but A0 continued to

decrease, resulting in SS V100 being considerably less for

ISI = 3.74 s than for ISI = 1.87 s. This result therefore

suggests that the general level of anticipatory activity actually

diminished as ISI increased beyond 0.91 s. 
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Figure 4
Changes in peak hand and eye velocity over the first four
presentations compared with the steady state (SS) and the
predictive velocity estimate (PVE). Mean of data from eight
subjects ± 1 S.E.M. Responses for target velocities of 32 and
64 deg s_1 only are shown.

Figure 5
Changes in latency (T0) of anticipatory response initiation with
respect to target onset for the first four presentations compared
with the SS and the PVE. Mean of data from eight
subjects ± 1 S.E.M. Inter-stimulus interval (ISI) = 0.912 s.



In the catch trials, when subjects initiated a PVE in

expectation of target appearance, V100 values were not

significantly different to the SS V100 values (Fig. 7) for

either hand or eye at ISI values of 0.48–0.91 s. At the longer

ISI values, mean V100 for the PVE was less than SS V100

because there were a few poorly initiated responses.

Basically, when the ISI was longer, there was a less

automatic response and a small proportion of responses

initiated had very low V100 levels. 

An important implication of the emergence of the

responses in the catch trials is that there is an underlying

timing mechanism that causes the PVE to be released at

widely different times for the differing ISIs. A clear

indication of this can be obtained by inspection of the

inter-response interval (IRIPVE) between onset of the PVE

and onset of the immediately preceding response. As

indicated in Fig. 8A, the timing of the PVE release was

quite precisely controlled over the range from an ISI of

0.48 to 1.87 s, although accuracy and inter-subject

variability increased considerably for the longest ISI

(3.74 s). 

An assessment of timing variability was made by

calculating the within-subject standard deviation (S.D.) of

the IRI in the steady-state conditions (S.D. of IRISS, Fig. 8B).

Note that when ISI was between 0.48 and 1.87 s, S.D. was

derived from the last eight responses of each series in two
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Figure 6
A, the latency (T0) of anticipatory response onset with respect to target onset and B the acceleration (A0) at
target onset for the hand and eye as a function of the inter-stimulus interval (ISI). Mean of data from eight
subjects ± 1 S.E.M.In A, data points for the hand and eye at ISI = 1.87 and 3.74 s have been split into two
groups; six subjects who did not make anticipatory hand responses at ISI = 3.74 s (group A) and two subjects
who did (group B). 

Figure 7
Comparison of V100 for the predictive velocity estimate (PVE) and the steady state (SS) responses of (A) the
eye and (B) the hand as a function of the inter-stimulus interval (ISI). Mean of data from eight
subjects ± 1 S.E.M.



trials (i.e. n = 16). For ISI = 3.74 s only five values were

available in each series (i.e. n = 10) for this calculation, so

that S.D. values are less reliable. Of particular note was the

finding that S.D. of the IRISS for the eye increased

significantly (F3,21 = 5.40; P = 0.006) as ISI increased over

the range from 0.62 to 3.74 s. Data for groups A and B

(defined above) have been plotted separately in Fig. 8B,

but for the eye they were very similar. For the hand, a

similar increase was observed for ISIs from 0.62 to 1.87 s,

but when ISI was 3.74 s different values were obtained for

groups A and B. For the subjects in group B, who made

anticipatory movements at ISI = 3.74 s, S.D. of the IRISS

continued to increase in the same way as for the eye (open

squares, Fig. 8B). In the six subjects of group A, however,

there was a considerable reduction in S.D. of the IRISS.

ANOVA on all subjects revealed that, when data for

ISI = 3.74 s were excluded, S.D. of IRISS for the hand was

significantly less than that for the eye (F1,7 = 15.35;

P = 0.006). Thus, timing of the hand was less variable than

that of the eye. The variability of the difference in IRI for

hand and eye (S.D. of IRIDIFF) was also calculated. Standard

deviation of IRIDIFF was not significantly different from S.D.

of IRISS of the eye (F1,7 = 0.14; P = 0.72). The fact that S.D.

of IRIDIFF was not significantly less than S.D. of IRISS for

either eye or hand indicates that there was no strong

covariance of hand and eye timing. The preceding analysis

was based on onset time for the anticipatory response (T0),

which is sometimes difficult to define, but an additional

analysis based on the time at which the anticipatory

velocity reached 25 % of the mean SS peak velocity

confirmed the validity of these findings.   

