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a b s t r a c t Right-handed participants performed aimed, left- and right-hand movements toward a ﬁxed target in speed and precision conditions. The purpose was to determine detailed hand differences in the temporal and spatial control during the course of a movement. The results showed that hand differences pertaining to spatial control of movement direction occurred throughout movement execution, and that these differences were stronger in the high speed and low precision conditions. Furthermore, the left hand took more time to execute a movement than the right hand, especially in conditions of low speed and high precision. Detailed time analysis revealed that slowing down of the left hand speciﬁcally happened prior to peak acceleration and beyond peak deceleration. These detailed temporal hand differences reoccurred as additional discontinuities in the acceleration proﬁle. These results suggest that the left hand has more difﬁculty at movement start than the right hand, possibly in overcoming initial inertia. It is discussed whether time-based manual asymmetries located near the end of movement execution should be explained in terms of increased feedback use, or should be related to hand differences regarding the possible active dissipation of mechanical energy at movement completion. Ó 2008 Elsevier B.V. All rights reserved.



1. Introduction Most people prefer one hand above the other to perform everyday motor skills. With a few exceptions, the preferred hand appears to be dominant when it comes to accurate and swift performance of * Tel.: +31 433881926; fax: +31 433884211. E-mail address: [email protected] 0167-9457/$ - see front matter Ó 2008 Elsevier B.V. All rights reserved. doi:10.1016/j.humov.2007.11.006
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motor sequences (Hausmann, Kirk, & Corballis, 2004). Even though handedness of both left- and righthanders (Boulinguez, Nougier, & Velay, 2001; Boulinguez, Velay, & Nougier, 2001) can be demonstrated by self-report and performance, there is no uniﬁed explanation of how aimed motor performance of the dominant and non-dominant hands differ and how manual asymmetries originate in the brain (Beaton, 2004; Bryden, 2002; Bryden & Kay, 2002; Carson, 1996; Elliott & Chua, 1996; Elliott, Lyons, Chua, Goodman, & Carson, 1995). The present study aims to contribute to further insights into hand-dominance by focusing on detailed analysis of motor performance of right-handers. The purpose is to localize manual asymmetries during the course of single aimed movements with respect to spatial and temporal characteristics. It is relatively easy to identify the preferred hand by asking participants a number of questions about manual preference in regard to everyday motor skills such as writing, drawing, lighting a match, or using a tooth brush (Bryden, 1977; Oldﬁeld, 1971). Subsequent behavioral appraisal mostly conﬁrms the preferred hand to be dominant when it comes to skilled movement sequences (Bryden, Pryde, & Roy, 2000; Hausmann et al., 2004). It has been shown that the preferred hand takes less time to complete motor sequences such as a reciprocal tapping series (Bryden et al., 2000; Bryden & Kay, 2002; Carson, Goodman, & Elliott, 1992; Elliott, Chua, & Pollock, 1994; Flowers, 1975; Todor & Doane, 1978; Woodworth, 1899) or the successive re-locating of a number of wooden pegs (Annett, Annett, Hudson, & Turner, 1979; Bryden & Allard, 1998; Westwood, Bryden, Roy, & Kalbﬂeisch, 1999; Westwood, Roy, Bryden, Bryden, & Roy, 1998). The difference between hands in performing movement sequences typically increases with the number of movement elements (Bryden et al., 2000; Carson, 1992; Elliott et al., 1994). This suggests that manual asymmetries may still be found in the execution of discrete movements. A large body of research on single aimed movements has indeed shown that the dominant hand often takes less time to hit a target and is frequently more precise at movement completion (Bagesteiro & Sainburg, 2002; Boulinguez, Nougier et al., 2001; Boulinguez, Velay et al., 2001; Bryden, 2002; Bryden & Kay, 2002; Carson, Chua, Elliott, & Goodman, 1990; Carson, Elliott, Goodman, & Thyer, 1993; Carson, Goodman, Chua, & Elliott, 1993; Elliott et al., 1995, 1999; Hausmann et al., 2004; Heath & Roy, 2000; Maruff et al., 1999; Roy & Elliott, 1989; Roy, Kalbﬂeisch, & Elliott, 1994; Roy, Kalbﬂeisch, & Silcher, 1999). The most prevalent explanation of observed manual asymmetries is that a movement with the non-dominant hand, hereafter also referred to as