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Abstract This study examines the impact of peripheral
nerve block, that is, the elimination of tactile feedback
on synchronization performance. In a tapping experi-
ment in which subjects were instructed to tap in synchro-
ny with an auditory pacing signal, three different tasks
were studied under conditions with and without periph-
eral nerve block: standard tapping with tactile contact,
isometric tapping, and contact-free tapping. In addition,
the maximum tapping rate was registered both with and
without peripheral nerve block. It was found that the an-
ticipatory error, usualy observed in synchronization
tasks, was affected by the peripheral nerve block in the
standard tapping and the isometric tapping task. In both
tasks, local anesthesia led to an increase in asynchrony
between the pacing signal and the tap. Performance re-
mained unimpaired in those tasks in which tactile infor-
mation was assumed to play a minor role (maximum tap-
ping rate and contact-free tapping). The results clearly
demonstrate the importance of tactile feedback for the
timing of movements. The predictions of a model assum-
ing a strong correlation between the amount of sensory
feedback and the size of the negative asynchrony in syn-
chronization tasks were examined and discussed.
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Introduction

There are numerous scientific studies on planning and con-
trol of movements. Likewise, there are a number of senso-
ry studies that address psychophysical issues pertaining to
perception. However, there has been considerably less at-
tention devoted to the nature of the interface between the
input and output systems. how sensory inputs are used to
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create action programs, and how actions intervene in fram-
ing perceptual goals. This paper is concerned with the first
question by studying the influence of afferent and reaffer-
ent information on the timing of movements.

The contribution of somatosensory information to
movement control has always been a major concern of
physiological studies and has recently been reappraised
(Gandevia et a. 1992). In particular, the contribution of
kinesthetic reafferences to the timing of movement se-
guences has been demonstrated in man (Cordo et al.
1994). Studies on deafferented patients suffering from
polyneuropathy, affecting selectively the contingent of the
large myelinated sensory fibers (thus suffering al cutane-
ous and proprioceptual information, but leaving the motor
system intact), have shown that some reafferent signals
generated in the moving body segment were mandatory to
organize the precise timing of self-induced efferent com-
mands required to synchronize the command with another
event (Bard et a. 1991, 1992; Billon et a. 1996; LaRue et
al. 1995; for a review on motor control in humans with
large-fiber sensory neuropathy, see Sanes 1990).

In the present study, we examine the contribution of
tactile afferent information to the timing of sequential fin-
ger movements by studying a sensorimotor synchroniza-
tion task. In synchronization tasks, subjects are asked to
tap with afinger in synchrony with a periodical sequence
of auditory clicks, that is, to time their actions so asto co-
incide with certain events. It is commonly observed that
people are not very exact in synchronizing; typically, the
tap leads the click by approx. 20-50 ms (see Aschers-
leben and Prinz 1995, 1997; Aschersleben et al. 2000g;
Fraisse 1980; Mates et al. 1992; O’'Boyle 1997; Vos et al.
1995;for a recent overview, see Aschersleben 2000a). Re-
cent accounts of this so-called negative asynchrony or an-
ticipatory error have focused on the way people might
cognitively control their performance in synchronization
tasks. In particular, we have suggested that synchrony is
not only controlled by, but also established at, a central
representational level, where both stimuli and actions are
represented in terms of their sensory effects (Aschers-
leben and Prinz 1995, 1997; Aschersleben et al. 2000g;
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Prinz 1997). Therefore, action control in synchronization
tasks in not so much concerned with the tempora rela-
tionship between the auditory input and the motor output
but with realizing synchrony between perceived click and
perceived tap. If so, the time it takes to perceive the click
and the tap becomes crucial, the more so as auditory and
kinesthetic-tactile stimulation can be assumed to differ in
processing speed. In fact, as the temporal delay between
actual and perceived click is shorter than the delay be-
tween actual and perceived tap, the actual tap must pre-
cede the actual click to achieve synchrony between the
perceived events at a central level, hence the negative
asynchrony between click onset and overt tap.