Predictable vs. randomised responses (Expt 3)
Figure 9 shows representative examples of the hand and

eye responses to the PRD and RND conditions at a stage

where steady-state conditions had developed. Examination

of the averaged hand and smooth component eye velocity

profiles showed that they were similarly affected by the

predictability of the stimulus. In the randomised (RND)

mode, hand and eye movements both exhibited a delay

before onset of any smooth movement and anticipatory

movements were largely eliminated (Fig. 9A). Latencies of

response in the RND mode did not change significantly

with target velocity and had means of 142.9 ms (S.E.M. ±

8.1 ms) for the eye and 171.1 ms (S.E.M. ± 23.1 ms) for the

hand in the EH condition and 110.3 ms (S.E.M. ± 11.2 ms)

for the eye in the EA condition. In the predictive (PRD)

mode, hand and eye movements were also very similar,

exhibiting slowly rising anticipatory velocity profiles

(Fig. 9B). This occurred even though the subjects were

presented with fixation cues throughout each trial and had

to bring the eye and hand to rest in the central position

between presentations. Mean latencies for the onset of the

anticipatory response were _158.7 ms (S.E.M. ± 20.0 ms)

for the eye and _123.0 ms (S.E.M. ±23.4 ms) for the hand in

the EH condition and _124.0 ms (S.E.M. ± 35.1 ms) for the

eye in the EA condition. In both the PRD and RND modes,

the eye returned to centre with a large saccadic movement

that has been removed from the traces in Fig. 9. By contrast,

the hand returned with a smooth movement and a peak

velocity that was similar to that of the outward movement

(Fig. 9). 

An important aspect of the PRD responses was the scaling

of the anticipatory velocity (V100, Fig. 10A) which was

similar to that in Expt 1, even though hand and eye were

stationary prior to each target presentation. Analysis of

variance indicated a significant increase in V0 and V100 with

target velocity for the eye alone in ocular pursuit (EA

condition) and for both the hand and eye in manual
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Figure 8
A, inter-response interval (IRIPVE) as a function of inter-stimulus interval (ISI). IRIPVE was defined as the time
between the initiation of the PVE and the initiation of the previous anticipatory response. Mean of eight
SSs ± 1 S.E.M. B, standard deviation (S.D.) of the inter-response interval in the steady state (IRISS) as a function
of inter-stimulus interval (ISI). Mean of data from eight subjects ± 1 S.E.M. Data for ISI = 1.87 and 3.74 s split
into two groups as defined in Fig. 6A.



tracking (EH condition) (F7,49 = 162.1; P < 0.001).

Although mean values of V0 and V100 for the eye were 32

and 35 % higher, respectively, in the EH condition than in

the EA condition, this difference was not significant. In the

EH condition, V100 for the hand was 15 % greater than V100

for the eye, but this difference was also not significant. 

In the EH and EA conditions, peak velocity of the eye (Vpk)

was significantly greater in the PRD than in the RND mode

(F1,7 = 23.92; P = 0.002; Fig. 10B), but there was no

significant difference between the EH and EA conditions.

In contrast, peak hand velocity was greater in the RND

mode than in the PRD mode at all target velocities

(F = 86.147; P < 0.001; Fig. 10B). These effects parallel the

response in the first and SS presentations shown in Fig. 2.

In effect, each RND response was like the first response of a

PRD stimulus. In the PRD mode, the latency at which peak

velocity of the eye and hand occurred (Tpk) was

significantly less (289.4 ± 14.9 ms for the hand; 267.4 ±

11.5 ms for the eye) than in the RND mode (373.5 ±

12.5 ms for the hand; 365.8 ± 9.1 ms for the eye). This

temporal advantage conferred by prediction is similar to

that observed previously for the eye alone (Ohashi &

Barnes, 1996).
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Figure 9
Examples of the responses of the eye and hand in A the randomised (RND) and B, the predictable (PRD)
presentation conditions of Expt 3. Spikes on the eye velocity trace represent saccadic eye movements.



DISCUSSION
Similarities of anticipatory movements in hand and
eye
The results of these experiments show that human subjects

naturally make anticipatory movements of the hand prior

to the expected appearance of a regularly repeated moving

target. These anticipatory movements were similar to

those observed previously in the control of the eyes (Barnes

& Asselman, 1991; Kao & Morrow, 1994), exhibiting a

steady increase in velocity prior to target onset that is quite

different to the abrupt rise in velocity that occurs after

target onset in the randomised condition (Fig. 9). In some

conditions the timing of hand and eyes appeared to be very

similar (e.g. Fig. 5, ISI = 0.91 s), whereas in other

conditions they could be quite disparate in timing (e.g. at

long ISIs; Fig. 6A). The hand movements exhibited four

particular properties that have been noted previously for

eye movements (Barnes & Asselman, 1991). Firstly, there

was a progressive increase in anticipatory velocity (V100)