the left hand, is often reported to be less precise and more time-consuming, because it is more susceptible to inherent noise in the motor system (Annett et al., 1979; Carson, 1992; Carson et al., 1990, 1992; Carson, Elliott et al., 1993; Carson, Goodman et al., 1993). The classic idea is that the execution of the non-dominant hand is preceded by motor instructions that contain more noise (Annett et al., 1979). This notion may explain why left hand movements are often less precise than movements with the right hand, but it does not explain why the left hand frequently takes more time to execute a movement. One possible explanation is that noise inherent to programming will have direct motor consequences during execution. It has been suggested that noisy instructions incorporate inefﬁcient and more time-consuming online coordination of the involved muscle groups in the left arm (Barthelemy & Boulinguez, 2002). The same logic applies to less efﬁcient coordination of online torques underlying the control of separate segments of the left arm (Bagesteiro & Sainburg, 2002, 2003). However, these occurrences may not be entirely due to noisy motor instructions. Muscle and inter-segment coordination may work less efﬁciently for the non-dominant limb due to inﬂuences during movement execution. In this respect, there may be limb-speciﬁc biomechanical differences (Carey, Hargreaves, & Goodale, 1996; Carey & Otto de Haart, 2001) that make it more difﬁcult to coordinate muscle groups and limb segments in the left arm. These speciﬁc hand differences may be more apparent in situations where the left limb has to overcome initial inertia at movement start (Gordon, Ghilardi, Cooper, & Ghez, 1994; Tseng & Sholz, 2005) or has to establish a complete standstill at movement completion (Dounskaia, Wisleder, & Johnson, 2005; Wisleder & Dounskaia, 2007). All possible inﬂuences pertaining to manual asymmetries described above assume that the left arm is passively undergoing the inﬂuence of noise originating before and concurrent with movement execution. This assumption implies that the left arm is more prone to error, and it typically excludes the possibility of online error compensation and reduction. However, it makes sense that the left hand is capable of at least partly compensating possibly anticipated error. The classic mechanism by which
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spatial error is believed to be reduced is so-called current control on the basis of sensory feedback (Woodworth, 1899). It has often been suggested that a left arm movement takes more time because it requires additional time-consuming online spatial adjustments during ﬁnal target approach that originate from the use of sensory information (Annett et al., 1979; Bagesteiro & Sainburg, 2003; Crossman & Goodeve, 1983; Elliott et al., 1999; Flowers, 1975; Meyer, Abrams, Kornblum, & Wright, 1988; Roy, 1983; Roy & Elliott, 1989; Roy et al., 1999; Woodworth, 1899). More recently, it has been suggested that when movement difﬁculty increases (Fitts, 1954), the assumed noise increment within the motor system may be successfully damped by increasing limb stiffness. Such a mechanism may be brought about by co-contraction of the involved muscle groups (Meulenbroek, Van Galen, Hulstijn, Hulstijn, & Bloemsaat, 2005). Such a strategy would make the limb more resilient to noise, but would also make the movement slower (van Galen, van Doorn, & Schomaker, 1990; van Galen & van Huygevoort, 2000; van Gemmert & van Galen, 1997). It has been reported that fast recurrent neuromuscular activity within the motor system, such as the physiological tremor, was typically absent in more difﬁcult movements (Fitts, 1954; van Galen et al., 1990). It has not been tested whether left and right hands differ in regard to the ability to apply this compensation. The present study explored whether indications of inherent noise and possible compensations are visibly stronger for the left hand than for the dominant right hand. This would imply that the left hand displays a different temporal and spatial control during a movement than the right hand (Ghez, Gordon, Ghilardi, & Sainburg, 1995; Gordon, Ghilardi, Cooper et al., 1994). A detailed investigation was carried out on temporal and spatial aspects of left- and right-hand movements carried out by righthanded participants. The purpose was to ﬁnd the loci of manual asymmetries regarding temporal and spatial control during the course of single aimed movements. Below are described the ﬁne grained measurements required to ﬁnd these possible hand differences. Spatial