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Abstract In two experiments we examined the hypothesis of transient parametric coupling during the speciﬁcation of peak forces of isometric contractions produced by the left and right hand. In the ﬁrst experiment participants had to produce bimanual contractions with same and diﬀerent target forces as rapidly as possible in response to an auditory signal; target forces were cued visually with variable cueing intervals. At short cueing intervals reaction times were longer when diﬀerent peak forces had to be speciﬁed than when same peak forces were cued, and this reaction-time diﬀerence declined as the cueing interval was increased. Independent of the cueing interval intermanual correlations of peak forces, rise times, and reaction times were smaller in conditions with diﬀerent peak forces than in those with same peak forces. In the second experiment imperative signals for left-hand and right-hand contractions were separated in time. Target forces for the ﬁrst response were cued with variable cueing intervals, while for the second response the cues were presented simultaneously with the second imperative signal. Reaction time of the second response was longer when target forces for the two successive responses were diﬀerent rather than same, and this reaction-time diﬀerence declined when the delay of the second signal was increased as well as when the cueing interval for the ﬁrst response became longer. These results are consistent with the hypothesis of a transient cross-talk between concurrent processes of peak-force speciﬁcations; in addition they indicate generalization of the decoupling required to specify diﬀerent peak forces concurrently to the speciﬁcation of temporal response characteristics and to processes of response initiation. Ó 2002 Elsevier Science B.V. All rights reserved.



*



Corresponding author. Tel.: +49-231-1084-301/302; fax: +49-231-1084-340. E-mail address: [email protected] (H. Heuer).



0001-6918/02/$ - see front matter Ó 2002 Elsevier Science B.V. All rights reserved. PII: S 0 0 0 1 - 6 9 1 8 ( 0 2 ) 0 0 0 5 0 - 1



206



H. Heuer et al. / Acta Psychologica 111 (2002) 205–242



1. Introduction Movements of the two hands are not independent of each other. For example, when one tries to draw circles with one hand and lines with the other hand concurrently and repetitively, the circles tend to become elongated and the lines tend to become elliptic, so that both hands essentially produce ellipses (Franz, Zelaznik, & McCabe, 1991). More generally, when diﬀerent movements are to be performed with the two hands, these movements often become similar, and in extreme cases it becomes impossible to perform them concurrently (for a review, see Heuer, 1996a). Such observations point to the existence of structural constraints on coordination which are hard or even impossible to overcome intentionally, and which can be conceptualized as cross-talk or coupling between concurrent movements of the two hands. The present experiments were primarily designed to address the problem of where bimanual coupling originates. Speciﬁcally, we asked whether a particular hypothesis about one source of cross-talk in bimanual movements may also hold for isometric contractions. We shall ﬁrst outline the hypothesis which guided the present experiments and thereafter discuss its application to isometric contractions of distal muscles of the hands. In principle coupling of bimanual movements can originate at various levels of motor control. In functional terms a parametric level (or programming level) and an outﬂow level (or execution level) can be distinguished, and it has been suggested that cross-talk exists at both levels (Marteniuk & MacKenzie, 1980; Marteniuk, MacKenzie, & Baba, 1984; Spijkers & Heuer, 1995). Signals at the outﬂow level vary as a movement is actually produced, and they are essentially absent before the start of the movement. In terms of models of motor control, outﬂow-level signals can be thought of as the output of a non-linear oscillator (e.g., Kay, Kelso, Saltzman, & Sch€ oner, 1987), the output of a trajectory-generating structure like the one of the VITE model (Bullock & Grossberg, 1988), or as the output of a generalized motor program (Schmidt & Lee, 1999, pp. 157–168). Cross-talk at the outﬂow level has been suggested as the major source of intermanual interactions during bimanual movements, originating, for example, from uncrossed ﬁbers of the pyramidal tract (Preilowski, 1975). In fact, there can be little doubt that cross-talk at the outﬂow level does exist. Perhaps the clearest evidence for the existence of cross-talk at the outﬂow level comes from the study of associated movements, which has a long history in neurology (e.g., Walshe, 1923). Signals at the parametric level (or programming level) are related to movement parameters like direction and amplitude. These signals have to be adjusted before the start of a movement to approximate certain target values, and they are likely to change only little while a rapid discrete movement is executed, though they may vary during continuous movements when movement parameters like direction vary as in drawing movements (e.g., Schwartz & Moran, 1999). In terms of models of motor control, parametric-level signals can be thought of as the parameters of a non-linear oscillator, of a trajectory-generating structure, or of a generalized motor program.
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While the variation of outﬂow-level signals is evident from the time course of kinematic variables and electromyographic activity during execution of a movement, the variation of parametric-level signals is less easily observed. Behaviourally the timed-response procedure has been particularly useful to trace the time course of parameter speciﬁcation. Basically, the time course of parameter speciﬁcation is inferred from the change of, for example, the amplitude of a movement or the peak force of an isometric contraction as the time available for the speciﬁcation of the respective parameter is increased (Favilla & De Cecco, 1996; Favilla, Gordon, Hening, & Ghez, 1990; Favilla, Hening, & Ghez, 1989; Ghez et al., 1997; Hening, Favilla, & Ghez, 1988). The available data consistently indicate a continuous change of parametriclevel signals from an initial value to a target value, except when the possible target values are too diﬀerent from each other (Ghez et al., 1997). Similar to cross-talk between outﬂow-level signals, cross-talk might also exist between parametric-level signals. Perhaps the ﬁrst who suggested a type of parametric cross-talk could have been Schmidt, Zelaznik, Hawkins, Frank, and Quinn (1979). They hypothesized that amplitudes of aiming movements can be speciﬁed for both hands independently, while there is only a single common timing parameter for both hands. A ﬁrst extension of this all-or-none conception is the assumption that crosstalk gains are graded. Such an extension is required by the failure to replicate the original observations on which the hypothesis of Schmidt et al. (1979) was based, namely a high correlation between movement times of the two hands and a zero correlation between amplitudes. In later studies correlations between amplitudes turned out to be reliably larger than zero, but nevertheless smaller than correlations between movement times (Sherwood, 1991, 1994). A second extension is the distinction between static and transient (or phasic) cross-talk during parameter speciﬁcation. While static cross-talk aﬀects the ﬁnal steady states of the speciﬁed movement characteristics for the two hands, transient cross-talk aﬀects only the time course of the concurrent speciﬁcation processes, but not their ﬁnal states. Thus, static cross-talk becomes visible in overt performance no matter how much time has been available for the speciﬁcation of movement parameters, while the eﬀects of transient cross-talk on the characteristics of overt movements disappear as the speciﬁcation of movement parameters proceeds. The available evidence suggests that the nature of parametric cross-talk is diﬀerent for diﬀerent movement parameters (see Heuer, 1990, 1996a, for a review). In a recent series of experiments we have explored the implications of the hypothesis that the cross-talk between concurrent processes of specifying amplitudes for left-hand and right-hand reversal movements is mainly transient in nature. For this purpose we have used diﬀerent experimental paradigms, the results of which generally provided support for the hypothesis (Heuer, Kleinsorge, Spijkers, & Steglich, 2001; Heuer, Spijkers, Kleinsorge, & Steglich, 2000; Heuer, Spijkers, Kleinsorge, & van der Loo, 1998a; Heuer, Spijkers, Kleinsorge, van der Loo, & Steglich, 1998b; Spijkers & Heuer, 1995; Spijkers, Heuer, Kleinsorge, & Steglich, 2000; Spijkers, Heuer, Kleinsorge, & van der Loo, 1997). Although diﬀerent amplitudes of reversal movements are associated with diﬀerent force levels (e.g., Sherwood, Schmidt, & Walter, 1988), the generalization of the
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hypothesis of transient parametric coupling from the speciﬁcation of amplitudes to the speciﬁcation of isometric forces is non-trivial. First, there is a certain degree of independence between amplitudes of movements and the forces involved. The neural coding of kinematic and dynamic movement characteristics seems to be separated (e.g., Crutcher & Alexander, 1990), and kinematic and dynamic transformations of aimed movements are learned independently (Krakauer, Ghilardi, & Ghez, 1999). Second, isometric contractions diﬀer from movements with respect to their feedback characteristics. For example, coupling phenomena observed in bimanual movements that are related to feedback signals should not be evidenced in isometric contractions. Third, the pattern of muscular activity in reversal movements (e.g., Schmidt, Sherwood, & Walter, 1988) diﬀers from the pattern seen in isometric contractions (e.g., Ghez & Gordon, 1987). Finally, there are known diﬀerences between intermanual interactions with respect to movement amplitudes and peak forces of isometric contractions. In particular there is a typical asymmetry in bimanual movements with two diﬀerent amplitudes, in that the amplitude of the short movement tends to become longer, while the amplitude of the long movement is hardly or not at all aﬀected by the concurrent short-amplitude movement of the other hand (Heuer et al., 1998b, 2001; Marteniuk & MacKenzie, 1980; Marteniuk et al., 1984; Sherwood & Nishimura, 1992, 1994; Spijkers et al., 1997, 2000). In contrast, such an asymmetry has not been found in bimanual isometric contractions with diﬀerent peak forces (Rinkenauer, Ulrich, & Wing, 2001; Steglich, Heuer, Spijkers, & Kleinsorge, 1999). Perhaps the observed diﬀerences between the movement tasks and the isometric tasks could also be related to the fact that the former involved more proximal muscles of the arms, and the latter more distal muscles of the hands, because these diﬀerent groups of muscles are controlled by diﬀerent combinations of descending pathways (e.g., Kuypers, 1981). Also in this respect the present experiments diﬀer from the movement studies on which the evidence for transient parametric coupling is based. In a ﬁrst step to examine the validity of the transient-coupling hypothesis for peak forces of isometric contractions, we have used the timed-response method (Steglich et al., 1999). In each trial participants were instructed to prepare identical isometric contractions of thumb muscles (30% of maximal voluntary force (MVF)) and to start the contractions in synchrony with the last of four pacing tones. A variable time before the last pacing tone visual cues were presented which indicated the target force for each thumb (20% or 40% of MVF, same or diﬀerent for the two hands). Consistent with previous observations on the continuous speciﬁcation of unimanual peak forces (Hening et al., 1988), we found that bimanual peak forces shifted gradually from their initial values to their respective target values when the interval between cue and contraction onset increased. The critical ﬁnding was the diﬀerence between these speciﬁcation processes when the same or a diﬀerent target force was speciﬁed for the other hand. As compared to the same-force conditions, there was a transient assimilation of peak forces which disappeared at longer intervals; only at short cueresponse intervals weak forces became too strong and strong forces too weak. This ﬁnding is consistent with the assumption of a gradual decoupling in the course of parameter speciﬁcation.
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Although the timed-response method is nicely suited to trace the time course of intermanual interactions across a range of time intervals available for peak-force speciﬁcations, and although the ﬁndings obtained are fully consistent with the expectations based on the hypothesis of transient parametric coupling, additional steps are required to substantiate the claim that concurrent force speciﬁcations are transiently coupled. The main dependent measures with the timed-response method are the peak forces produced, and these may in principle also be aﬀected by cross-talk at the outﬂow level. Thus, there is some ambiguity with respect to the origin of the observed cross-talk eﬀects. Evidence for the parametric nature of coupling, which is less troubled with potential confounding eﬀects of outﬂow-level cross-talk, requires the use of tasks in which isometric contractions are not produced concurrently, but only with one hand at a time, or tasks in which the measurements are likely to be unaﬀected by outﬂow-level cross-talk. In the ﬁrst experiment we studied reaction times for the production of same and diﬀerent peak forces with the two thumbs. Here speciﬁcations of same and diﬀerent peak forces occur concurrently, and the critical measures are taken before the movement actually begins. 1 In the second experiment the temporal overlap between reaction-time intervals of the two hands was gradually reduced in a psychological-refractory-period type of task, in which the isometric contractions were produced in rapid succession. The secondary purpose of the present experiments was to inquire about the generality of the decoupling that can be observed when diﬀerent movements are to be performed concurrently. In essence, the decoupling is what makes the parametric coupling transient. It takes place only when diﬀerent movements are performed. For example, correlations between the amplitudes of concurrent bimanual reversal movements are higher when the target amplitudes for the two hands are same than when they are diﬀerent (e.g., Sherwood, 1991), and with the timed-response procedure, the correlations between left-hand and right-hand amplitudes do only decline as preparation time increases when target amplitudes are diﬀerent (Heuer et al., 1998b). The same kinds of observations have been reported for peak forces of isometric contractions (Rinkenauer et al., 2001; Steglich et al., 1999). Rinkenauer et al. (2001) made some observations which indicate that the decoupling might be generalized. In particular, when diﬀerent rather than same peak forces were required, they observed not only a smaller correlation between peak forces of the two hands, but also between the rise times; complementary to this ﬁnding, when diﬀerent rather than same rise times were requested, not only the correlation between rise times was reduced, but also the correlation between peak forces. Consistent with