There are two models that are based on the assump-
tions (1) that the corresponding central representations of
click and tap’s sensory effects are brought to coincidence
and (2) that the central representation of the tap is based
on the somatosensory feedback arising from the finger
movement and the touch of the key. However, these two
accounts differ with respect to their assumptions on how
differences in processing time are produced. According
to the so-called Paillard-Fraisse hypothesis, differences
in nerve conduction times between click and tap on their
way to their central representation are responsible for the
anticipatory error (Aschersleben and Prinz 1995, 1997),
while the “ sensory accumulator model” (SAM; J. Gehrke,
unpublished work; Aschersleben et a. 2000a) assumes
that clicks and taps differ with respect to the amount of
sensory evidence required for central coding.

Thus, unlike the SAM, according to the Paillard-
Fraisse hypothesis the cause of asynchrony is to be found
at a peripheral level. Asit takes more time for sensory in-
formation (resulting from the tactile and kinesthetic feed-
back of the tap) to travel from the fingertip to the brain
than from the ear to the brain, the tap hasto lead the click
to achieve temporal coincidence of the two central codes
(Ascherdleben and Prinz 1995, 1997; Fraisse 1980;
Paillard 1949). Therefore, any change in the time be-
tween the tap and its central representation by manipul a-
tion of conduction delays should affect the asynchrony in
a predictive manner: An increasing conduction time
should lead to an increase in the amount of the anticipato-
ry error. This view presupposes that the timing of the tap
is not only determined by the first feedback component
that is available at a central level. On the contrary, contri-
butions from various feedback modalities are assumed to
be integrated and to enter into a common gestalt. Only
the timing of this gestalt as a whole determines the timing
of the tap (see Fraisse et al. 1958 for arelated notion).t

1 This view has gained empirical support from experiments in
which additional auditory feedback was presented to the subjects
each time the finger touched the key. As this feedback tone had
the same conduction delay as the auditory pacing signal, the asyn-
chrony should disappear under an assumption, assuming that the
tap is represented by the first feedback component available. In a
series of experiments, it has been shown that the asynchrony is
significantly reduced under those conditions but still remains dif-
ferent from zero (Aschersieben and Prinz 1995, 1997; Mates and
Aschersleben 2000; Mates et al. 1992; O’ Boyle and Clarke 1996),
supporting the assumption of a common gestalt.

While the Paillard-Fraisse hypothesis stresses the role
of delays derived from conduction times in afferent path-
ways, the SAM assumes that processing times needed to
generate a central representation of peripheral events
might also play a role in the observed asynchrony. The
model assumes that an external event to be experienced
and timed would necessitate its central representation as
an experienced neural entity. The processing times nec-
essary for generating this neural state would be threshold
dependent, and this would change depending on the den-
sity of afferent neural signals generated by the physical
events. Hence, the model is based on the assumption of
an accumulation function whose steepness determines
the time elapsed between an external event and its cen-
tral representation. Consequently, the auditory pacing
signal used in the synchronization task has a steeper ac-
cumulation function as compared to the tap; a negative
asynchrony is obviously expected (Aschersieben et al.
2000a). A relevant factor influencing the size of the an-
ticipatory error would then be the density of afferent sig-
nals arriving at a central level. The more afferent signals
(in a unit of time) the earlier a threshold should be
reached.

The aim of this study was, first of al, to demonstrate
a contribution of somatosensory feedback to the timing
of the tap in a sensorimotor synchronization task. The
second aim of the study was to distinguish between the
two hypotheses described above that make different as-
sumptions concerning the processes influencing the tim-
ing of central representations. We can answer both ques-
tions by studying the influence of periphera nerve block
on the performance in a synchronization task. By anes-
thetizing the index finger that performed the tapping
movement, we assumed that we suppressed tactile reaf-
ferent information without disturbing the reafferent dis-
charge of the joint and muscle receptors.2 Moreover, in
terms of conduction times, by eliminating tactile feed-
back we supposed that the slower feedback component
of the reafferent volley was eliminated, whereas the fast-
er kinesthetic feedback component remained unimpaired
(Strichartz 1976).