error has often been measured at movement completion, as control is assumed to be focused on the end location of an aimed movement (Carson et al., 1990, 1992; Roy, 1983; Roy & Elliott, 1989; Roy et al., 1994; van Beers, Haggard, & Wolpert, 2004). This makes sense as without online adjustments, spatial error should gradually grow and be largest at movement completion (Khan et al., 2006). In the present study, it was tested how spatial error altered during movement execution. Since the hands may differ regarding both the control of movement extent and direction (Ghez et al., 1995; Gordon, Ghilardi, Cooper et al., 1994; van Doorn & Unema, 2004; van Doorn, Unema, & Hendriks, 2005), spatial error was determined in the primary direction and perpendicular to the primary direction of a movement. This was established at key kinematic events, corresponding to the peak values of acceleration, velocity and deceleration, and at movement completion (Khan, Elliott, Coull, Chua, & Lyons, 2002; Khan et al., 2003, 2006; van Doorn & Unema, 2004, 2006; van Doorn et al., 2005). Right- and left-hand stylus movements were carried out in speed and precision conditions. It was assumed that the left hand starts a movement from a biomechanically more unstable stance, and that it has also more difﬁculty than the right hand in overcoming the initial inertia (Gordon, Ghilardi, Cooper et al., 1994; Tseng & Sholz, 2005; van Beers et al., 2004). Therefore, it was tested whether the left hand would show more spatial bias during the early part of movement. Hand differences in regard to spatial control at movement completion should typically emerge in fast movements, assuming that these types of movement are predominantly based on motor preparation (Elliott & Chua, 1996; Elliott et al., 1995; Roy et al., 1994). More speciﬁcally, the left hand should display a stronger gradual increase of spatial error during the course of a fast movement (Khan et al., 2003, 2006; van Doorn & Unema, 2004, 2006; van Doorn et al., 2005) than the right hand. Spatial error of a precise left-hand movement was expected to differ less from precise movements with the right hand (Khan et al., 2002, 2003), assuming that the left hand would be able to compensate for spatial error. The idea was pursued that these possible compensations should have consequences clearly discernible in the temporal structure of a movement. To further address the issue of how precision requirements would differentiate between the hands (Elliott, Helsen, & Chua, 2001; Elliott, Hansen, Mendoza, & Tremblay, 2004; Fitts, 1954; Fitts & Peterson, 1964), the time structure of a movement was appraised within successive sections bordered by the occurrences of peak values of acceleration, velocity, and deceleration (Khan et al., 2003; van Doorn & Unema, 2004, 2006; van Doorn et al., 2005). The idea was that this method should reveal how time differences between hands, often reported for entire movements, are distributed across successive movement sections. For example, the left hand’s proposed difﬁculty in overcoming the initial inertia
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should result in local temporal differences in the initial movement section. Furthermore, the present study attempted to reﬁne ﬁndings that precise left-hand movements exhibit an asymmetric velocity pattern and spend more time beyond the occurrence of peak velocity than movements with the right hand (Carlton, 1981; Elliott et al., 1999; Roy, 1983; Roy & Elliott, 1986, 1989). Such an increase of time beyond the occurrence of peak velocity, leading to an asymmetric velocity pattern, has often been regarded as an indication of increased feedback-based homing-in on the target (Elliott et al., 2001). A detailed appraisal makes it possible to test whether, as suggested by previous studies, a similar temporal increase in a precise movement with the left hand is equally distributed beyond the occurrence of peak velocity. Alternatively, it is also possible that especially the left hand is merely able to employ corrections when the target is almost hit (Haaland, Elsinger, Mayer, Durgerian, & Rao, 2004; Haaland, Prestopnik, Knight, & Lee, 2004). This would imply that temporal hand differences regarding precise movements are located beyond the occurrence of peak deceleration. These detailed time differences between the hands should also become visible in a movement’s acceleration proﬁle. An aimed movement always comprises two primary peak values in acceleration and deceleration. Additional acceleration discontinuities (abbreviated to AccDis in this study) are