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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 experiment in which subjects were instructed to tap in synchrony with an auditory pacing signal, three different tasks were studied under conditions with and without peripheral 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 anticipatory error, usually 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 remained unimpaired in those tasks in which tactile information was assumed to play a minor role (maximum tapping rate and contact-free tapping). The results clearly demonstrate the importance of tactile feedback for the timing of movements. The predictions of a model assuming a strong correlation between the amount of sensory feedback and the size of the negative asynchrony in synchronization tasks were examined and discussed. Keywords Sensorimotor synchronization · Tapping · Timing · Motor control · Peripheral nerve block · Human



Introduction There are numerous scientific studies on planning and control of movements. Likewise, there are a number of sensory studies that address psychophysical issues pertaining to perception. However, there has been considerably less attention devoted to the nature of the interface between the input and output systems: how sensory inputs are used to G. Aschersleben (✉) · J. Gehrke · W. Prinz Max-Planck-Institut für psychologische Forschung, Amalienstrasse 33, 80799 Munich, Germany e-mail: [email protected] Tel.: +49-89-38602250, Fax: +49-89-38602199



create action programs, and how actions intervene in framing perceptual goals. This paper is concerned with the first question by studying the influence of afferent and reafferent 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 al. 1992). In particular, the contribution of kinesthetic reafferences to the timing of movement sequences 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 all cutaneous 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 commands required to synchronize the command with another event (Bard et al. 1991, 1992; Billon et al. 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 finger movements by studying a sensorimotor synchronization task. In synchronization tasks, subjects are asked to tap with a finger in synchrony with a periodical sequence of auditory clicks, that is, to time their actions so as to coincide 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 Aschersleben and Prinz 1995, 1997; Aschersleben et al. 2000a; Fraisse 1980; Mates et al. 1992; O’Boyle 1997; Vos et al. 1995;for a recent overview, see Aschersleben 2000a). Recent accounts of this so-called negative asynchrony or anticipatory 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 (Aschersleben and Prinz 1995, 1997; Aschersleben et al. 2000a;
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Prinz 1997). Therefore, action control in synchronization tasks in not so much concerned with the temporal relationship 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 between actual and perceived tap, the actual tap must precede 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 assumptions (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 al. 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 PaillardFraisse hypothesis the cause of asynchrony is to be found at a peripheral level. As it takes more time for sensory information (resulting from the tactile and kinesthetic feedback of the tap) to travel from the fingertip to the brain than from the ear to the brain, the tap has to lead the click to achieve temporal coincidence of the two central codes (Aschersleben and Prinz 1995, 1997; Fraisse 1980; Paillard 1949). Therefore, any change in the time between the tap and its central representation by manipulation 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 anticipatory 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, contributions 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 a related notion).1 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 asynchrony 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 different from zero (Aschersleben 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 pathways, 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 necessary for generating this neural state would be threshold dependent, and this would change depending on the density 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 central representation. Consequently, the auditory pacing signal used in the synchronization task has a steeper accumulation function as compared to the tap; a negative asynchrony is obviously expected (Aschersleben et al. 2000a). A relevant factor influencing the size of the anticipatory error would then be the density of afferent signals 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 all, 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 assumptions concerning the processes influencing the timing of central representations. We can answer both questions by studying the influence of peripheral nerve block on the performance in a synchronization task. By anesthetizing the index finger that performed the tapping movement, we assumed that we suppressed tactile reafferent information without disturbing the reafferent discharge of the joint and muscle receptors.2 Moreover, in terms of conduction times, by eliminating tactile feedback we supposed that the slower feedback component of the reafferent volley was eliminated, whereas the faster 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 model: activation volleys (upper panels) and accumulation functions reflecting their integrals (lower panels). According to the Paillard-Fraisse model, the critical computations 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 accumulation functions. This difference is reflected in the breadth of the corresponding lines. 2



However, this does not mean that subjects do not have any information 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.



333 Fig. 1a, b Predictions derived from the Paillard-Fraisse model (a) and the SAM model (b). Upper panels reflect hypothetical activation volleys for the control condition (C) and the nerve-block condition (B). Lower panels reflect the corresponding accumulation of activation over time



The Paillard-Fraisse model holds that the time of the tap is computed at an “early” brain site at which the arrival times of the sensory activation volleys still depend on the conduction velocities of the respective populations of afferent nerves. The upper panel of Fig. 1a 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 selectively attenuate, or block, the late components of the activation volleys (presumably reflecting cutaneous/tactile afferents) while leaving the early ones unaffected (presumably 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 control). 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 activation pattern. What counts, instead, is the amount of activation contained in the afferent volleys arising from the taps. The accumulation of this activation over time is reflected 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.



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 cannot be sure how large the difference in mean conduction times between blocked and unblocked afferents really 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, this result 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 negative asynchrony or leave it unaffected. We tested two basic experimental conditions: the standard tapping task and an isometric tapping task (production of short-duration force pulses). In addition, two control tasks were introduced to examine whether the efferent signals and the kinesthetic feedback component remained indeed unaffected by the nerve block: contactfree 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 informed consent. None of them had signs or symptoms of disease



334 of any kind. The study was approved by the local ethics committee in accordance with the Helsinki Declaration. All subjects were unaware of the purpose of the study. Apparatus and stimuli Seated at a table in a quiet 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 sample rate of 1 kHz. To eliminate visual feedback, subjects were blindfolded. The auditory pacing signal (400 Hz, 82 dB[A], duration 10 ms, interstimulus interval 800 ms) was presented binaurally through headphones (Sennheisser HD 250). To cover external sounds, white noise (53 dB[A]) was used under all conditions. The stimuli were produced by a personal computer (Pegasys 486/33) via a D/A converter and an amplifier (Phillips FA 630). The computer controlled the experimental procedure and registered the onset 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 laterally at the tip of the index finger. The kinematic data were collected at a sampling rate of 1 kHz.



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



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 peripheral nerve block. Each session comprised four parts: tapping at maximum rate, standard tapping, isometric tapping, and contact-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 isochronous click sequence. In the standard tapping task, as well as in 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. Finally, in the contact-free tapping task, subjects had to put their right arm on a wooden 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 amplitude and the maximum force applied to the key affected the size of the asynchrony (Aschersleben et al. 2000a; Gehrke 1995), we instructed subjects to keep this factor constant. At the beginning of each synchronization task, subjects were trained to perform movements with a fixed amplitude (in the range 20–40 mm in the standard and in the contact-free tapping task) or with a fixed maximum 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 described above. Each experimental block after the training trials with the corresponding synchronization task comprised seven trials. A trial 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 allowed to move the other fingers or the wrist. In the standard tapping task, the instruction stressed onset synchronization in the sense that it was the finger’s initial contact with the response key that had to be synchronized with the appearance of the click. In the isometric tapping



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 refer 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 being 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 onsets and the instructed parameter (the maximum force peaks in the isometric tapping task and the lowest points of the movement trajectory in the contact-free tapping task). Still this selection of parameters remains arbitrary. To ensure that the results do not depend on the parameters, we also computed the asynchronies between 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 criterion of 100 ms.



Results To check, on the basis of behavioral data, whether efferent signals were impaired by the peripheral nerve block, the mean number of taps per seconds (hertz) in the tapping-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 corresponds to the click onset. Left: control condition without peripheral 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, ordinate, corresponding to the surface of the key). Middle: typical individual 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 contactfree tapping task
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