with repetition of the stimulus that we have previously

suggested may represent the build-up of an internal store

of pre-motor drive (Barnes & Asselman, 1991; Barnes &

Grealy, 1992). As with eye movements, this occurred after

only a few repetitions, reaching a steady state after three to

four presentations. Secondly, there was a decrease in the

magnitude of the anticipatory response (V100) as the ISI

increased beyond 0.91 s, a feature that may be associated

with the inability to build up or retain the store with long

ISIs (Wells & Barnes, 1998). Thirdly, there was evidence

that the anticipatory velocity (V100) was scaled in proportion

to target velocity, indicating that it could function as a

predictive estimate of the expected target velocity, even

when the hand movement was brought to a halt between

presentations (Expt 3). This scaling was present in the

hand movement even though the hand cursor could not be

seen before the target also appeared. Finally, in the catch

trials, when the target unexpectedly failed to appear, the

appropriately timed emergence of the predictive velocity

estimate (PVE, Fig. 1) revealed that both the timing and

velocity of the anticipatory hand movements had been

pre-programmed. 

The timing of the initiation of anticipatory activity showed

characteristics compatible with those observed in other

motor synchronisation tasks such as finger tapping, in which

it has often been observed that variability of timing (S.D. of

IRISS) is positively correlated with mean IRI (Bartlett &

Bartlett, 1959; Michon, 1967; Wing & Kristofferson, 1973). It

is of particular note that the extension of this effect in the

hand to the longest ISI (3.74 s) applied only to the two

subjects who reliably produced anticipatory movements at

this ISI. The considerably reduced variability in the other six

subjects could be easily explained if they had made reactive

responses with similar latency, but this was not the case. It

suggests that the responses were fully prepared and could be

released with shorter latency than normal when cued by

stimulus onset. A breakdown in anticipation for ISIs over 2 s,

with a proportion of reactive responses, was also reported by

Mates et al. (1994) during finger tapping. 

Anticipatory movements are ballistic
One of the major features of anticipatory smooth eye

movements is that they are ballistic, in the same sense as

saccadic eye movements. The evidence for this lies in the

fact that the velocity of the anticipatory movement is

clearly pre-programmed (Barnes et al. 1995, 2000; Barnes

& Schmid, 2000) and initiated well before target

appearance. In addition, when the duration of the target
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Figure 10
A, comparison of V100 in the predictable (PRD) mode for EH (combined hand and eye tracking) and EA (eye
alone tracking) conditions. B, peak velocity (Vpk) in the PRD and RND conditions for the EH condition only.
Vpk for the EA condition was very similar to the EH condition. Mean of  data from eight subjects ± 1 S.E.M.



motion stimulus is known, the termination of the drive for

pursuit is also predetermined (Robinson et al. 1986;

Boman & Hotson, 1988), inducing an anticipatory slowing

of eye movement before the end of the stimulus. Whereas

the goal of the saccadic system is to produce a fixed

displacement, that of the smooth anticipatory system is

probably to produce a fixed acceleration of hand or eye

motion for a brief period in order to attain a fixed velocity

level. The implication is that there is an internally

generated burst of neural activity that results in a period of

constant eye acceleration prior to target onset (Kao &

Morrow, 1994). Evidence in support of this has been

obtained from experiments in the monkey, where micro-

stimulation of the frontal eye field leads to an initial period

of constant eye acceleration (Gottlieb et al. 1993). Given

the similarity of the anticipatory velocity profiles for the

hand and eye, it seems probable that this internal

acceleration drive is a common feature for each of these

motor systems. 

It was recently shown that concatenation of anticipatory

eye movements can account for the generation of

predictive responses to sinusoidal target motion (Barnes et
al. 2000) as well as more complex stimuli (Barnes &

Schmid, 2000). Oculo-manual tracking of a sinusoidal

stimulus evokes predictive behaviour similar to that

observed in ocular pursuit (Bock, 1987; Vercher et al.
1993). It seems likely that this ability can also be attributed

to the concatenation of bursts of anticipatory activity of

the type demonstrated here in both hand and eye.

Differences in positional error correction between
hand and eye movements
Although hand and eye exhibited similar anticipatory

velocity profiles, there were other aspects of the response

that were quite different, notably, the manner in which

positional error corrections were made. In the RND

response of Fig. 9A, for example, both hand and eye started

well after target onset, so that initially there was a large

positional error. The subject responded by making two

catch-up saccades that brought the eye closer to the target.

When the target disappeared, the return to centre was

mostly achieved with one large saccadic movement,

combined with a small proportion of smooth movement.