often located beyond the occurrence of peak velocity. One possible reason for the appearance of additional AccDis is that a movement ends with a complete standstill on target (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007). The underlying idea is that AccDis are insensitive to precision requirements and are related to the active dissipation of mechanical energy. This energy dissipation is required to stop the limb completely. It follows that these additional AccDis should be more frequent in fast movements that, as may be assumed, require higher deceleration forces to come to a complete standstill. It follows that more mechanical energy has to dissipate in order to complete a fast rather than a slow movement. Similarly, possible hand differences regarding the ability to dissipate mechanical energy, and consequently the number of AccDis, should be more outspoken in fast movements. The acceleration proﬁle may also exhibit additional discontinuities that function to actively minimize spatial error. Indeed, in previous research, AccDis of longer duration (above 70 ms) were more frequent in difﬁcult movements (Fitts, 1954; Fitts & Peterson, 1964) and were therefore assumed to reﬂect feedback-based adjustments (Chua & Elliott, 1993; Elliott, Lyons, & Dyson, 1997; van Doorn & Unema, 2004, 2006; van Doorn et al., 2005). In the present study, the view was taken that the duration of additional discontinuities in acceleration may be informative about their speciﬁc function. In other words, corrections predominantly based on relatively slow visual feedback loops (Elliott & Chua, 1996; Elliott et al., 2001; van Doorn & Unema, 2004, 2006) may be distinguished from feedback loops of a shorter duration that maximize proprioceptive feedback (van Galen et al., 1990). From a feedback point of view, a precise movement with the left hand would exhibit more acceleration discontinuities related to adjustments predominantly based on both proprioceptive and visual feedback. In addition to the frequency differences, the hands may also differ in regard to the distribution of these AccDis across movement execution. Discontinuities of even shorter duration (less than 35 ms) may be related to very fast feedback loops (Dounskaia et al., 2005; Elliott et al., 2001, 2004; Wisleder & Dounskaia, 2007). In that case, they should increase in frequency, and may also differentiate between the hands when more precision is required. However, these short duration AccDis may also reﬂect fast recurrent neuromuscular activity. As such they should be considered as a source of noise within the motor system (Christakos, Papadimitriou, & Erimaki, 2006; Duval & Jones, 2005; Pollok, Gross, Dirks, Timmermann, & Schnitzler, 2004; van Galen & van Huygevoort, 2000; van Galen et al., 1990; van Gemmert & van Galen, 1997). It has been suggested that the motor system would successfully damp these sources of noise by increasing stiffness of the limb. A possible mechanism would involve co-contraction of the involved muscle groups (Meulenbroek et al., 2005). As a consequence, this would slow down the execution of a movement with a higher level of noise. Previous research indeed showed that fast recurrent neuromuscular activity diminished during the middle part of movements with larger amplitudes (van Galen & Schomaker, 1992; van Galen & van Huygevoort, 2000; van Galen et al., 1990; van Gemmert & van Galen, 1997). It is unknown whether this damping mechanism is conﬁned to the middle part or applies to the entire movement. In the present study, the possibility was explored whether the hands differ with respect to the frequency and distribution of these short duration discontinuities in the acceleration proﬁle.
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In short, right-handed participants performed aimed stylus movements with the right and left hands in conditions that emphasized either speed or precision. Manual asymmetries regarding spatial control of both movement direction and extent should be more apparent in fast movements. Furthermore, left-hand movements were expected to have visibly more difﬁculty in commencing and in achieving the target, than movements with the right hand. It was explored whether detailed temporal differences would also be present in the acceleration proﬁle in the form of additional discontinuities (AccDis). Hand differences regarding AccDis of longer duration in precise movements would reﬂect feedback guidance. Hand differences in regard to the ability to dissipate mechanical energy would be supported by more frequent AccDis predominantly found in fast movements. Finally, it was explored whether shorter duration AccDis reﬂect neuromuscular activity or fast feedback loops and whether they differentiate between the hands. 