Figure 1 shows the predictions of the two models for
digital nerve block. Two panels are shown for each mod-
el: activation volleys (upper panels) and accumulation
functions reflecting their integrals (lower panels). Ac-
cording to the Paillard-Fraisse model, the critical compu-
tations are performed on the activation volleys (whereas
the accumulation functions are irrelevant). Conversely,
in the SAM model, the activation volleys play no role
and the critical computations are performed on the accu-
mulation functions. This difference is reflected in the
breadth of the corresponding lines.

2 However, this does not mean that subjects do not have any infor-
mation about their finger movement. First, information from the
kinesthetic feedback is still available. In addition, Edin and
Johansson (1995) have demonstrated that even after digital nerve
block skin deformation related to digit movements could provide
an excellent signal about finger movements.



Fig. 1a, b Predictions derived
from the Paillard-Frai sse model
(a) and the SAM model (b).
Upper panels reflect hypotheti-
cal activation volleysfor the
control condition (C) and the
nerve-block condition (B).
Lower panelsreflect the corre-
sponding accumulation of acti-
vation over time
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The Paillard-Fraisse model holds that the time of the
tap is computed at an “early” brain site at which the ar-
rival times of the sensory activation volleys still depend
on the conduction velocities of the respective popula-
tions of afferent nerves. The upper panel of Fig. la
shows two such hypothetical volleys: one for the control
condition (C), and another for the digital nerve-block
condition (B). The difference between the two volleys
reflects the assumption that the nerve block acts to selec-
tively attenuate, or block, the late components of the ac-
tivation volleys (presumably reflecting cutaneous/tactile
afferents) while leaving the early ones unaffected (pre-
sumably reflecting kinesthetic afferents from joints and
muscles). Therefore, if one assumes that the effective
times of taps are computed from the means (or medians)
of these volleys, one would have to expect that the block
acts to shift that time to an earlier point (relative to con-
trol). As a result, the amount of negative asynchrony
should decrease.

Conversely, the SAM model states that the time of the
tap is computed at a “late” brain site, at which afferent
nerve conduction times play no role in the resulting acti-
vation pattern. What counts, instead, is the amount of ac-
tivation contained in the afferent volleys arising from the
taps. The accumulation of this activation over timeis re-
flected in the integral functions shown in the lower panel
of Fig. 1b. Hence, if one assumes that the effective times
of the taps are computed from a common activation
threshold applied to these functions, one would have to
expect that the block acts to shift that time to a later
point (relative to control) and that, as a result, the
amount of negative asynchrony should increase.

ob----
os]

While the prediction derived from the SAM model is
clear and distinct, the prediction derived from the
Paillard-Fraisse model should perhaps be phrased in a
somewhat more cautious form. This is because one can-
not be sure how large the difference in mean conduction
times between blocked and unblocked afferents redly is.
For instance, in a study by Macefield et al. (1989), no
significant difference between the conduction velocities
of low-threshold muscle and cutaneous afferents was
found for upper and lower limb nerves. However, thisre-
sult is still under discussion (Shefner and Logigian
1994). Therefore, a more cautious wording of what one
has to expect under the Paillard-Fraisse hypothesis is
that the nerve block should either act to reduce the nega-
tive asynchrony or leave it unaffected.

We tested two basic experimental conditions. the
standard tapping task and an isometric tapping task (pro-
duction of short-duration force pulses). In addition, two
control tasks were introduced to examine whether the ef-
ferent signals and the kinesthetic feedback component
remained indeed unaffected by the nerve block: contact-
free tapping (free movement of the finger without any
contact, i.e., without any important tactile component)
and tapping at maximum rate.