1 It could be argued that reaction times are not among the measures which are unaﬀected by outﬂowlevel cross-talk because muscle activation starts before the beginning of a movement or a contraction, and because cross-talk eﬀects can be seen even in pre-movement myoelectric activity (e.g., Sherwood & Nishimura, 1992; Swinnen, Walter, & Shapiro, 1988; Swinnen, Young, Walter, & Serrien, 1991). However, these cross-talk eﬀects can be seen in the amplitude of myoelectric activity, and outﬂow-level cross-talk eﬀects are unlikely to aﬀect the timing of EMG and movement/contraction. Also, outﬂow-level cross-talk eﬀects should produce assimilations of myoelectric, kinetic, and kinematic characteristics, but not systematic diﬀerences between conditions with same and diﬀerent movement/contraction characteristics.
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these basic results, with the timed-response procedure the decline of correlations between the amplitudes of reversal movements, which can be observed when target amplitudes are diﬀerent and the available time for preparation is increased, turned out to be accompanied by a decline of the correlations between movement times of the two hands (Heuer et al., 2001). The observation that the decoupling of parameter speciﬁcations is not restricted to those characteristics which are actually instructed to be diﬀerent in left-hand and right-hand movements or isometric contractions, but generalizes to movement characteristics for which no particular instructions are given (Heuer et al., 2001) or even same instructions (Rinkenauer et al., 2001), raises the issue whether the generalized decoupling extends to processes other than the speciﬁcation of response parameters. Speciﬁcally we ask whether decoupling generalizes to processes of response initiation, in spite of the evidence to suggest that processes of response speciﬁcation and response initiation are distinct (e.g., Gielen, van den Heuvel, & van Gisbergen, 1984); perhaps the most convincing demonstration for the distinctness is the very fact that the timed-response procedure works, which essentially relies on the temporal separability of response speciﬁcation and initiation.



2. Experiment 1: simultaneous isometric contractions In Experiment 1 the task of the participants was to produce bimanual isometric contractions as rapidly as possible in response to a tone. The required peak force for each hand was instructed by a visual cue, a short or long vertical bar on a screen, and the target forces for the two hands could be same or diﬀerent. When the cues were presented simultaneously with the imperative signal, the time needed for peak-force speciﬁcations should be part of the observed reaction times. Under the assumption of a transient parametric coupling, the speciﬁcation processes with different target forces are delayed relative to the speciﬁcation processes with same target forces, that is, each particular state of speciﬁcation is reached somewhat later. Thus, reaction times for diﬀerent target forces should be longer than for same target forces. The critical prediction, which follows from the hypothesis of transient parametric coupling, is the gradual disappearance of the eﬀect of the relation between target forces on reaction time when the cueing interval is increased. The reason for this expectation is that, as the cueing interval is increased, peak-force speciﬁcations can be progressively advanced. When advance speciﬁcation of peak forces is complete, reaction times for same and diﬀerent target forces should be identical. Obviously, this expectation rests on the additional assumption that the participants actually exploit the earlier presentation of the cues for advance speciﬁcation. For same and diﬀerent amplitudes of reversal movements the results obtained with this type of task have been consistent with expectations (Spijkers et al., 1997). According to previous ﬁndings, parametric coupling is transient only in tasks in which this is functional, so that decoupling is expected only when diﬀerent peak forces are required. As a consequence the correlations between peak forces produced
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by the left and right hands should be smaller when diﬀerent target forces than when same target forces are cued. To the extent that decoupling generalizes to other movement characteristics, the same kind of diﬀerence should be observed for the correlations between the rise times of the left and right hands. Finally we ask whether decoupling generalizes to processes of movement initiation. Reaction times of bimanual responses are strongly correlated in general (cf. Berlucchi, Aglioti, & Tassinari (1994) for a brief review). Provided that decoupling generalizes to movement initiation, this correlation should also be reduced when diﬀerent target forces are cued rather than same target forces, though previous studies of bimanual movements with same and diﬀerent amplitudes have not reported such a diﬀerence (e.g., Kelso, Putnam, & Goodman, 1983; Kelso, Southard, & Goodman, 1979). While the expectations for the present experiment are clear-cut at ﬁrst glance, there are two complications. The ﬁrst complication arises from some uncertainty about how to measure reaction times of bimanual responses, and the second one concerns a possible alternative interpretation of the expected reaction-time results. There are at least two options for the measurement of bimanual reaction times. First, reaction times of the left and right hand can be analyzed separately; when eventual diﬀerences between the left and right hand are neglected, this amounts to using the means of left-hand and right-hand reaction times observed in each trial. This was our procedure in a previous similar study with reversal movements instead of isometric contractions (Spijkers et al., 1997). Alternatively, for each trial the faster one of the two reaction times could be used for the analysis (e.g., Norrie, 1964, 1967). The choice between the alternative ways of measuring reaction times of bimanual responses depends on assumptions about the origin of the diﬀerence between lefthand and right-hand reaction times. First, there is the possibility that there is a unitary process of response initiation. Such a view is suggested by the very high within-participant correlations between reaction times of the left and right hands. In addition it is suggested by the observation that when diﬀerent target amplitudes are assigned to the two hands, the long-amplitude movements start earlier than the short-amplitude movements and end later, which may imply synchronization of some intermediate event like peak velocity (Norrie, 1964, 1967; Boessenkool, Nijhof, & Erkelens, 1999). If the hypothesis of a unitary process of initiating bimanual responses were correct, the minimum reaction time in each trial would be the appropriate measure for the duration of processes that precede the overt responses. The second possibility is that there are separate, but tightly coupled processes of initiating concurrent left-hand and right-hand responses. If this hypothesis were correct, the mean reaction time in each trial would be the appropriate measure for the duration of processes that precede the overt responses (neglecting eventual systematic diﬀerences between the hands). In addition, only with this hypothesis the notion of a generalized decoupling is meaningful. Thus, for the present purpose it is important to decide which of the two hypotheses is correct. Simple formal considerations, which are presented in Appendix A, suggest a way to do so. Under the assumption of two coupled, but separable, initiation processes a decreasing correlation between reaction times of the left and right hand results in faster minimum reaction times and slower maximum reaction times, where
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‘‘minimum’’ and ‘‘maximum’’ reaction times are the shorter and longer reaction times of each trial, respectively. Under the hypothesis of a single initiation process, in contrast, there may also be diﬀerent correlations between reaction times, but these should not be associated with diﬀerent minimum reaction times. Hence, it is possible to decide between the two hypotheses by examining the minimum and maximum RT in bimanual trials. 2 Speciﬁcally, at long cueing intervals we expect no diﬀerence between initiation times of same-force and diﬀerent-force contractions of the two hands. Provided there is a somewhat smaller correlation between left-hand and right-hand reaction times in diﬀerent-force conditions than in same-force conditions, depending on the adopted hypothesis this would be attributed to an increased variability of strategical delays in diﬀerent-force conditions or to a decoupling of concurrent processes of response initiation (cf. Appendix A). In any case, under the hypothesis of a unitary process the minimum reaction times should not be faster in diﬀerent-force trials than in same-force trials, though the diﬀerences between the shorter and longer reaction time of each trial could be enhanced. In contrast, under the hypothesis of distinct but coupled processes, minimum reaction times should be faster in diﬀerent-force trials than in same-force trials. The second complication arises from a possible alternative interpretation of the expected result that there is a reaction-time diﬀerence between bimanual isometric contractions with same and diﬀerent target forces which disappears at longer cueing intervals. According to the hypothesis of a transient parametric coupling, the longer reaction-time with diﬀerent target forces should result from transient cross-talk between concurrent processes of peak-force speciﬁcation. Alternatively, diﬀerent durations of perceptual processes involved in the identiﬁcation of the cues or rather direct eﬀects of the cues on the speciﬁcation of peak force for the ‘‘wrong’’ hand could play a role. Thus, a control condition seems desirable which is identical to the experimental condition in all respects, except that there is only a single process of peak-force speciﬁcation. We have not been able to ﬁnd such a condition. An appropriate control condition should involve unimanual responses only. The failure to ﬁnd an adequate control condition results from the problem of ﬁnding a role for the second cue, which in the control condition cannot relate to the speciﬁcation of a target force, because the corresponding hand is not involved in responding. Without any other role participants can neglect the irrelevant cue, and the ﬁnding of no eﬀect of this cue on reaction time could be attributed to this neglect. Alternatively, whenever the cue is given a new role, it is likely to be processed in a way which diﬀers from how it is processed in the experimental condition. In particular, this alternative kind of processing could produce similar eﬀects on reaction times of the responding hand as they are expected for the bimanual conditions.