2. Experiment 1 2.1. Method 2.1.1. Participants Sixteen students (9 female, 7 male) of Maastricht University, aged from 20 to 25 years (mean = 22.6, SD = 1.6), took part as paid volunteers, and gave informed consent prior to the start of the experiment. All participants had normal or corrected-to-normal vision and all scored 100% right-handed preference on an adjusted version of the Oldﬁeld handedness inventory (Bryden, 1977; Oldﬁeld, 1971). The same manner of questioning and rating was used to inquire about a participant’s hand preference. In our version the inventory included seven everyday skilled sequences. The experiment was approved by the local ethics committee. 2.1.2. Apparatus and procedure Participants sat at a table on a chair that was adjustable in height. On the table was placed a Wacom Intuos A3 tablet shaped digitizer. The digitizer had a 199 Hz sample rate with 0.01 mm spatial resolution. Data recording was monitored by a Dell Pentium II PC. All movements were carried out with a hand-held stylus, in the frontal plane and along the sagittal axis of participant’s body. The stylus was held between thumb and index ﬁnger and this grip remained unaltered throughout the experiment. Participants were instructed to use elbow extensions during which only the stylus tip touched the digitizer’s surface. A trial started when the participant securely matched the tip of a wireless stylus to a 3.0 mm diameter circle positioned on the sagittal axis of the participant’s body, 5 cm into the digitizer’s sensitive area. A 2 cm diameter circle was presented at a 15 cm distance from the start position on the sagittal axis of the participant’s body. A 1000 Hz tone signalled the participant to move the stylus toward the target. A trial completed after 3000 ms as signalled by a 500 Hz tone. Movements were performed with the preferred (right) and non-preferred (left) hand and were carried out in two conditions, namely speed and precision. The precision instruction stressed hitting the target center, whereas the speed instruction emphasized movement speed without spatial precision requirements. In every condition, a movement was required to end in a complete standstill with the stylus tip touching the surface. During a 10-min period participants became acquainted with all four conditions, formed by combinations of left and right hand and speed and precision conditions. During this period the conditions were done in a ﬁxed order, with 10 trials per condition. The actual experiment lasted 30 min and required a participant to do 240 trials in four blocks of 60 trials each. A trial block represented one of four combinations of hand and condition. Condition (block) order was counterbalanced across participants. 2.1.3. Analysis Displacement data were low pass ﬁltered by forward and backward Fourier transforms on the basis of a 1–12.5 Hz frequency window, to compensate for the digitizer’s inevitable quantization noise
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(Rabiner & Gold, 1975; Teulings & Maarse, 1984). The ﬁlter’s results are comparable to a time-based ﬁlter using a sine-wave convolution. Movements’ on- and offset were determined by a three-step algorithm (Teasdale, Bard, Fleury, Young, & Proteau, 1993). First the moment (t2) was determined at which tangential velocity reached 10% of peak velocity. Subsequently, the moment was computed at which velocity reached 10% of the value at t2, designated as t1. Finally, movement onset matched the temporal location at which velocity reached the average value (plus SD) between t1 and t2. The same procedure determined movement offset at the descending slope of a movement’s velocity proﬁle. In Fig. 1, on- and offsets are depicted by squares in the displacement data as well as in graphs representing ﬁrst and second time derivatives of sample trial. 2.1.3.1. Analyses of the entire movement. Movement time constituted the time from on- to offset of a movement. The second order time derivation of the ﬁltered spatial displacement data yielded movement acceleration. We counted the number of local extreme values in the acceleration proﬁle selected on the basis of strict temporal criteria, termed acceleration discontinuities (AccDis). A similar measurement was used in earlier research in which AccDis of different durations were determined via Fourier analysis (van Galen & Schomaker, 1992; van Galen et al., 1990). Even though Fourier analysis