Materials and methods

Subjects

Nine healthy right-handed subjects (five women and four men,
mean age 31 years) participated in this study after giving their in-
formed consent. None of them had signs or symptoms of disease
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of any kind. The study was approved by the local ethics commit-
tee in accordance with the Helsinki Declaration. All subjects were
unaware of the purpose of the study.

Apparatus and stimuli

Seated at atablein aquiet room, the subject was asked to tap with
the index finger on a silent electrical contact switch that was
equipped with a force transducer (Sensotec load cell) with a sam-
ple rate of 1 kHz. To eliminate visua feedback, subjects were
blindfolded. The auditory pacing signal (400 Hz, 82 dB[A], dura-
tion 10 ms, interstimulus interval 800 ms) was presented binaural-
ly through headphones (Sennheisser HD 250). To cover externa
sounds, white noise (53 dB[A]) was used under all conditions. The
stimuli were produced by a personal computer (Pegasys 486/33)
viaa D/A converter and an amplifier (Phillips FA 630). The com-
puter controlled the experimental procedure and registered the on-
set of keypresses (with a resolution of 1 ms). An optical marker
system (Optotrak 3D measurement system, Northern Digital) was
used to control and register the displacements of the finger. An
LED marker, which signaled the position, was fixed lateraly at
the tip of the index finger. The kinematic data were collected at a
sampling rate of 1 kHz.

Procedure

There were two experimental sessions run on the same day (one
session in the morning and the second one in the afternoon). In the
morning session, the control conditions without peripheral nerve
block were administered to establish the baseline. In the afternoon
session, identical tapping tasks were tested under conditions with
periphera nerve block. Each session comprised four parts: tapping
at maximum rate, standard tapping, isometric tapping, and con-
tact-free tapping task. In the first task, subjects were asked to tap
as fast as possible with the index finger on a metal plate. Data
from three trials each lasting 5 s were recorded. The remaining
three tasks required subjects to tap in synchrony with an isochro-
nous click sequence. In the standard tapping task, as well asin the
isometric tapping task, subjects were asked to tap on a key. While
subjects were instructed to lift the finger in the first one, the latter
required the subjects to keep contact with the key during the
whole trial and to produce short-duration force pulses. Finaly, in
the contact-free tapping task, subjects had to put their right arm on
awooden board and to move the index finger without any contact
with other fingers or to the board.

Because we knew from previous studies that the finger ampli-
tude and the maximum force applied to the key affected the size of
the asynchrony (Aschersleben et al. 2000a; Gehrke 1995), we in-
structed subjects to keep this factor constant. At the beginning of
each synchronization task, subjects were trained to perform move-
ments with a fixed amplitude (in the range 2040 mm in the stan-
dard and in the contact-free tapping task) or with a fixed maxi-
mum pressure (in the range 2—4 N in the isometric tapping task).
At the end of each training trial, subjects received feedback about
the mean amplitude or force, respectively. They were trained until
they had performed two correct trials according to the criterion de-
scribed above. Each experimental block after the training trials
with the corresponding synchronization task comprised seven tri-
as. A tria consisted of the following sequence of events: First, a
warning tone signaled that the trial was started. After an interval
of 1,000 ms, the subject was continuously exposed to white noise
and the sequence of 36 pacing signals was started. The next trial
was started automatically after a pause of about 10 s. Instructions
required the subject to start tapping within the first three signals
and then to tap along with the signal as precisely as possible using
the index finger only, that is, they were not alowed to move the
other fingers or the wrist. In the standard tapping task, the instruc-
tion stressed onset synchronization in the sense that it was the fin-
ger’sinitial contact with the response key that had to be synchro-
nized with the appearance of the click. In the isometric tapping

task, subjects were asked to synchronize the force peak with the
onset of the click and, finally, in the contact-free tapping task, sub-
jects were instructed to synchronize the lowest point of the move-
ment.

All subjects started with tapping at maximum rate. A set of
three different orders was used for the three synchronization tasks
(the same order of tasks was used in the control session as well as
in the session with peripheral nerve block). Subjects were assigned
to one order at random. Each session lasted about half an hour.