2 Furthermore, if the analysis points to the existence of two separate initiation processes (which in fact is the case), this opens the possibility to put the analysis of the unimanual control trials on the same theoretical basis, because unimanual responses can be conceptualized as being started by two separate initiation processes that are completely uncoupled.
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Faced with this dilemma, we chose a unimanual condition which we had used before (Spijkers et al., 1997): the otherwise irrelevant cue was assigned the role of a go/no-go signal. Unfortunately, this unimanual condition includes additional factors which could produce reaction-time diﬀerences between conditions with same and diﬀerent cues. Fig. 1 illustrates the cues in the various conditions and clariﬁes why the go/no-go task is only a kind of conservative control condition. There are



Fig. 1. Cues in the go/no-go task. In each column the same and diﬀerent cues with a certain go signal are shown; go signals are marked in the top row; black cues are those associated with responses.
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four variants of the unimanual go/no-go task, each one with one of the four diﬀerent cues as the go signal. For each go signal, data are obtained for one of the two conditions with same cues and one of the two conditions with diﬀerent cues. In the condition with same cues, the cue for the responding hand is always the same as the go signal shown on the other side of the screen, but in conditions with diﬀerent cues, the cue for the responding hand is the same as the no-go signal if it were presented on the other side. This diﬀerence, among others, could result in longer reaction times when diﬀerent rather than same cues are presented, in particular at short cueing intervals. Our unimanual control condition is conservative in the sense that diﬀerences between same-cue and diﬀerent-cue conditions could result from the same diﬀerences between stimulus-related processes as in the bimanual conditions, but in addition from other processes related to the go/no-go task. Thus, the diﬀerences between same-cue and diﬀerent-cue conditions in the bimanual and unimanual conditions can be written as the sums of a common component c, related e.g., to cue identiﬁcation, and speciﬁc components b and u, respectively, with b reﬂecting the eﬀects of transient parametric coupling. When c þ b in the bimanual condition is larger than c þ u in the unimanual condition, this clearly indicates that b > 0. However, with c þ u > c þ b no inference on whether or not b is larger than zero is possible. With c þ b ¼ c þ u the situation is similar; however, there may be other diﬀerences between same-cue and diﬀerent-cue conditions which suggest that both b and u are larger than zero, so that again the existence of transient parametric coupling ðb > 0Þ can be shown. 2.1. Method 2.1.1. Participants Sixteen participants, nine males and seven females, took part in two sessions of 2 h 45 min duration each on two successive days. Fifteen subjects were right-handed and one was left-handed (Edinburgh Handedness Inventory, Oldﬁeld, 1971). 2.1.2. Apparatus The participants faced a computer monitor and wore headphones. The force-recording device (Fig. 2) was placed on a table in front of them. They grasped two handles (Fig. 2A) with their right and left hands; the diameter of the handles was 2.6 cm. The thumbs were abducted and placed on the ends of two levers (Fig. 2B) so that they touched two mechanical stops (Fig. 2C). The correct placement of the thumbs was monitored by means of photoelectric make-and-breaks (Fig. 2D). The lever transmitted the force exerted by the participants with their thumbs to two load cells (Kyowa LM-A; Fig. 2E); the mechanical arrangement of the levers and the load cells resulted in an ampliﬁcation of the forces exerted by the thumbs by approximately 1.6. The ampliﬁed output of the load cells (Kyowa bridge ampliﬁers, model WGI-300 series) was fed into a Stemmer analog-to-digital converter (STE 6111) and sampled with 500 Hz. The sampling range was from 0 to 196 N with a resolution of 0.12 N.
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Fig. 2. Sketch of the force-recording device. (A) Handles; (B) levers; (C) mechanical stops; (D) photoelectric make-and-breaks; (E) load cells.



2.1.3. Design and procedure At the start of each session MVF was determined for each participant. Subjects were instructed to produce brief bimanual force pulses with their thumbs as forcefully as they were capable of. Five bimanual force pulses were recorded. If a force pulse contained more than one maximum, the measurement was repeated; force rise time was not restricted. For each hand the maximum of ﬁve attempts was taken as the MVF (hand-speciﬁc best-of-ﬁve procedure). The target forces for each session were then deﬁned as 20% and 40% MVF. Each single trial began as soon as both thumbs were in their proper positions for 500 ms. One second later a warning tone (1000 Hz, 100 ms duration) was presented. After another 500 ms the sampling was initiated, which lasted for 2 s. At the same time the cues were presented also for 2 s. These were yellow bars on a blue background, 1.1 cm wide and laterally separated by 1.7 cm. Each of them could be of height 3.8 or 11.4 cm, the short one signaling a weak target force for the corresponding hand and the long one a strong target force. The bases of the bars were aligned. After a randomly chosen cueing interval of 0, 250, 500, or 750 ms the imperative stimulus was presented, which was a tone of 1333 Hz and 100 ms duration. Feedback was provided after each trial for 2 s; without such feedback isometric contractions become highly unstable in the course of a block of trials. Two outline rectangles were shown in the left and right half of the screen. Their height was 3.8 or 7.6 cm and represented the target force (20% and 40% MVF, respectively); their width was 3.8 cm which represented a duration of 400 ms. The force–time curves which were produced in the trial were shown on the screen with their onsets aligned to the left edges of the rectangles and their baselines to the bottom lines. Thus, when the peak forces were correct, the force–time curves just reached the upper horizontal lines of the rectangles. The experimenter, who monitored performance in an adjacent room, received the same information on a separate screen. In addition, she was informed about reaction time, pulse duration and peak force. When the pulses’ shapes deviated too much from the one required, subjects were reminded to produce force pulses that ﬁt into the feedback rectangle.
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In bimanual trials the participants had to produce the two cued forces as rapidly as possible in response to the imperative signal. In unimanual trials the responding hand was deﬁned for each block of trials. To make sure that participants also attended to the irrelevant cue for the non-responding hand, this was deﬁned as a go/ no-go signal; the unimanual response had to be performed only in the case of a go signal. Each block consisted of 64 experimental trials which were preceded by eight warm-up trials. During the warm-up trials each of the four cue combinations (short–short, long–long, short–long, and long–short) was presented twice in a random order; the cueing interval was always 750 ms. In the experimental trials each of the four cue combinations was combined with each of the four cueing intervals (0, 250, 500, 750 ms); each of the diﬀerent types of trials was presented four times with their order being randomized. Trials with reaction times smaller than 80 ms were repeated at a randomly chosen position later in the block of trials. Blocks were organized into sets of three, and four such sets were performed during each session. The ﬁrst and third blocks of each set were unimanual and the middle one bimanual. The two unimanual blocks required responses with the same hand, but diﬀered with respect to the irrelevant cue which was deﬁned as the go signal; in one block this was the short bar, in the other block this was the long bar. The order of hands (across sets of three blocks) and go signals (across unimanual blocks within sets) was balanced across participants. The 12 experimental blocks of each session were preceded by two bimanual practice blocks. In the ﬁrst practice block only identical target forces were cued, in the second block only diﬀerent target forces. Each of the two cue combinations was presented 20 times in a random order. The cueing interval was always 750 ms. 2.1.4. Data analysis The digitized force–time curves were low-pass ﬁltered (fourth-order Butterworth ﬁlter with cut-oﬀ frequency of 10 Hz, forward and backward to avoid phase shifts). The ﬁltered signal was diﬀerentiated and ﬁltered again. The criterion for the start of the impulse was a threshold of 20% MVF per second. In addition to reaction time, peak force and rise time (time from start until peak force) were determined for each trial. For each combination of one of the four pairs of short and long cues and one of the four cueing intervals there were 32 bimanual trials for each participant. Unimanual trials with left-hand and right-hand responses were combined to form what we shall call pseudo-bimanual trials: 3 for a given combination of cues and cueing intervals left-hand and right-hand responses were paired in their order of appearance. These pairs of responses were locally independent because they were performed in diﬀerent blocks of trials. However, they shared systematic trends as they can occur during each block. Thus, the correlations between left-hand and right-hand



3 Under the hypothesis of two separable initiation processes this is equivalent to combining two completely uncoupled ones.
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responses computed from the pseudo-bimanual trials can serve as a baseline with which one can compare the correlations computed from bimanual trials, which reﬂect local interdependencies in addition to common trends. For each combination of one of the four pairs of short and long cues and one of the four cueing intervals there were 16 pseudo-bimanual trials for each participant. 2.2. Results The results are presented as follows: We describe the performance in bimanual trials with respect to three diﬀerent types of variables, ﬁrst, the reaction times, second, the correlations of peak forces, rise times, and reaction times, and third, the peak forces and rise times of the pulses produced. The results for the unimanual trials are presented thereafter in the same format. 2.2.1. Bimanual performance Bimanual trials were discarded whenever at least one of the isometric contractions was deviant in terms of reaction time (less than 80 ms or longer than 2000 ms), in terms of rise time (less than 25 ms) or in terms of peak force (less than 5% MVF or stronger than 80% MVF). The total percentage of discarded trials was 1.4%, and it tended to increase at the longest cueing interval, most likely because of an increasing proportion of anticipatory responses. For conditions with same target forces the percentages for the four cueing intervals of 0, 250, 500, and 750 ms were 0.6%, 1.1%, 0.9%, and 1.5%, respectively, and for conditions with diﬀerent target forces they were 1.2%, 0.2%, 1.6%, and 4.0%. RT analysis (mean, minimum, and asynchrony): For each combination of cues and cueing interval we determined the median of the mean reaction times of the left and right hands in the 32 trials (minus the trials discarded), the median of the minimum reaction times, and the median of the reaction-time asynchronies, that is, the diﬀerences between the longer and the shorter reaction times (or absolute diﬀerences between the two hands). The means across participants are shown in Fig. 3. In Fig. 3a the minimum reaction times are shown as open and ﬁlled circles with vertical bars added to indicate the size of asynchronies, while in Fig. 3b the mean reaction times are shown. There were three main ﬁndings. First, as mean reaction times declined with increasing cueing interval, so did the diﬀerence between conditions with same and different target forces; at the longest cueing interval the diﬀerence had essentially disappeared. Second, the minimum reaction times in diﬀerent-force conditions crossed those in same-force conditions as the cueing interval was increased, and at the longest cueing intervals they were shorter than in same-force conditions. Third, the asynchrony in same-force conditions was considerably smaller than in diﬀerentforce conditions, but asynchronies exhibited no apparent dependency on the cueing interval. Mean reaction times, minimum reaction times, and asynchronies were subjected to three-way ANOVAs with the within-participant factors relation between peak forces (same vs. diﬀerent), cueing interval (0, 250, 500, 750 ms), and target force
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Fig. 3. Mean minimum reaction times (a) and mean mean reaction times (b) in bimanual trials as a function of cueing interval, shown separately for conditions with same and diﬀerent target forces (ﬁlled and open circles). In (a) the vertical lines show the mean asynchronies.