Fig. 1. Displacement, tangential velocity, and acceleration proﬁles of a movement. In all three representations are depicted, onand offset (squares), and acceleration discontinuities per category (category 1 (30 ms and less) = left triangle, category 2 (35– 65 ms) = diamond, category 3 (70 ms and longer) = right triangle).
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is expected to ﬁnd the contribution of all possible AccDis frequencies and thus their durations, it also assumes that all frequencies are equally distributed across the proﬁle. In the present study, however, it was expected that this assumption would be violated, as AccDis frequency may be speciﬁc to movement segments. The distribution of AccDis along a movement may vary across conditions. For example, it was expected that long duration AccDis should be located predominantly at movement completion. Therefore, in this study AccDis were determined in the temporal domain of each acceleration proﬁle. The used algorithm ﬁrst excluded peak acceleration and deceleration. Subsequently, the three categories of AccDis were determined on the basis of their duration. The ﬁrst category included AccDis with a duration of 30 ms or less. The second category contained AccDis of 35–65 ms, whereas the third category AccDis’ duration was 70 ms or more. Time gaps of approximately 5 ms between successive categories were due to the 199 Hz temporal resolution of the recording equipment. The current method is considered more sensitive than, for example, measuring the frequency of acceleration zero crossings that may omit AccDis that do not result in a zero crossing (van Doorn & Unema, 2005). The duration of a discontinuity in positive acceleration was calculated by ﬁrst locating its peak value, and subsequently descending both slopes until one of the slope values reached either zero acceleration or encountered a local minimum but still positive value. Note that AccDis in positive acceleration were local peak values and needed not be part of an acceleration zero crossing. The duration of both downward slopes determined the total AccDis duration and the category it belonged to. Likewise, local minimum values in negative acceleration were designated as AccDis, and the duration of both upward slopes per discontinuity determined total Accdis duration. Fig. 1 provides a sample movement displacement and its ﬁrst and second order time derivatives with the locations of the three categories of acceleration discontinuities indicated by triangles and diamond-shaped markers. 2.1.3.2. Analyses per movement section. Every movement was divided into four separate sections. The borders of these sections were determined on the basis of three key kinematic events that constitute every discrete movement namely, peak acceleration, peak velocity, and peak deceleration. The ﬁrst section started at movement onset until peak acceleration. The second section covered the part of the movement from peak acceleration to peak velocity. The third section began at peak velocity and lasted until peak deceleration, and the ﬁnal section started at peak deceleration and ended at movement offset. The time per movement section was determined (section time), which was the time from section start to section end. Finally, the number of acceleration discontinuities per section was calculated for each of the three categories. At the occurrence of every key kinematic event and at movement offset, the spatial deviation was determined from an ideal trajectory from start position to target center, perpendicular to the main direction of movement (Schmidt & Lee, 1999). The directional bias was measured by direction constant error (horizontal distance to the ideal trajectory), whereas directional consistency was determined via the direction variable error at every kinematic event (Schmidt & Lee, 1999). Further, variable error was computed in the primary direction of a movement at every key kinematic event. Finally constant error we calculated in the primary direction of the movement which was only possible at the end point. In total, 1.4% of all trials across participants were discarded, due to recording failures and based on the criterion of two standard deviations from the average value per dependent measure. 2.1.3.3. Statistical designs. Average participant values per condition entered repeated measures ANOVAs. This was done for the entire movement, per movement section for time-based measures, and per kinematic event for the spatial error measures. For all analyses, the statistical 2 by 2 design was: Hand (right, left)  Condition (speed, precision). The critical value for signiﬁcance was set to p < 0.05. This value was adjusted via the Bonferroni method regarding multiple t-tests for paired comparisons.