At the beginning of the second session, the peripheral nerve
block was applied to achieve complete anesthesia of the moving
index finger. The right hand was injected with 3-10 ml of xylo-
caine 2% (w/v; Xylonest). Skin punctures were made distal to the
metacarpophalangeal joint of the index finger and approximately
2 ml of the anesthetic dispersed subcutaneously on either side of
the median and ulnar nerves (local anesthesia; Oberst). Sensibility
to touch, pinprick and squeezing of the finger was tested 10 min
later, and if there was any residual sensation a further injection of
xylocaine up to a maximum of 10 ml was given as necessary.
Thus, tests were not run until a complete clinical anesthesia of the
right index finger to light and heavy touch, pinprick, and powerful
squeezing was obtained.

Data analysis

In the synchronization tasks, data analysis started with the seventh
signal in each trial. The first taps were not included because a
minimum of three to five signals were required to pick up the beat.
Hence, the means and standard deviations reported here always re-
fer to the taps matching the remaining 30 signals in each trial. To
control whether subjects followed the instructions, means of the
maximum amplitudes (in the standard and contact-free tapping
tasks) and of the peak forces (in the isometric tapping task) were
computed per trial.

Usually, the asynchrony between tap and click is computed as
the temporal delay between the two onsets, with the tap onset be-
ing defined as the onset of the keypress. For the isometric and the
contact-free tapping task, the problem of parameter identification
occurs because there isn’t such a “tap onset” in these two tapping
tasks. Therefore, asynchronies were computed between click on-
sets and the instructed parameter (the maximum force peaks in the
isometric tapping task and the lowest points of the movement tra-
jectory in the contact-free tapping task). Still this selection of pa-
rameters remains arbitrary. To ensure that the results do not de-
pend on the parameters, we also computed the asynchronies be-
tween the click onset and an additional parameter for each task.
As a second parameter, the one was chosen at which the highest
amount of sensory feedback is supposed to be available to the
system (the maximum force peak for the standard tapping task and
the maximum deceleration for the isometric tapping task as well
as for the contact-free tapping task; for a detailed discussion of the
parameter selection problem, see J. Gehrke, unpublished work).

The means and standard deviations of asynchronies between
the selected parameter and click onsets were computed per trial.
Negative asynchronies indicate that taps come first. Trials were
eliminated when they contained fewer than ten productions or
when the standard deviation of the asynchrony exceeded a criteri-
on of 100 ms.

Results

To check, on the basis of behavioral data, whether effer-
ent signals were impaired by the peripheral nerve block,
the mean number of taps per seconds (hertz) in the tap-
ping-at-maximum-rate task was computed per trial and
subsequently analyzed with a repeated-measurement
analysis of variance (ANOVA), with the between-subject
factors Condition and Trial. No source of variance
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Fig. 2 Kinetic and kinematic data for samples of individual taps
performed in the three tapping tasks. The interstimulus interval
between two clicks was 800 ms (see abscissa); the zero value cor-
responds to the click onset. Left: control condition without periph-
eral nerve block. Right: experimental condition with peripheral
nerve block. Top: typical individual movement trajectories in the
standard tapping task (the zero value in the finger amplitude, ordi-
nate, corresponding to the surface of the key). Middle: typical in-
dividual trajectories in the isometric tapping task (the zero value
of the force, ordinate, corresponding to a slight touch of the key).
Bottom: typical individual movement trajectories in the contact-
free tapping task
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reached significance (F<1.1).3 The mean tap rate (aver-
aged over the three trials per condition) was almost iden-
tical under conditions without and with peripheral nerve
block (5.82 Hz and 5.94 Hz, respectively). Furthermore,
the observed values fitted to the usual range for young
adults described in the normative tables for the finger-
tapping test (see Shimoyama et al. 1990).