of the right hand (weak vs. strong). The third of these factors captures the diﬀerences between the two conditions with same target forces (weak–weak, strong–strong) and between the two conditions with diﬀerent target forces (strong–weak, weak–strong). Marking these diﬀerences by the target forces of the right hand, of course, is arbitrary. For the mean reaction times the interaction of relation with cueing interval was highly signiﬁcant, F ð3; 45Þ ¼ 9:2, p < 0:01. Contrasting the conditions with same and diﬀerent target forces at the shortest cueing interval revealed a highly signiﬁcant diﬀerence, F ð1; 15Þ ¼ 27:3, p < 0:01, whereas at the longest cueing interval the contrast was not signiﬁcant, F ð1; 15Þ ¼ 1:5, p > 0:20. In addition to the interaction both the main eﬀect of relation, F ð1; 15Þ ¼ 15:3, p < 0:01, and cueing interval, F ð3; 45Þ ¼ 93:8, p < 0:01, were signiﬁcant.
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For the minimum reaction times the interaction of relation with cueing interval again was highly signiﬁcant, F ð3; 45Þ ¼ 9:8, p < 0:01. At the shortest cueing interval the advantage of same-force conditions just failed to reach signiﬁcance, F ð1; 15Þ ¼ 3:3, p < 0:10, but the advantage of diﬀerent-force conditions at the longest cueing interval was highly signiﬁcant, F ð1; 15Þ ¼ 12:2, p < 0:01. In addition to the interaction only the main eﬀect of cueing interval, F ð3; 45Þ ¼ 93:8, p < 0:01, was signiﬁcant. Finally, asynchrony was reliably larger in diﬀerent-force conditions than in sameforce conditions, F ð1; 15Þ ¼ 11:7, p < 0:01, amounting to 97 and 14 ms, respectively. Although there was no apparent dependency of this diﬀerence on the cueing interval, both in same-force and diﬀerent-force conditions, asynchrony was smallest at the shortest interval, 52 ms as contrasted with 56, 58, and 57 ms for the longer intervals, F ð3; 45Þ ¼ 3:3, p < 0:10. Across all cueing intervals there were consistent diﬀerences between the two sameforce conditions as well as between the two diﬀerent-force conditions. However, these did not modulate the basic ﬁndings. Reaction times for strong–strong were faster than for weak–weak (392 vs. 407 ms for mean reaction times, 383 vs. 397 ms for minimum reaction times), and for strong–weak they were faster than for weak– strong (431 vs. 445 ms for mean reaction times, 376 vs. 390 ms for minimum reaction times). These diﬀerences gave rise to (almost) signiﬁcant interactions of relation with target force of the right hand both for means, F ð1; 15Þ ¼ 5:4, p < 0:05, and minima, F ð1; 15Þ ¼ 4:4, p < 0:10. It should be noted that these interactions are equivalent to main eﬀects of target force of the left hand. In the literature systematic leads of long-amplitude movements over short-amplitude movements in bimanual reaction-time tasks have been reported (Boessenkool et al., 1999; Norrie, 1964, 1967). Therefore we examined the diﬀerences between left-hand and right-hand reaction times separately. Overall there was a lead of the right hand by 8 ms, but there were no reliable variations across types of cues and cueing intervals. In particular, there was no systematic lead of strong contractions over weak ones in diﬀerent-force conditions. Analysis of correlations (peak force, rise times, and RT): The second purpose of the present experiment has been to examine generalized decoupling by means of the correlations between peak forces, rise times, and reaction times of the left and right hand. These three right–left correlations were computed for each set of up to 32 trials with a certain combination of cues and cueing intervals. The individual correlations were transformed to Fisher’s z-scores, which were used for the statistical analyses. The means across participants then were inversely transformed into correlations and are shown in Table 1. Intermanual correlations were smallest for peak force and largest for reaction time. For each variable they were larger in same-force conditions than in diﬀerent-force conditions, the diﬀerence being strongest for peak force and weakest for reaction time. For each variable the diﬀerence between same-force and diﬀerentforce conditions was highly signiﬁcant, F ð1; 15Þ ¼ 134:7, p < 0:01, for peak force, F ð1; 15Þ ¼ 56:8, p < 0:01, for rise time, F ð1; 15Þ ¼ 45:4, p < 0:01, for reaction time.
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Table 1 Correlations between left-hand and right-hand contractions Bimanual Peak force Rise time Reaction time



Pseudo-bimanual



Same force



Diﬀerent force



Same cues



Diﬀerent cues



0.620 0.780 0.982



0.144 0.497 0.899



0.020 0.125 0.184



0.044 0.127 0.183



There had been no particular reasons to expect eﬀects of the cueing interval on the correlations. Nevertheless, peak-force correlations declined at longer cueing interval, F ð3; 45Þ ¼ 4:3, p < 0:01, but this decline was present both in same-force and different-force conditions. Similarly, reaction-time correlations declined slightly with a ﬁnal increase at the longest cueing interval, F ð3; 45Þ ¼ 2:8, p < 0:05, again without a diﬀerence between same-force and diﬀerent-force conditions. Analysis of peak forces and rise times: Finally we examined the peak forces and rise times produced by the left and right hands. The purpose of these analyses was primarily to discover eventual kinematic diﬀerences that could be relevant for the reaction-time results. The means of individual medians are shown in Fig. 4. Peak forces were subjected to a four-way ANOVA with the within-participant factors relation between target forces, cueing interval, size of target force (weak vs. strong) and hand (left vs. right). As is evident from Fig. 4A, peak forces were overall stronger in diﬀerent-force conditions than in same-force conditions, F ð1; 15Þ ¼ 13:7, p < 0:01. While in strong contractions this diﬀerence was fairly stable across cueing intervals, in weak contractions it was particularly strong at the shortest cueing interval. This pattern gave rise to a three-way interaction of relation between target forces, cueing interval, and size of target force, F ð3; 45Þ ¼ 8:3, p < 0:01. The overall peak forces of weak and strong contractions were 21.1% and 40.2% MVF, the diﬀerence being highly signiﬁcant, F ð1; 15Þ ¼ 1406:0, p < 0:01. With increasing cueing interval, peak forces declined, F ð3; 45Þ ¼ 9:8, p < 0:01, in particular the strong forces produced by the left hand. While the three-way interaction of cueing interval, size of target force, and hand only approached statistical signiﬁcance, F ð3; 45Þ ¼ 2:8, p < 0:10, the subordinate two-way interactions of cueing interval and size of target force, F ð3; 45Þ ¼ 6:5, p < 0:01, and cueing interval and hand, F ð3; 45Þ ¼ 7:8, p < 0:01, were highly signiﬁcant. Finally, peak forces of the right hand were stronger than that of the left hand, F ð1; 15Þ ¼ 20:9, p < 0:01, in particular when weak target forces were cued, F ð1; 15Þ ¼ 6:8, p < 0:05. In Fig. 4B means of the individual median rise times are shown. Rise times were overall longer in diﬀerent-force conditions than in same-force conditions, F ð1; 15Þ ¼ 20:5, p < 0:01, more so when target forces were strong than when they were weak, F ð1; 15Þ ¼ 9:9, p < 0:01. These eﬀects of the relation between target forces were superposed on the general diﬀerence in rise time between weak and strong force pulses, F ð1; 15Þ ¼ 29:7, p < 0:01. Finally, rise time of the left hand was 7 ms shorter than rise time of the right hand, F ð1; 15Þ ¼ 6:0, p < 0:05, and there was a slight variation across cueing intervals, 198, 206, 205, and 203 ms for cueing intervals of 0, 250, 500, and 750 ms, respectively, F ð3; 45Þ ¼ 3:9, p < 0:05.
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Fig. 4. Mean peak forces (A) and mean rise times (B) in bimanual trials as a function of cueing interval, target force (weak or strong), and relation between target forces (same or diﬀerent).



2.2.2. Unimanual performance The pseudo-bimanual trials generated from unimanual data were analyzed in the same way as the bimanual trials. The total percentage of discarded trials was 0.9%.
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Again it tended to increase at the longest cueing interval. In conditions with same cues the percentages at the four cueing intervals were 0.8%, 0%, 0.8%, and 1.8%, respectively, and in conditions with diﬀerent cues they were 0.4%, 0.2%, 1.0%, and 2.3%. RT analysis (mean, minimum, and asynchrony): For each combination of cues and cueing interval we determined the median of the mean reaction times of the left and right hands in the 16 pseudo-bimanual trials (minus the trials discarded), the median of the minimum reaction times, and the median of the reaction-time asynchrony, that is, the diﬀerence between the longer and the shorter reaction times of each pseudo-bimanual trial. The means across participants are shown in Fig. 5a and b. As in the bimanual trials, at the longest cueing interval reaction times were almost identical in conditions with same and diﬀerent cues, but at shorter cueing intervals reaction times in same-cue and diﬀerent-cue conditions diverged (Fig. 5b). However, while the divergence of the reaction times in trials with same and different cues with decreasing cueing interval was clearly present in the mean reaction times, it was rather weak in the minimum reaction times (Fig. 5a). The divergence of mean reaction times at short cueing intervals was to a large part due to the increasing asynchrony (cf. Fig. 5a), which was particularly strong in diﬀerent-cue conditions. Mean reaction times, minimum reaction times, and asynchronies were subjected to three-way ANOVAs with the within-participant factors relation between cues (same vs. diﬀerent), cueing interval (0, 250, 500, 750 ms), and cue presented on the right side of the screen (short vs. long). (These factors are the same as those used in the analysis of bimanual reaction times, but they are labeled in the terms of the cues and not in terms of the associated target forces in the unimanual conditions.) For the mean reaction times the interaction of relation with cueing interval was highly signiﬁcant, F ð3; 45Þ ¼ 5:1, p < 0:01. At the shortest cueing interval the diﬀerence between same-cue and diﬀerent-cue conditions was highly signiﬁcant, F ð1; 15Þ ¼ 18:1, p < 0:01, while at the longest cueing interval the corresponding contrast failed to reach signiﬁcance, F ð1; 15Þ ¼ 1:0. In addition to the interaction both the main eﬀects of relation, F ð1; 15Þ ¼ 16:2, p < 0:01, and cueing interval, F ð3; 45Þ ¼ 98:3, p < 0:01, were signiﬁcant. For the minimum reaction times the interaction of relation with cueing interval was absent, F ð3; 45Þ ¼ 1:4, p > 0:20, and there were only the signiﬁcant main eﬀects of both the relation, F ð1; 15Þ ¼ 13:0, p < 0:01, and the cueing interval, F ð3; 45Þ ¼ 87:4, p < 0:01. However, for the asynchrony the relation  cueing interval interaction approached signiﬁcance, F ð3; 45Þ ¼ 2:5, p < 0:10, (for the maximum reaction times analyzed separately it actually was signiﬁcant, F ð3; 45Þ ¼ 5:6, p < 0:01). In addition, asynchrony was higher with diﬀerent cues than with same cues, F ð1; 15Þ ¼ 11:6, p < 0:01, and it increased overall at the shorter cueing intervals, F ð3; 45Þ ¼ 7:1, p < 0:01. Thus, while for mean reaction times the ﬁndings were essentially the same as in bimanual conditions, in unimanual conditions the relation  cueing interval interaction was mainly due to the maximum reaction times in the pseudo-bimanual trials, while in bimanual conditions it was present in both the minimum and maximum reaction times.
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Fig. 5. Mean minimum reaction times (a) and mean mean reaction times (b) in pseudo-bimanual (unimanual) trials as a function of cueing interval, shown separately for conditions with same and diﬀerent cues (ﬁlled and open circles). In (a) the vertical lines show the mean asynchronies.