3. Results Experiment 1 Table 1 displays the average values of all dependent measures computed for the entire movement as a function of hand and instruction condition. The table suggests strong condition effects on
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Table 1 Means and standard deviations (across subjects) of the used dependent measures for the entire movement in Experiment 1 as a function of hand (right, left), condition (speed, precision) Left



Right



Speed MT (ms) AccDis category 1 AccDis category 2 AccDis category 3 Extent constant error (cm)



491.40 2.13 1.54 1.11 0.72



(112.31) (0.53) (0.49) (0.64) (1.58)



Precision



Speed



1201.81 5.56 5.91 4.97 0.39



417.33 2.16 1.25 0.92 0.79



(493.40) (3.93) (4.47) (2.28) (0.20)



Precision (58.12) (0.55) (0.24) (0.35) (1.71)



1077.71 4.81 4.70 4.26 0.45



(480.77) (3.52) (4.13) (2.32) (0.21)



movement time and on the three reversal categories measures, which were conﬁrmed by the statistical tests. 3.1. Movement time Movements performed with the right hand took 99 ms less time, F(1, 15) = 34.07, p < 0.001, than with the left hand. Also condition (speed vs. precision) had a main signiﬁcant effect on MT, F(1, 15) = 38.43, p < 0.001. Movements in the precision condition took 685 ms more time to complete than movements in the speed condition. The interaction Hand  Condition was not signiﬁcant. These results show that movements were relatively slow, especially in the precision condition, which is not uncommon when a movement involves the displacement of a stylus across a relatively frictionless surface (van Doorn & Unema, 2004, 2005, 2006; van Doorn et al., 2005). 3.2. Section time Fig. 2a shows that hand and condition effects on section time depended on the section of a movement. This was conﬁrmed by the detailed analyses per movement section. The left hand took 39 ms more time to complete section 1, F(1, 15) = 10.04, p < 0.01, and 89 ms more for section 4, F(1, 15) = 27.97, p < 0.001, than the right hand. There were no main hand differences for sections 2 and 3. Fig. 2a shows that movements in the precision condition took more time to carry out in every movement section, than movements in the speed condition. The statistical test revealed for section 1, F(1, 15) = 27.97, p < 0.001, for section 2, F(1, 15) = 23.29, p < 0.001, in the third section, F(1, 15) = 31.86, p < 0.001, and in the ﬁnal section, F(1, 15) = 27.61, p < 0.001. Hand differences were expected to be larger in the precision condition than in the speed condition. This was conﬁrmed by signiﬁcant interactions between hand and condition for section 1, F(1, 15) = 4.71, p < 0.05, section 3, F(1, 15) = 4.64, p < 0.05 and for section 3, F(1, 15) = 4.53, p < 0.05. In the ﬁrst section, differences were relatively small and may be explained by hand-speciﬁc mechanical properties that came into play when the left hand had to come into motion from a possibly unstable stance. This issue will return in the discussion section. Note that the effect in section 3 shows an exception with respect to temporal hand differences, and is absent in the AccDis data. In the discussion section, it is speculated that this may be related to increased feedback processing (instead of guidance) of the right hand in the third section. 3.3. Discontinuities in acceleration (AccDis) Both factors, hand and condition, had signiﬁcant effects on all three categories of AccDis (see Table 1), as determined for the entire movement. The left-hand movements resulted in signiﬁcantly more AccDis of all categories than movements with the right hand. The statistical results per category were, for category 1, F(1, 15) = 6.05, p < 0.05, for category 2, F(1, 15) = 14.23, p < 0.005, and for category 3, F(1, 15) = 17.26, p < 0.005. Also movements performed in the precision condition resulted in signiﬁcantly more AccDis of all three categories. For category 1 the statistical results were F(1, 15) = 9.61, p < 0.01, for category 2,
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Fig. 2. Depicted are dependent measures as a function of hand (indicated by triangles), speed condition (bold markers) and precision condition (white markers), and movement section (horizontal axis). Section time results are depicted in (a) and acceleration discontinuities (AccDis) data of categories 1–3 are shown in (b)–(d). Error bars represent standard errors across participants.