31n order to avoid the risk of violating statistical assumptions in
repeated-measures designs owing to the inhomogeneity of the
variance-covariance matrix, P-values were corrected according to
Geisser and Greenhouse (1958).
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Fig. 3 Means and between-subject standard errors of the mean
asynchronies in the standard tapping task under the two tested
conditions without and with peripheral nerve block for the two an-
ayzed parameters

Before analyzing the performance in the synchroniza-
tion tasks, we had to make sure that the subjects fulfilled
the desired demands. For each task separately, mean forc-
es or mean amplitudes per trial were entered into a re-
peated-measurement ANOVA with two within-subject
factors: Condition (without and with peripheral nerve
block) and Tria (three trials). To ensure that the nerve
block was dtill effective, we analyzed the first three trials
per condition only. One source of variance was signifi-
cant: the main effect of Trial in the standard tapping task
(F5,16=9.50, P<0.05) indicating an increase in amplitude
from 24 mm in the first trial to 29 mm in the third trial.
No main effects of Condition and no interactions involv-
ing this factor were observed in any of the three tasks.
Mean values for the amplitude and the force correspond-
ed to the instructed values (standard tapping, 27 mm;
contact-free tapping, 33 mm; isometric tapping, 2.6 N). A
sample of individua trajectories from taps performed in
each tapping task obtained in the two conditions (without
and with peripheral nerve block) isillustrated in Fig. 2.

Overal, 0.2% of the synchronization trials had to be
rejected because they failed to meet the criteria present-
ed above. Subsequently, for each of the three tapping
tasks, two identical ANOVASs were applied to the mean
asynchronies. a repeated-measurement ANOVA with
two within-subject factors: Condition (without and with
peripheral nerve block) and Trial (three trials). For the
standard tapping task for both parameters (tap onset and
force peak), only one source of variance was significant,
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Fig. 4 Means and between-subject standard errors of the mean
asynchronies in the isometric tapping task under the two tested
conditions without and with peripheral nerve block for the two an-
alyzed parameters

the main effect of Condition (F;¢=9.23, P<0.05 and
F16=9.77, P<0.05, respectively). The amount of the
asynchrony between tap onset and click onset was en-
larged from —42 ms in the control condition to -60 ms
under conditions with peripheral nerve block (-38 ms
and -57 msfor the force peak; see Fig. 3).

A similar result was observed in the isometric tapping
task: the asynchrony between deceleration peak and
click onset increased from —58 ms in the control condi-
tion to —-80 ms with anesthesia (—1 ms and —27 ms for the
force peak; see Fig. 4). The corresponding ANOVAS
supported this tendency by revealing at least almost sig-
nificant effects of Condition (F;g=3.89, P=0.08 and
F1g=4.27, P=0.07, respectively (see Fig. 3).

For the contact-free tapping task, no significant ef-
fects were observed for either of the two parameters
(P>0.20). These results are supported by the individual
subject data. In the standard tapping task, each of the
nine subjects showed an increase in the amount of asyn-
chrony under conditions with peripheral nerve block. In
the isometric tapping task, the effect was observable in
seven out of nine subjects, while in the contact-free tap-
ping task four subjects showed a decrease in the antici-
patory error and five subjects an increase.

To test the influence of the peripheral nerve block on
the variability of tapping, standard deviations of the
mean asynchronies per trial were analyzed in the same
way as the mean asynchronies. No source of variance
reached significance in any of the three tasks; that is, the



variability of tapping did not change under conditions
with peripheral nerve block.

Discussion

Our magjor findings can be summarized as follows. Un-
der conditions in which tactile feedback was assumed to
play an important role in the timing of the synchroniza-
tion movement, this timing was affected by local anes-
thesia, that is, the elimination of the tactile feedback
component disturbed the timing of the movement. In
both the standard tapping task and in the isometric tap-
ping task, the asynchrony between the pacing signal and
the tap was increased under conditions with peripheral
nerve block. To be able to relate this change in asynchro-
ny directly to the introduced experimental conditions, we
first had to check several control variables. First of all, it
is known from previous studies that the kind of the fin-
ger movement (mainly the amplitude of the finger move-
ment and the force applied to the key) deeply influences
the amount of the asynchrony (see Aschersleben et al.
2000a; Gehrke 1995). Therefore, to control for the role
of finger movements, both amplitudes and forces were
recorded throughout the experiment. However, these
control variables showed no significant differences be-
tween conditions for any of the tasks. Thus, differences
in the asynchronies cannot be attributed to changesin the
finger movements or forces applied to the key.