While in bimanual trials reaction times were consistently faster with a strong target force of the left hand than with a weak one, that is, with a long cue on the left side of the screen, such a consistent pattern was not found in the unimanual conditions. In the analysis of minimum reaction times there was no reliable eﬀect due to diﬀerences between the two same-cue conditions or between two diﬀerent-cue conditions, but in the analyses of mean reaction times and asynchronies there were complex three-way interactions, F ð3; 45Þ ¼ 3:7, p < 0:05, in both cases. The nature of these interactions is most clearly visible in the maximum reaction times, where the same interaction is also signiﬁcant, F ð3; 45Þ ¼ 3:6, p < 0:05. As compared to same-cue conditions, the increase of maximum reaction times in the condition with long–short
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cues amounts to 13, 44, 39, and 64 ms at cueing intervals of 750, 500, 250, and 0 ms, respectively, while in the condition with short–long cues the increase amounts to 5, 59, 80, and 97 ms. Analysis of correlations (peak force, rise times, and RT): For the pseudo-bimanual trials correlations between peak forces, rise times, and reaction times should essentially be zero and only reﬂect trends which are systematically repeated in each block of trials. The means are shown in Table 1. In no case was there a signiﬁcant diﬀerence between same-cue and diﬀerent-cue conditions. The only signiﬁcant variation observed was a triple interaction of relation between cues, cueing interval, and cue presented on the right side for the reaction-time correlation, F ð3; 45Þ ¼ 3:1, p < 0:05, for which there is no ready explanation. The rise-time correlations and the reaction-time correlations diﬀered signiﬁcantly from zero, with the 95% conﬁdence intervals of the individual mean correlations ranging from 0.046 to 0.204 and from 0.074 to 0.289, respectively. Thus, in these timing measures there were repeated trends in diﬀerent blocks of trials. Analysis of peak forces and rise times: As for the bimanual trials, we examined peak forces and rise times. The means of individual medians are shown in Fig. 6. A comparison with Fig. 4 reveals remarkable similarities of the peak forces observed in unimanual trials with those observed in bimanual trials as well as an obvious diﬀerence, namely the lack of an overall increase of peak force in diﬀerent-cue conditions. The most conspicuous similarity is the heightened peak force of weak contractions in diﬀerent-cue conditions, which is present only at short cueing intervals. The corresponding triple interaction of relation between cues, cueing interval, and size of target force was again highly signiﬁcant, F ð3; 45Þ ¼ 10:5, p < 0:01. The overall peak forces of weak and strong contractions were the same as in bimanual trials, 21.1% and 40.2% MVF, the diﬀerence being highly signiﬁcant, F ð1; 15Þ ¼ 1029:4, p < 0:01. With increasing cueing interval peak forces declined, F ð3; 45Þ ¼ 13:6, p < 0:01. The decline again varied across conditions, but not in the same manner as in bimanual trials; it was strongest in weak contractions of the right hand and strong contractions of the left hand, as reﬂected in a signiﬁcant three-way interaction of cueing interval, size of target force, and hand, F ð3; 45Þ ¼ 3:5, p < 0:05. No subordinate interactions involving the factor cueing interval reached signiﬁcance. Finally, peak forces of the right hand were stronger than that of the left hand, F ð1; 15Þ ¼ 12:3, p < 0:01, in particular when weak target forces were cued, F ð1; 15Þ ¼ 7:6, p < 0:05. In Fig. 6B the means of individual median rise times are shown. With diﬀerent cues rise time was slightly longer than with same cues, F ð1; 15Þ ¼ 5:5, p < 0:05, but only for weak contractions, 171 vs. 164 ms, not for strong ones, 195 vs. 196 ms, F ð1; 15Þ ¼ 4:9, p < 0:05. Strong contractions had again a longer rise time than weak contractions, F ð1; 15Þ ¼ 35:8, p < 0:01. 2.3. Discussion The bimanual reaction times exhibited the pattern expected under the assumption that the hypothesis of a transient parametric coupling does also hold for bimanual
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Fig. 6. Mean peak forces (A) and rise times (B) in unimanual trials as a function of cueing interval, target force (weak or strong), and relation between target forces (same or diﬀerent).