In contrast, the movement of the hand appeared wholly

smooth and the return movement in particular was made

with a trajectory that was very similar to that of the initial

outward movement (Fig. 9). The subject responded to the

initial positional error by making a catch-up movement of

the hand that resulted in the peak hand velocity being

much greater than that of the target. In the RND condition

of Expt 3, peak hand velocity remained higher because of

this positional correction, whereas in the PRD condition,

the earlier start of hand movement resulted in less need for

a positional error correction (Fig. 9B). The opposite effect

(Vpk less in the RND mode than the PRD mode) was

observed in the smooth eye movement because the

positional error correction (the saccade) had been removed.

Although positional error correction in the hand serves a

similar purpose to the catch-up saccade of the eye, peak

velocity of these hand corrections was never as high as

saccadic eye movements. 

Given these apparent differences in hand and eye

responses, what is the evidence for a similar underlying

mechanism of positional error correction? In the eye,

random positional errors are normally corrected with

saccades, although there is some evidence that they

sometimes result in smooth eye movements when the

positional error is small (<~4 deg) (Pola & Wyatt, 1980;

Carl & Gellman, 1987). The most important feature of

saccadic eye movements for the argument that follows is

that they exhibit a stereotypic relationship between peak-

eye velocity and saccade displacement (the main sequence

(Bahill et al. 1975)) that cannot be modified voluntarily.

Positional error correction also plays a major role in

manual tracking tasks (Navas & Stark, 1968; Miall et al.
1988) and the corrections often appear saccade-like. In

particular, the corrections tend to be intermittent, in a

similar way to the saccades that occur in ocular pursuit,

with a frequency of between 0.5 and 1.8 Hz (Miall et al.
1993). It is often possible, during continuous oculo-

manual pursuit, to see spikes of activity on the hand

velocity trace that represent these intermittent positional

corrections (Xia & Barnes, 1999). Other evidence suggests

that limb movements exhibit many of the properties

associated with saccades. In particular, transient movements

of the arm, such as in goal-directed pointing, exhibit a bell-

shaped profile that is not dissimilar to that seen in eye

saccades, although they tend to be slower. Such movements

exhibit a main sequence relationship for the arm (Vercher

et al. 1994) that is similar to that of the eye, peak velocity

increasing with displacement. However, the critical

difference is that although such limb movements are

usually executed at a particular velocity for a particular

displacement, they can be made at any velocity at will if

required and the relationship between velocity and

displacement can be different for different experimental

conditions (Hoffman & Strick, 1986). 

Thus there does appear to be a fundamental difference

between the eye and hand in the way in which positional

errors are corrected. The hand does not seem to have

access to the mechanism that is responsible for generating

the very rapid, fixed velocity saccades that the eye can

make. This difference is evident in a goal-directed reaching

task, where the eye normally attains its goal well in advance

of the hand (Vercher et al. 1994; Land et al. 1999), thus

facilitating the use of visual feedback to guide the more

slowly moving hand to its goal.
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Effects of hand movement on the initiation of
smooth eye movements
In the absence of a moving, visual target smooth eye

movements can only be initiated if certain conditions are

met. These conditions are illustrated by the behaviour of

the eye at the end of the record shown in Fig. 1. When the

target failed to appear as expected the subject was able to

use the stored information about velocity and timing to

initiate one smooth movement (PVE) in the absence of the

target, but a second attempt to do so resulted in the

generation of a large saccadic movement. The ability to

initiate any further smooth, anticipatory movement was

previously shown to be dependent on the expectancy that

the target would reappear at a particular time (Barnes et al.
1997) and in the example of Fig. 1 the subject had no such

expectancy. However, expectancy is not the only factor

that is important in allowing the release of smooth eye

movements; they can also be released when subjects track a

self-moved target (Vercher et al. 1995). Although Vercher

et al. indicated that efferent information associated with

the hand is important for initiation of this response, it is

also possible that the eye movements may be generated by

the same mechanisms that generate anticipatory smooth

pursuit without hand movement. Scarchilli & Vercher

(1999) have argued against this on the grounds that

smooth eye movements associated with hand movements

are immediate and do not require the build-up of a store.

Although the build-up of a store of information is important

in the scaling of the anticipatory movement, it is not a

necessary requirement for the release of the movement. In

an experiment using a stabilised image, Barnes et al. (1995)

showed that subjects can initiate smooth eye movements

at will simply by transferring attention to either side of the

stabilised image. 