Second, in applying local anesthesiato the right index
finger of the subjects, we aimed at establishing condi-
tions that were different concerning the feedback avail-
able to the subject. To be able to interpret the data in
such a way, we had to make sure that the efferent fibers
remained unimpaired, that is, that no change in the deliv-
ery and execution of the motor command to the finger
occurred. On the basis of behavioral data, the intactness
of the efferent fibers could be examined by analyzing the
maximum tapping speed of the subjects. The results ob-
tained in this task revealed no difference between condi-
tions with and without peripheral nerve block, indicating
that the execution of a pure motor task was unimpaired.
A further indicator for motor impairment would be an in-
crease in the variability of the taps. Kelso and coworkers
reported that subjects were even unable to perform atap-
ping task at all under conditions with nerve compression
block, leading to kinesthetic as well as motor impairment
(Kelso et al. 1974, 1975). In the present experiment, the
analysis of the standard deviations of the asynchronies
revealed no change resulting from the application of the
peripheral nerve block. Therefore, the results obtained in
the maximum tapping task as well as those from the
analysis of the standard deviations of the asynchronies
indicated that the efferent fibers were not impaired by
the local anesthesia.

As the aim of the study was to examine the influence
of tactile feedback on the timing of movements, we have
to control for the other feedback components remaining
constant across conditions. Auditory as well as visual
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feedback was eliminated throughout the experiment by
presenting white noise through headphones and by blind-
folding the subjects. To control for the kinesthetic feed-
back, we analyzed the results obtained in the contact-free
tapping task. In this task, subjects were asked to tap free
in the air without any contact to the board or to other fin-
gers at any time of the finger movement. This instruction
ensured that (almost) no tactile feedback was available
to the subjects to control the finger movement. The only
remaining part of the tactile component was the informa-
tion coming from the skin stretch of the finger, which
was assumed to play a minor role as compared to the
kinesthetic feedback resulting from the joint receptors
and the muscle spindles. The results obtained in the con-
tact-free tapping task revealed no significant difference
between the two conditions. Therefore, we can conclude
that the kinesthetic fibers remained unimpaired by the
peripheral nerve block; no change in the availability of
kinesthetic feedback occurred throughout the experi-
ment.

One final argument against the interpretation of the
present findings in terms of feedback manipulation is a
methodological one. As we used a fixed order of condi-
tions (first control condition, second condition with pe-
ripheral nerve block), one might argue that the increase
in asynchrony is due to order or learning effects. The
main reason for this design was that we wanted to make
sure that our control condition was not affected by are-
sidual influence of the nerve block. This could first be a
remaining influence of the xylocaine being not com-
pletely catabolized. Second, subjects might develop a
strategy to handle the experimental situation without tac-
tile feedback and transfer this strategy to the control con-
dition. The only way to avoid such problems is to pres-
ent the control condition first. On the other hand, thereis
evidence that there are no learning effects under usual
tapping conditions as long as subjects are not informed
about their asynchrony, that is, presented with knowl-
edge of results. Aschersleben (2000b) had subjects tap
for 10,000 taps (under conditions similar to the control
condition in the present study) and still could not demon-
strate a change in asynchrony at all.