isometric contractions of distal muscle groups. With a short cueing interval, when processes of peak-force speciﬁcation necessarily occur after presentation of the
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imperative signal, reaction time in conditions with diﬀerent target forces is longer than in conditions with same target forces. In contrast, at suﬃciently long cueing intervals processes of peak-force speciﬁcation can be ﬁnished in advance of the imperative signal, so that their diﬀerent durations in same-force and diﬀerent-force conditions are no longer reﬂected in reaction-time diﬀerences. This pattern of results is the same as has been found with bimanual reversal movements with same and different amplitudes (Spijkers et al., 1997). Conﬁrming previous ﬁndings of Rinkenauer et al. (2001) and Steglich et al. (1999), intermanual correlations of peak forces were smaller in conditions with diﬀerent target forces than in conditions with same target forces, and the same was true for the intermanual correlations of rise times. In contrast to Rinkenauer et al. (2001) we had not given instructions on target rise times, so with diﬀerent target forces of the two hands mean rise times of the left and right hands were actually diﬀerent. Decoupling of timing parameters is likely to be a prerequisite for such a diﬀerence. In spite of the evidence that response speciﬁcation and response initiation are separable processes, decoupling generalized to response initiation as indicated by a smaller intermanual correlation of reaction times in conditions with diﬀerent target forces than in conditions with same target forces. Although even in diﬀerent-force conditions the correlation was quite high, close to 0.9, the reduction was clearly present. In addition, it really indicates a decoupling of separable processes of left-hand and right-hand response initiation, as revealed by the minimum reaction times of the bimanual trials. We had envisaged two diﬀerent hypotheses on the initiation of bimanual responses, the hypothesis of a single unitary process and the hypothesis of two separable, though tightly coupled processes. The ﬁnding that minimum reaction times at long cueing intervals in diﬀerent-force conditions, that is, in conditions with a less tight coupling and a smaller intermanual correlation, were actually shorter than in same-force conditions supports the notion of separable processes. In addition, consistent with the diﬀerence in intermanual correlations of reaction times, asynchrony was consistently higher in diﬀerent-force conditions than in same-force conditions. However, as compared with the diﬀerence between the intermanual reaction-time correlations, 0.90 vs. 0.98, the diﬀerence between mean asynchronies, 97 vs. 14 ms, appears astonishingly large. Thus, other factors may have contributed to it, for example somewhat larger reaction-time variability in diﬀerent-force than in same-force conditions or variable staggered onsets as a strategy to overcome intermanual interactions (e.g., Swinnen et al., 1988). In fact, a supplementary analysis revealed that the semi-interquartile range of reaction-time distributions was somewhat larger in diﬀerent-force conditions than in same-force conditions, 85 vs. 78 ms, but this diﬀerence fell short of signiﬁcance. With the present task there is the possibility of a particular kind of tradeoﬀ between reaction times and the assimilation of peak forces in particular in conditions with diﬀerent target forces, as revealed by the timed-response procedure (Steglich et al., 1999). However, in the present experiment there was no such tradeoﬀ. A possible exception could have been the stronger peak force of weak contractions at the
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shortest cueing interval in diﬀerent-force conditions; however, this particular result was not restricted to bimanual trials, but was also observed in unimanual trials. Nevertheless, the isometric contractions in diﬀerent-force conditions were not identical to those in same-force conditions. As we have observed previously (Steglich et al., 1999), they were stronger overall, in particular the strong contractions, and also somewhat slower. The likely reason for these diﬀerences is that response forces are sensitive to factors like arousal and various task variations in reaction-time tasks (e.g., Jaskowski, van der Lubbe, Wauschkuhn, Wascher, & Verleger, 2000); thus, they can easily be increased for the harder task of producing diﬀerent peak forces as compared with the easier task of producing same peak forces. We had run unimanual conditions to examine the possibility that the expected (and actually observed) pattern of reaction times in bimanual trials could have resulted from the relation between cues instead of the relation between concurrent processes of peak-force speciﬁcation. For the reasons described above, in the unimanual conditions peak-force speciﬁcations for the one hand were not accompanied by processes of specifying peak forces for the other hand, but instead by processes of deciding whether or not to respond. Thus the intermanual cross-talk was absent in unimanual trials, but instead there was an added go/no-go decision which could also serve to increase reaction time at short cueing intervals, in particular with diﬀerent cues. Contrary to previous ﬁndings with reversal movements and other kinds of cues (Spijkers et al., 1997), in the unimanual conditions the diﬀerences between mean reaction times in same-cue and diﬀerent-cue conditions depended on the cueing interval in essentially the same way as in the bimanual trials, but this was not the case for minimum reaction times and asynchronies. Although in unimanual conditions the mean reaction times in same-cue and diﬀerent-cue conditions diverged at shorter cueing intervals, this was due mainly to the divergence of the longest reaction times in each trial, but not of the shorter ones. In the case of the pseudo-bimanual trials such a ﬁnding indicates a divergence of the variability of reaction times; in fact, the semiinterquartile ranges of the reaction-time distributions were larger in diﬀerent-cue conditions by 7, 22, 26, and 31 ms at progressively shorter cueing intervals. In contrast, in the bimanual trials the whole distributions of reaction times in same-force and diﬀerent-force conditions were shifted relative to each other at shorter cueing intervals. Thus, when the diﬀerence between same-cue and diﬀerent-cue conditions is considered as a random variable, it is not the same variable in unimanual and bimanual conditions, because higher moments than the ﬁrst one are diﬀerent. From the rationale of the unimanual control conditions outlined above, there must be a speciﬁc component u in unimanual conditions with a diﬀerent distribution than the speciﬁc component b in bimanual conditions, in addition to an eventual common component c with identical distributions in uni- and bimanual conditions. This again implies that at least a part of the processes which underlie the diﬀerences between samecue and diﬀerent-cue conditions are diﬀerent as well. In bimanual conditions the speciﬁc processes which contribute to the diﬀerences are likely to be related to the transient parametric coupling, in particular to the decoupling when diﬀerent target forces are required.
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3. Experiment 2: successive isometric contractions While in the ﬁrst experiment the participants were requested to produce bimanual isometric contractions in response to a single imperative signal, in this experiment there was a separate imperative signal for each hand, and the second signal was delayed by 100, 200 or 750 ms. With the two shortest delays it was presented before the isometric contraction of the ﬁrst-responding hand was initiated, with the longest delay generally after the end of the ﬁrst response. The cue which indicated the second target force was presented together with the second imperative signal. With increasing delay of the second imperative signal (and the cue) the temporal overlap of the speciﬁcation of the second peak force with the speciﬁcation of the ﬁrst peak force is progressively reduced, and the diﬀerence between second reaction times for target forces which are same or diﬀerent relative to the target force of the ﬁrst response should disappear. While the cue which indicated the target force for the second response was always presented concurrently with the second imperative signal, the cue which indicated the target force for the ﬁrst response was presented with a variable cueing interval of 0, 125, 250, 375, or 500 ms. At the long cueing intervals the ﬁrst peak force could be speciﬁed more or less completely in advance of the ﬁrst imperative signal, while at the short cueing intervals the speciﬁcation process should be included in the reaction-time interval. Provided that the speciﬁcation of the second peak force temporally overlaps with the reaction time of the ﬁrst isometric contraction, the hypothesis of a transient coupling during peak-force speciﬁcations holds that the effect of the relation between the target forces of the successive isometric contractions on the reaction time of the second response should gradually disappear as the speciﬁcation of the peak force of the ﬁrst response is temporally advanced at longer cueing intervals. We have observed this pattern of results with reversal movements instead of isometric contractions (Spijkers et al., 2000), and if it would show up with isometric contractions as well, this would provide additional support for the hypothesis of a transient parametric coupling of peak-force speciﬁcations. 3.1. Method 3.1.1. Participants Sixteen participants, seven males and nine females, took part in two sessions which lasted about two hours each. They were paid for their service. Fourteen were right-handed, one was left-handed, and one was ambidextrous (Edinburgh Handedness Inventory, Oldﬁeld, 1971). 3.1.2. Design and procedure The apparatus and the cues were the same as in Experiment 1. MVFs were determined in the same manner, and target forces were again deﬁned as 20% and 40% MVF. Each single trial began as soon as both thumbs were in the proper position for 500 ms. Sampling started 500 ms later. After a further 500 ms the cue for the ﬁrst-
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responding hand was presented, which was the left hand for half of the participants and the right hand for the other half. The ﬁrst imperative signal, a tone of 1000 Hz and 20 ms duration, followed after the variable cueing interval of 0, 125, 250, 375, or 500 ms. Then, after a variable delay of 100, 200, or 750 ms, the second cue was presented simultaneously with the second imperative signal, a tone of 2000 Hz and 20 ms duration. Sampling continued for 2 s. Thereafter knowledge of results was presented on the screen in the same format as in Experiment 1. In addition the participants were informed when one of the two reaction times was faster than 80 ms. These trials, as well as trials with diﬀerent cues for the two responses but actual peak forces in the reverse order, were considered invalid and repeated in a randomly chosen later position in the block of trials. Each block consisted of 60 trials, preceded by four warm-up trials. Each of the 60 trials of a block represented a single instance of the factorial combination of ﬁve cueing intervals, three delays, two cues for the ﬁrst response, and two cues for the second response. The ﬁrst session consisted of four practice blocks and six experimental blocks, the second session of one practice block and nine experimental blocks. Thus, in total there were 15 trials of each type. 3.2. Results One block of trials as well as a single last trial of a block were lost because of recording failures. In addition 70 trials were identiﬁed in which peak forces were outside the range of 5–80% MVF or in which reaction time or rise time were invalid (like contractions initiated in advance of an imperative signal; they were not repeated because online data evaluation used another and faster algorithm than oﬄine evaluation and, thus, was not as accurate as the latter one). In total 131 of 14,400 trials (0.9%) were discarded or missing. The results will be reported ﬁrst for the second and thereafter for the ﬁrst of the two isometric contractions. 3.2.1. Second response: reaction time The means of the individual median reaction times, collapsed across the two combinations of same and diﬀerent target forces, are shown in Fig. 7. Overall reaction times declined with increasing delay between the two imperative signals, and so did the diﬀerence between reaction times for responses which were preceded by same-force or diﬀerent-force contractions. The eﬀects of the relation between target forces, that is, the reaction-time diﬀerences between same-force and diﬀerent-force conditions, were 35, 31, and 2 ms for the three delays of 100, 200, and 750 ms, respectively. Similarly, reaction times declined with increasing cueing interval, and so did the diﬀerence between the conditions with same and diﬀerent target forces: the eﬀects of the relation between target forces were 34, 19, 20, 17, and 16 ms for the ﬁve cueing intervals of 0, 125, 250, 375, and 500 ms. When the delay was only 100 ms, the reduction of the eﬀect of the relation between target forces with increasing cueing interval was slow: 41, 37, 39, 23, and 35 ms. When the delay was 200 ms, the reduction was fast, that is, it was present already at shorter cueing intervals: 50, 25, 29, 27, and 22 ms. With the 750 ms delay the diﬀerence hovered around zero.
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Fig. 7. Mean reaction times of second responses as a function of cueing interval, delay of the second imperative signal (100, 200, or 750 ms), and relation between target forces of successive contractions (same or diﬀerent).