We suggest that central initiation of a hand movement

effectively does two things. First, it creates a high level of

expectancy, which opens the gate for the release of smooth

movement. Second, it provides immediate information

prior to the initiation of hand movement about the

magnitude and duration of the intended hand movement

which may obviate the need to build up internally stored

information to scale the anticipatory eye movement. This

does not necessarily imply that hand and eye commands

would be released simultaneously; indeed the evidence

(Fig. 6A) is that they may be released at quite disparate

times. However, it does imply that there is an exchange of

information between hand and eye systems in accord with

the general concept of the control co-ordination model

(Gauthier et al. 1988; Lazzari et al. 1997).

Effects of hand movement on the maintenance of
smooth eye movement
Even if anticipatory smooth eye movements are

successfully initiated (in the absence of hand movement)

they cannot be sustained for very long if the target disappears

(Barnes & Asselman, 1991), whereas smooth hand

movements can continue, as shown by the example in

Fig. 1. On the basis of similar observations for the head and

eye (Barnes & Grealy, 1992), it was suggested previously

that the major difference between the eye and other motor

systems might lie in the relative contributions of

proprioceptive feedback. The assumption that underlies

this suggestion is that the mode of operation of predictive

motor control is one in which an initial anticipatory

estimate of the required motor drive must be confirmed by

sensory feedback indicating that the prediction was

appropriate. In oculo-motor control, the feedback is

normally provided by visual feedback alone (Lewis et al.
1994), whereas in the hand and head, proprioception from

muscles and joints supplements any visual information.

We hypothesise that the failure to provide feedback in the

eye by removing visual input results in an inability to

sustain the smooth control of movement, whereas in the

hand, the continuous availability of proprioceptive feedback

normally allows smooth movements to continue at will. In

support of this hypothesis, it has been shown that hand

movements also break down into a saccade-like pattern in

monkeys deprived of proprioceptive feedback (Gauthier &

Mussa Ivaldi, 1988).

Concomitant hand movement has an effect not only on

initiation of smooth eye movement, but also on its

maintenance. A sustained response can be evoked by

instructing subjects to follow an imagined target moved by

their own hand (Gauthier & Hofferer, 1976) and, in

addition, pursuit of a real self-moved target elicits a higher

gain than for a passively moved target (Gauthier et al.
1988). Evidence indicates that it is afferent feedback from

the limb that is necessary and sufficient to sustain this

smooth eye movement (Gauthier & Hofferer, 1976). In

terms of the hypothesis outlined above, this implies that

there is cross-modality transfer allowing proprioceptive

information from the hand to confirm the appropriateness

of an internally generated drive for the eye. Given this

association between hand and eye, one might ask why it

was not possible to generate a second smooth eye

movement, in concert with the smooth hand movement,

at the end of the record shown in Fig. 1. The answer could

be that this effect only occurs if attention is directed to the

hand movement, so as to specifically associate hand and

eye. In the experiments presented here, subjects were

instructed to match the movement of the hand cursor to

that of the target, not to follow the hand movement itself. 

In addition to the effects associated with tracking of the

hand itself, it has also been reported that ocular pursuit is

improved when tracking with the hand and eye together

(EH condition) as compared with the eye alone (EA

condition) (Leist et al. 1987; Gauthier et al. 1988).

Although we found anticipatory velocities (V0 and V100) to

be higher in the EH condition than the EA condition of
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Expt 3, the difference was not significant, nor was the

difference in peak eye velocity (Vpk). In a previous study,

we were also unable to demonstrate any difference

between EA and EH conditions (Xia & Barnes, 1999). It

seems most likely that such differences are only clearly

observed when hand and eye track higher velocity stimuli

(Leist et al. 1987; Gauthier et al. 1988) than those we have

used.

Conclusions
There are many similarities in the anticipatory movements

of hand and eye. They exhibit a similar velocity profile,

with a gradual increase in velocity which contrasts with the

abrupt increase in velocity associated with reactive responses

to non-predictive conditions. In both hand and eye, there

is evidence of the build-up and storage of timing and

velocity-coded information that is appropriately scaled for

expected target motion. However, there are also important

differences between hand and eye. Stored information for

hand and eye may be released at different times, suggesting

separate stores or separate access to a single store.

Anticipatory smooth eye movements only occur when

there is a high level of expectancy of target motion;

otherwise saccadic movements become dominant. In

contrast, smooth hand movements can be made at will at

any velocity and, it is argued, there is no true equivalent of

a saccadic eye movement in the hand. Given the previous

demonstration that anticipatory smooth eye movements

may be concatenated to produce predictive responses to

periodic stimuli (Barnes et al. 2000), it is probable that

anticipatory movements play a similar role in predictive

oculo-manual tracking tasks. 
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