After excluding alternative explanations of the ob-
served results, we first of all can conclude from the pres-
ent study that sensory feedback plays an important role
in the timing of repetitive movements. Further support
for this notion comes from a recent study with a deaffe-
rented subject who suffered a purely sensory neuropathy
leading to atotal loss of kinesthetic and tactile sensibility
for the whole body below the neck but leaving the motor
system intact (Aschersleben et a. 2000b). In this study,
the amount of sensory feedback from the tap was manip-
ulated and the results clearly indicated that the presenta-
tion of feedback had a great influence on the perfor-
mance of the deafferented subject in that it considerably
improved his performance.

Moreover, we now can draw conclusions concerning
the two to-be-tested hypotheses. The SAM assumes that
the accumulation of afferent signals at a cortical level is
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necessary to establish a central representation with the
negative asynchrony arising from the different accumu-
lation functions for clicks and taps. According to this
model, the number of afferent signals was reduced under
conditions with periphera nerve block because one feed-
back component was eliminated. This should lead to a
less steeper accumulation function; therefore, an increase
in asynchrony was predicted (see Fig. 1). Conversely, ac-
cording to the Paillard-Fraisse hypothesis, the anticipa-
tion arises from differences in nerve conduction times
between click and tap and their corresponding central
representations, thus, putting it on a peripheral level. The
Paillard-Fraisse hypothesis predicted a decrease in the
amount of asynchrony because the slower feedback com-
ponent was eliminated, whereas the faster kinesthetic
feedback component remained unimpaired, which means
that the time between the tap and its central representa-
tion should be reduced. (A somewhat more cautious
form of the hypothesis predicted no effect of the nerve
block on the asynchrony under the assumption that the
difference in mean conduction times between blocked
and unblocked afferents would be too small to be effec-
tive.) The results clearly ruled out (both versions of) the
Paillard-Fraisse hypothesis, while the predictions of the
SAM were fully confirmed. In both the standard tapping
task and the isometric tapping task, the amount of asyn-
chrony was increased under conditions with peripheral
nerve block.

Converging evidence in favor of the SAM comes from
experiments in which the feedback arising from the tap
was manipulated by changing the movement of the finger
(Aschersleben et al. 2000d). In these experiments, sub-
jects were instructed to produce finger movements with
either small or large amplitudes. As conditions with large
finger amplitudes were assumed to produce enhanced so-
matosensory feedback, the SAM predicted a reduction in
the amount of asynchrony under those conditions. This
prediction was fully confirmed. Furthermore, the results
are in line with experiments in which isometric force
pulses were examined. Here, subjects had to produce ei-
ther weak or strong forces and, again, the predictions of
the SAM were verified: The asynchrony between click
and tap was significantly enlarged if subjects had to pro-
duce weak forces rather than strong forces.

The sensibility of the asynchrony on the peripheral
nerve block indicated that the timing of a single move-
ment within a sequence of movements is affected. Con-
trary to our results, Gordon and Soechting (1995) report-
ed that in typing the normal rhythm was unaffected by
digital anesthesia. At first sight, this seems to contradict
the findings of the present study, which revealed a dis-
ruption in the timing of the tap. However, the tasks were
distinctly different, since during normal typing the time
between successive keypresses is typically between 100
and 140 ms for a skilled typist. That is, the movements
overlap by several hundred milliseconds. These short in-
tervals indicate that the initiation of a movement seg-
ment in a sequence cannot be triggered by the sensory
information derived from the immediately preceding

movement. Thus, the typing task studied by Gordon and
Soechting (1995) is rather different to the tapping task
examined in the present study. Here, intertap intervals
comprised 800 ms, thus leaving enough time to evaluate
the feedback from the preceding tap in order to correct
the timing of the next one.

In conclusion, the present study clearly demonstrates
the important role of tactile feedback in the timing of
movements. Moreover, it provides further supporting ev-
idence for the more general view that (anticipated or per-
ceived) action effects play a critical role in the control of
actions. Empirical support for such an approach came
not only from our studies in sensory motor synchroniza-
tion (Aschersleben and Prinz 1995, 1997; Aschersleben
et al. 2000b) but also from studies on compatibility ef-
fects and sequence learning (Elsner and Hommel, in
press; Kunde, in press).
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