The data were subjected to a ﬁve-way ANOVA with the between-participant factor order of hands (left–right vs. right–left) and the within-participant factors target force of the ﬁrst response (weak vs. strong), relation between successive target forces (same vs. diﬀerent), cueing interval (0, 125, 250, 375, 500 ms), and delay of the second imperative signal (100, 200, 750 ms). The main eﬀect of the relation between target forces was signiﬁcant, F ð1; 14Þ ¼ 10:1, p < 0:01, and so were the relation  cueing interval interaction, F ð4; 56Þ ¼ 3:4, p < 0:05, and the relation  delay interaction, F ð2; 28Þ ¼ 9:3, p < 0:01. However, the triple interaction of relation  cueing interval  delay failed to reach signiﬁcance, perhaps because the decline of the eﬀect of the relation between target forces with increasing cueing interval and short delays was only incomplete. Not shown in Fig. 7 is the modulation of the eﬀect of the relation between target forces by their order, as reﬂected in a signiﬁcant relation  target force interaction, F ð1; 14Þ ¼ 16:7, p < 0:01: when the ﬁrst contraction was weak, the advantage of a second weak contraction over a second strong contraction was only 4 ms overall, while, when the ﬁrst contraction was strong, the advantage of a second strong contraction over a second weak one was 39 ms. This interaction was not subject to higherorder modulations, in particular it did not vary across delays and cueing intervals. In addition to the eﬀects of the relation between target forces there were other reliable variations of the reaction times of the second responses. First, second reaction
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times were longer whenever the ﬁrst contraction was strong than when it was weak (448 vs. 397 ms), F ð1; 14Þ ¼ 70:8, p < 0:01, and this diﬀerence declined both at longer cueing intervals, F ð4; 56Þ ¼ 7:2, p < 0:01, and at longer delays, F ð2; 28Þ ¼ 8:0, p < 0:01. Second, there were the obvious main eﬀects (cf. Fig. 6) of delay, F ð2; 28Þ ¼ 64:4, p < 0:01, and cueing interval, F ð4; 56Þ ¼ 59:0, p < 0:01, as well as a signiﬁcant interaction of these two factors, F ð8; 112Þ ¼ 15:5, p < 0:01. 3.2.2. Second response: peak force The mean peak forces of the second isometric contractions exhibited a fairly complex variation across experimental conditions, so only the major eﬀects will be described. First of all, there was no indication of an assimilation when target forces were diﬀerent. Instead, with the shortest delay of 100 ms the pattern of peak forces was similar to the results of Experiment 1 (Fig. 3): strong forces were stronger in different-force conditions than in same-force conditions (42.5% vs. 37.7% MVF), while weak forces were not elevated, but tended even to be weaker (20.1% vs. 20.8% MVF). As the delay was increased, the diﬀerence between strong forces in diﬀerentand same-force conditions declined, while the opposite diﬀerence between weak forces increased. At the longest delay the enhancement of strong forces in diﬀerent-force conditions (relative to same-force conditions) was still somewhat larger (40.8% vs. 36.9% MVF) than the reduction of weak forces in diﬀerent-force conditions (17.1% vs. 19.7% MVF). This basic pattern gave rise to a number of signiﬁcant eﬀects in the ANOVA: a triple interaction of target force, relation, and delay, F ð2; 28Þ ¼ 3:8, p < 0:05, a two-way interaction of relation and delay, F ð2; 28Þ ¼ 3:6, p < 0:05, and a main eﬀect of the relation, F ð1; 14Þ ¼ 23:8, p < 0:01. The overall eﬀect of the relation between responses did not only decline when the delay was increased, but also when the cueing interval became longer (2.1%, 1.4%, 1.2%, 1.4%, and 0.7% MVF at the cueing intervals of 0, 125, 250, 375, and 500 ms, respectively), F ð4; 56Þ ¼ 2:6, p < 0:05. Finally, there was a complex interaction of all ﬁve factors involved in the analysis, F ð8; 112Þ ¼ 2:0, p < 0:05. There were additional reliable variations of peak force that did not invoke the relation between successive target forces. Peak forces of the second contractions were higher after weak than after strong ﬁrst contractions (31.0% vs. 27.9%MVF), F ð1; 14Þ ¼ 56:7, p < 0:01, declined with increasing delay (30.3%, 29.5%, and 28.6% MVF), F ð2; 28Þ ¼ 6:5, p < 0:01, and varied slightly across cueing intervals (29.7%, 29.2%, 29.3%, 29.3%, and 29.9% MVF), F ð4:56Þ ¼ 3:5, p < 0:05. The U-shape of the peak force as a function of the cueing interval was somewhat diﬀerent at the three delays: at the shortest delay of 100 ms the initial decline at short cueing intervals was steeper than the increase at long cueing intervals, and at the longest delay of 750 ms this asymmetry was reversed. The interaction of cueing interval and delay was signiﬁcant, F ð8; 112Þ ¼ 2:1, p < 0:05. 3.2.3. Second response: rise time The mean rise times of the second isometric contraction again exhibited a pattern of results which was similar to the one found in Experiment 1 (cf. Fig. 3), except that the eﬀect of the relation between target forces was less pronounced. With same target
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forces the rise time of the second contraction was 177 ms, with diﬀerent target forces 185 ms. In addition, of course, strong contractions had longer rise times than weak contractions, in particular when the second contraction was produced with the left hand, and rise times were 4 ms longer after weak ﬁrst contractions than after strong ones. This pattern of results was reﬂected in signiﬁcant main eﬀects of the relation between target forces, F ð1; 14Þ ¼ 6:5, p < 0:05, and of the target force of the ﬁrst contraction, F ð1; 14Þ ¼ 5:0, p < 0:05, as well as in a signiﬁcant interaction of these two factors, F ð1; 14Þ ¼ 95:3, p < 0:01, and a three-way interaction with order of hands as the third factor, F ð1; 14Þ ¼ 9:0, p < 0:01. There was only a small, but signiﬁcant, variation across cueing intervals (180, 181, 180, 180, and 183 ms), F ð4; 56Þ ¼ 3:3, p < 0:05, and no eﬀect whatsoever of the delay. 3.2.4. First response: reaction time Reaction time of the ﬁrst response was not aﬀected by the relation between target forces. Of course, there was a strong eﬀect of the cueing interval, F ð4; 56Þ ¼ 106:1, p < 0:01, in that reaction times declined as the cueing interval became longer. The mean reaction times were 413, 337, 279, 251, and 241 ms at the cueing intervals of 0, 125, 250, 375, and 500 ms. Although the reaction time of the ﬁrst response did not depend on the relation between target forces, it was somewhat modulated by the delay of the second imperative signal. As is not untypical in double-stimulation experiments, reaction times of the ﬁrst contraction tended to increase with increasing delays (cf. Heuer, 1996b). Overall this increase was small—from 298 to 308 ms—and non-signiﬁcant; however, there were signiﬁcant modulations of the increase by the target force, the cueing interval, and the hand. For strong target forces the increase was negligible (298, 302, 302 ms), but for weak target forces noticeable (297, 312, 313 ms), the interaction of delay with target force being signiﬁcant, F ð2; 28Þ ¼ 4:9, p < 0:05. Only at the longest cueing interval did also the reaction time of strong contractions noticeably increase at long delays; the triple interaction of delay with target force and cueing interval was signiﬁcant, F ð8; 112Þ ¼ 2:2, p < 0:05. Diﬀerences between hands were similar to diﬀerences between target forces: for left-hand contractions reaction times increased with delay at all cueing intervals, but for right-hand contractions only at the longest ones, giving rise to a signiﬁcant delay  cueing interval  order of hands interaction, F ð8; 112Þ ¼ 3:5, p < 0:01. 3.2.5. First response: peak force Peak forces of the ﬁrst isometric contractions were higher when the second target force was diﬀerent than when it was the same, F ð1; 14Þ ¼ 8:5, p < 0:05. The eﬀect of the relation between target forces was present at short cueing intervals and disappeared at longer ones (1.3%, 0.8%, 0.6%, 0.2%, and 0.1% MVF for the cueing intervals of 0, 125, 250, 375, and 500 ms, respectively), giving rise to a signiﬁcant relation  cueing interval interaction, F ð4; 56Þ ¼ 2:8, p < 0:05. Similarly the eﬀect of the relation declined with increasing delay of the second imperative signal (0.8%, 0.6%, and 0.2% MVF), but this modulation failed to reach signiﬁcance. In addition there was an overall decline of peak forces with increasing cueing interval (from 30.2% to
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28.7% MVF), F ð4; 56Þ ¼ 6:5, p < 0:01, and increasing delay (from 29.7% to 28.8% MVF), F ð2; 28Þ ¼ 4:7, p < 0:05. 3.2.6. First response: rise time Rise times were longer for strong isometric contractions than for weak ones (182 vs. 156 ms), F ð1; 14Þ ¼ 146:3, p < 0:01. Except for a slight modulation of this diﬀerence across cueing intervals (27, 26, 24, 26, and 30 ms), F ð4; 56Þ ¼ 3:5, p < 0:05, there were no other signiﬁcant variations across the experimental conditions. 3.2.7. Intermanual correlations As in the experiment with concurrent contractions the correlations between peak forces were higher when same rather than diﬀerent target forces were cued (0.351 vs. 0.257), F ð1; 14Þ ¼ 6:9, p < 0:05, and the same was true for the correlations between rise times (0.403 vs. 0.303), F ð1; 14Þ ¼ 30:2, p < 0:01. However, the correlations between reaction times were not diﬀerent (0.690 vs. 0.704), F ð1; 14Þ < 1. 3.3. Discussion The present experiment revealed clear eﬀects of the relation between the target forces of successively rather than concurrently produced isometric contractions. In particular, the reaction time of the second contraction was longer when target forces were diﬀerent than when they were identical, provided that the reaction-time intervals of both contractions did temporally overlap. In addition, the diﬀerence between conditions with same and diﬀerent target forces declined when the ﬁrst target force was cued progressively in advance of the ﬁrst imperative signal. These are the results expected under the hypothesis of a transient parametric coupling during peak-force speciﬁcations. However, one of the expected results was missing, in that the decline of the diﬀerence between same-force and diﬀerent-force conditions with increasing cueing interval was not clearly limited to the short delays and absent with the longest delay; the relevant three-way interaction was not signiﬁcant. The observed peak forces gave no sign of an assimilation, but they were stronger overall when diﬀerent target forces were cued, and the diﬀerence between weak and strong contractions was enhanced in diﬀerent-force conditions (cf. Experiment 1; Steglich et al., 1999). The overall increase of peak force when diﬀerent target forces were cued was also observed for the ﬁrst contractions (here it disappeared at long cueing intervals and long delays of the second imperative signal). Rise times, which were longer for strong contractions than for weak contractions, again gave no sign of an assimilation. Similar to peak forces, they were longer overall in conditions in which diﬀerent target forces were cued. In fact, the increases of peak forces and rise times in these conditions might be related: we gave no strict timing goals for the isometric contractions so that the participants, when they produced strong or weak forces, most likely used what Gottlieb, Corcos, and Agarwal (1989) have called a speed-insensitive strategy rather than a speed-sensitive strategy (or pure pulse-height control).
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Reaction times to the second of two signals which follow in rapid succession have received a great deal of attention since Telford’s (1931) seminal observations on the psychological-refractory period (for a review see Pashler (1994) and Welford (1980)). In fact, when plotted as a function of the interval between successive stimuli, reaction times of the second responses exhibited the typical increase as the delay of the second imperative signal became shorter, and this increase became less steep as the cueing interval was increased and the ﬁrst response changed gradually from a two-choice response to a simple response. There are some characteristics of the present results which are among the typical ﬁndings in double-stimulation experiments and which can be accounted for in terms of a bottleneck model. However, the observed eﬀect of the relation between responses is beyond the scope of simple bottleneck models in that it does neither result from a characteristic of the ﬁrst task in the sequence nor from a characteristic of the second task, but rather from the relation between the two tasks. Nevertheless, the present results are fully consistent with a bottleneck model as soon as one acknowledges that the duration of a certain stage after the bottleneck is not only determined by the stimulus and/or the response, but also by the relation between the two tasks. Such a relational eﬀect on the duration of peak-force speciﬁcation follows from the hypothesis of transient parametric coupling. In more general terms, in addition to the bottleneck, which produces the basic lengthening of the second reaction times at short delays of the second imperative stimulus, the present experiment reveals the existence of cross-talk eﬀects leading to a lengthening of the duration of response speciﬁcations. Parametric cross-talk in principle is bidirectional. Thus one might wonder why its eﬀect became visible only in the reaction times of the second contractions, but not in those of the ﬁrst ones. There is no obvious reason for this asymmetry. However, there is some evidence for strategic inﬂuences on the nature of parametric cross-talk (e.g., Heuer et al., 1998b; Rinkenauer et al., 2001; Steglich et al., 1999). Such evidence became also apparent in the correlations between peak forces, rise times, and reaction times in the ﬁrst experiment, which were high when same target forces were cued and low when diﬀerent target forces were cued, indicating a decoupling only in the latter case. Given such ﬂexibility, the hypothesis seems not far-fetched that an ongoing (or already ﬁnished) process of parameter speciﬁcation becomes protected from cross-talk through inhibitory processes. This would serve the same purpose as bottlenecks in processing do, namely the protection of an ongoing action against disturbing inﬂuences from preparatory activities for forthcoming actions (Heuer, 1996b). Reaction times for the two conditions with same target forces were not identical, nor were the reaction times for the two conditions with diﬀerent target forces. The pattern of results can be described in diﬀerent ways. One perspective is that the advantage of a strong contraction over a weak contraction following a strong one is larger than the advantage of a weak contraction over a strong contraction following a weak one; another perspective is that the diﬀerence between reaction times of strong and weak contractions is larger in diﬀerent-force conditions than in sameforce conditions. A detailed elaboration of this methodological problem of repre-
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senting relations between motor responses in a factorial design (and other kinds of same-diﬀerent relations as well) is presented in Appendix B. It leads to the conclusion that the eﬀects are caused by a diﬀerence between reaction times of strong and weak contractions. The ﬁndings on the correlations between peak forces and rise times of the two contractions again revealed lower correlations when diﬀerent target forces were cued than in same-force conditions, but the diﬀerences were much smaller than in Experiment 1. For the correlations between reaction times, where the diﬀerence was smallest in Experiment 1, it was absent in Experiment 2. Also the overall size of the correlations was smaller in the present experiment than in the ﬁrst one. These ﬁndings suggest that the strategic modulation of cross-talk—depending on whether same or diﬀerent target forces are cued—is less pronounced in the sequential production of bimanual isometric contractions than in the concurrent production. Instead, there is a stronger decoupling overall.



4. General discussion The present experiments were designed to explore the validity of the hypothesis of transient parametric coupling for concurrent speciﬁcations of peak forces of isometric contractions. This hypothesis builds on a distinction between two functional levels of motor control at which intermanual interactions can originate, a parametric level and an outﬂow level (Marteniuk & MacKenzie, 1980; Spijkers & Heuer, 1995). In addition it holds that the dynamic characteristics of cross-talk can diﬀer, ﬁrst, across movement characteristics, and second, across task requirements. While for spatio-temporal movement characteristics cross-talk appears mainly to be static (cf. Heuer, 1990, 1995), it seems to have a major transient component for movement characteristics like the muscle group involved (Heuer, 1986, 1993) and in particular for amplitudes (Heuer et al., 1998a,b; Spijkers & Heuer, 1995; Spijkers et al., 1997, 2000). The transient component, resulting from a de-coupling during response speciﬁcation, shows up only when diﬀerent movement characteristics are to be speciﬁed. Experiments with the timed-response method allow one to trace the time-course of transient parametric coupling. Both for amplitudes of bimanual reversal movements (Heuer et al., 1998b) and peak forces of isometric contractions (Steglich et al., 1999) a time-varying cross-talk gain allowed a reasonable quantitative ﬁt of the observed data. However, the available data do not allow to distinguish diﬀerent formal representations which result in a similar time course of the cross-talk gain. The observation that the time-course of the cross-talk gain is task dependent, as reﬂected in the correlations between amplitudes or peak forces, suggests that there is some degree of strategic control. One way to conceive of such a strategic control is in terms of inhibition of cross-talk signals which—if adequate for the movement task—develops in the course of parameter speciﬁcation (cf. Heuer, 1993). According to previous ﬁndings, this kind of decoupling is not restricted to those characteristics for which bimanual responses are actually instructed to be diﬀerent, but generalizes to other characteristics (Heuer et al., 2001; Rinkenauer et al., 2001). The ﬁndings of
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Experiment 1 reveal that, at least for isometric contractions, decoupling does also generalize to concurrent processes of response initiation. The essential data gathered with the timed-response method are amplitudes of concurrent movements or peak forces of concurrent isometric contractions. These data do not necessarily reﬂect only parametric cross-talk, but may be aﬀected by cross-talk between outﬂow signals. Therefore, we examined the implications of the hypothesis of transient parametric coupling for a variable which should be only little or not at all aﬀected by outﬂow-level cross-talk, the reaction time of bimanual isometric contractions with same and diﬀerent target forces. Diﬀerences between reaction times should reﬂect diﬀerences between the durations of parameter speciﬁcations, provided that responses are initiated as soon as the ﬁnal steady state of the speciﬁcations has been approached to a certain degree. Because of the transient assimilations, transient parametric coupling has the general eﬀect of increasing the time needed to reach the ﬁnal steady state of response speciﬁcations. Thus for diﬀerent responses longer reaction times should be expected. This expectation does not imply the assumption that the ﬁnal steady state of motor speciﬁcations has actually been reached at response initiation. In fact, there is evidence that peak-force speciﬁcations continue during the isometric contractions (Hening et al., 1988). The expectation only implies the assumption that responses are not initiated at systematically diﬀerent states of parameter speciﬁcations in conditions with same and diﬀerent target forces. The major prediction from the hypothesis of transient parametric cross-talk is not only the lengthening of reaction times when diﬀerent peak forces are to be produced, but also the decline of the eﬀect of the relation between target forces as the cues which indicate target forces are temporally advanced. This is in fact what we observed in Experiment 1. Ideally, the eﬀect of the relation between target forces should disappear at suﬃciently long cueing intervals. This ‘‘full decline’’, however, presupposes that the cues are consistently exploited for advance speciﬁcation. Recent evidence suggests that participants will not always do so (De Jong, 2000), so that the decline across increasing cueing intervals can be incomplete. In the second experiment the analysis was not only focussed on reaction times, but in addition the isometric contractions were performed in rapid succession. All in all, the ﬁndings again matched expectations. However, there were some intriguing quantitative diﬀerences between the two types of task, the one requiring concurrent contractions and the other one requiring successive contractions. First, the decline of the eﬀect of the relation between target forces with increasing cueing interval appeared smaller with successive than with concurrent contractions. Second, the diﬀerence between the peak-force correlations in conditions with same and diﬀerent target forces was smaller, in particular the correlation in conditions with same target forces was reduced. The same was true also for intermanual correlations of rise times, and for reaction-time correlations the diﬀerence between conditions with same and diﬀerent target forces was absent. These observations suggest diﬀerences between the two tasks which are likely of a strategic nature, given the other observations on strategic inﬂuences on the nature of parametric cross-talk. Speciﬁcally, there seems to be a more generalized inhibition of cross-talk in the successive-response task than in
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the concurrent-response task which might be related to the requirement to prevent early second responses. Thus, the initial setting of the cross-talk gain in advance of each trial should be lower, and the additional decline in the course of specifying diﬀerent rather than same peak forces as well, which, of course, reduces the behavioural reﬂections of transient parametric cross-talk.
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Appendix A In this appendix we derive some implications of two diﬀerent hypotheses on bimanual reaction times. According to the ﬁrst hypothesis, there is a single process of response initiation which includes the determination of a delay between responses with the left and right hand. According to the second hypothesis, there are two separate, but coupled processes of initiating the left-hand and right-hand responses; the durations of these processes are correlated because of the coupling. Single process: With C as the duration of a single process of response initiation and D as a strategically chosen delay of one response relative to the other, the one reaction time in each trial will be sampled from C and the other will be sampled from C þ D. With D P 0, the ﬁrst of these two reaction times will always be the shorter one, no matter whether the right-hand response is strategically delayed relative to the left-hand response or vice versa, that is, Tmin ¼ C, Tmax ¼ C þ D. Assuming covðC; DÞ ¼ 0, the correlation between the two reaction times is rðTmin ; Tmax Þ ¼ rðCÞ=rðC þ DÞ. This correlation can take all (positive) values, though high correlations are intuitively more plausible because small correlations require unplausibly small variabilities of C and/or unplausibly large variabilities of D. In addition, depending on the mean delay and on the probability of delaying the one hand relative to the other, the diﬀerences between reaction times of the two hands can take arbitrary values. According to the ﬁrst hypothesis, when the process of response initiation takes the same duration EðCÞ in two conditions, the expected minimal reaction time, EðTmin Þ ¼ EðCÞ, will also be the same. This is true independent of eventual diﬀerences in rðCÞ or the delay variable D; in particular, the expected minimal reaction times will also be the same in conditions with diﬀerent correlations. Separate processes: Under the hypothesis of two distinct, but coupled processes of response initiation, in each trial there are samples from correlated random variables T1 and T2 which represent the durations of the coupled processes. Formally the correlated durations can be represented as T1 ¼ G þ S1 and T2 ¼ G þ S2 . By deﬁnition
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Fig. 8. Simulated expected values EðTmin Þ as a function of rðT Þ shown for diﬀerent correlation rðT1 ; T2 Þ (EðT1 Þ ¼ EðT2 Þ ¼ EðT Þ ¼ 0).



the common component G is not correlated with the speciﬁc components S1 and S2 , and the speciﬁc components are not correlated with each other. For varðS1 Þ ¼ varðS2 Þ ¼ varðSÞ the correlation is rðT1 ; T2 Þ ¼ varðGÞ=varðG þ SÞ. This correlation can take arbitrary (positive) values. In addition, systematic diﬀerences between the hands can take arbitrary values depending on diﬀerences between the means of S1 and S2 . According to the second hypothesis, when the processes of response initiation take the same durations EðT1 Þ and EðT2 Þ in two conditions, the expected minimal reaction time EðTmin Þ will not be the same whenever the conditions diﬀer in the variances of T1 and/or T2 and/or in the correlation. In particular EðTmin Þ will be faster in the conditions with smaller correlation and/or larger variance. For an intuitive appreciation of this expectation it is useful to remember, ﬁrst, that the smaller of two values sampled from a random variable will tend to be the smaller the larger the variance is, and second, that the within-trial variability for reaction times of bimanual responses will be the smaller the higher the between-hands correlations is. In Fig. 8 the expectation is illustrated for simulated normally distributed data with rðT1 Þ ¼ rðT2 Þ ¼ rðT Þ ranging from 40 to 120 ms and rðT1 ; T2 Þ ranging from 0 to 0.98 (without loss of generality EðT1 Þ ¼ EðT2 Þ ¼ 0). The asynchrony, that is, EðTmax Þ  EðTmin Þ is about twice the absolute values of EðTmin Þ shown in the ﬁgure.



Appendix B The set of four response combinations in the present experiment can be represented factorially in diﬀerent ways. The way we had chosen included the factors target force of the ﬁrst contraction and relation between target forces. The alternative, of course, are target force of the second contraction and relation between target forces or target
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force of the ﬁrst contraction and target force of the second contraction. Analyses of variance give the same results for the three factorial representations, the only diﬀerence is the deﬁnition of the eﬀects as main eﬀects or interaction eﬀects. Thus, the only reasons for the choice of a particular factorial representation are given by parsimony and by the simplicity of the description of the results. Independent of the factorial representation, there are three eﬀects to account for the four data points, an eﬀect of the ﬁrst contraction, an eﬀect of the second contraction, and an eﬀect of the relation. Two of these eﬀects will show up as main eﬀects, the third one as an interaction eﬀect, and which one this is depends on the choice of the factorial representation. It is obvious that with four data points not more than three parameters can be estimated. Thus, there is no way to identify eventual asymmetric eﬀects of the relation unless one assumes that there are no eﬀects of the ﬁrst and second contractions per se. This is true as long as only the set of four data points is considered. For the present data, however, there is strong evidence to suggest that the interaction of the relation between target forces and target force of the ﬁrst contraction (which is equivalent to a main eﬀect of the second contraction if this factor were included in the factorial representation) is due not to an asymmetric eﬀect of the relation between target forces, which would be suggestive of asymmetric cross-talk, but to a diﬀerence between reaction times of strong and weak second contractions per se (although such a diﬀerence was not seen in the ﬁrst contractions). This evidence comes from the following observations: theoretically cross-talk eﬀects, and thus the eﬀects of the relation between target forces, should decline and eventually disappear as the cueing interval and/or the delay of the second imperative signal become longer. Of course, a decline and eventual disappearance of cross-talk eﬀects implies a decline and eventual disappearance of asymmetries. The main eﬀect of the relation between target forces indeed behaved according to these expectations, but the interaction eﬀect did not: it was invariant across delays and cueing intervals. Reaction times of second strong contractions were shorter than those of second weak contractions, independent of the timing of the various signals. Thus, this diﬀerence, which in our analysis appears as the interaction of target force of the ﬁrst response and relation between target forces, seems not to be related to cross-talk eﬀects.
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