F(1, 15) = 14.10, p < 0.005, and ﬁnally, for category 3 AccDis the result was F(1, 15) = 41.55, p < 0.001. Hand differences with respect to category 1 AccDis emerged more strongly in the precision condition, F(1, 15) = 11.80, p < 0.005, than in the speed condition. For the other two categories, the effect of precision on the number of AccDis emerged when separate sections were taken into account. Comparison of Figs. 2a–d displays similar results for section time, and for the three categories of AccDis. The statistical analyses per section revealed general similarities but also detailed differences between the data patterns. Category 1 AccDis. There were more category 1 AccDis for left-hand movements, in section 1, F(1, 15) = 5.19, p < 0.05. In section 4, a similar effect was found but was conﬁned to the precision condition, as conﬁrmed by a signiﬁcant interaction between hand and instruction F(1, 15) = 30.27, p < 0.001. As indicated by Fig. 2b, movements in the precision condition showed signiﬁcantly more category 1 AccDis in all sections. The statistical results per section were: for section 1, F(1, 15) = 6.29, p < 0.05, section 2, F(1, 15) = 29.16, p < 0.001, section 3, F(1, 15) = 36.02, p < 0.001, and for the ﬁnal section, F(1, 15) = 6.40, p < 0.05. Category 2 AccDis. In the ﬁrst and ﬁnal sections, left-hand movements showed more category 2 AccDis, but predominantly in the precision condition as conﬁrmed by the signiﬁcant interactions between hand and condition. The statistical results were for section 1, F(1, 15) = 8.15, p < 0.001, section 4, F(1, 15) = 8.26, p < 0.05. Also in section 3, the left hand showed signiﬁcantly more category 2 AccDis,
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F(1, 15) = 4.68, p < 0.05. In all sections, precise movements led to signiﬁcantly more category 2 AccDis. The main effects were for section 1, F(1, 15) = 20.21, p < 0.001, section 2, F(1, 15) = 18.30, p < 0.001, section 3, F(1, 15) = 29.04 p < 0.001, and section 3, F(1, 15) = 12.40, p < 0.005. Category 3 AccDis. Figs. 2c and d are similar in that there were effects of hand in sections 1, 3 and 4. In section 1, the hand differences were stronger in the precise condition, as indicated by the signiﬁcant interaction, F(1, 15) = 14.85, p < 0.005. In sections 3 and 4, the left hand showed more category 3 AccDis. The main effects were for section 3, F(1, 15) = 5.34, p < 0.05, and for section 4, F(1, 15) = 15.68, p < 0.005. These results indicate that the occurrence of longer duration AccDis in the present experiment may be related to feedback-based compensations in the precision condition, and are not related to the dissipation of mechanical energy in order to stop a movement. The latter explanation would only be valid if more AccDis were found in fast movements, assumed to require dissipation of more mechanical energy due to stronger deceleration forces. 3.4. Spatial bias per kinematic event Direction constant error. Fig. 3a shows data on constant error perpendicular to the primary movement direction as a function of hand, condition, and kinematic event. Fig. 3a suggests that initial hand differences change direction and become larger at peak deceleration, while decreasing again at movement end. This general pattern of results on direction constant error was conﬁrmed statistically. At peak acceleration the left hand was signiﬁcantly more to the left than the right hand, F(1, 15) = 18.47, p < 0.005. As is shown in Fig. 3a, the hands deviated more in the fast condition, as indicated by the signiﬁcant interaction hand by condition, F(1, 15) = 13.55, p < 0.005. At peak velocity both hands tended 0.06 cm more to the right side in the speed condition, F(1, 15) = 11.68, p < 0.005. At peak deceleration in the speed condition, the left hand tended 0.35 cm to the right and the right hand 0.12 cm to the left side of an ideal vertical trajectory. This was statistically substantiated by the interaction between hand and instruction, F(1, 15) = 16.59, p < 0.005. This effect broke down in main effects of hand,



Fig. 3. (a) Constant error perpendicular to the primary direction of a movement (direction constant error), as a function of hand (triangles), speed (bold markers), precision (white markers), and kinematic event (PA = peak acceleration; PV = peak velocity; PD = peak deceleration; End = movement offset). (b) Variable error perpendicular to the primary direction of a movement (direction variable error), as a function of hand (triangles), speed (bold markers), precision (white markers), and kinematic event (PA = peak acceleration; PV = peak velocity; PD = peak deceleration; End = movement offset). (c) Variable error in the primary direction of movement (extent variable error), as a function of hand (triangles), speed (bold markers), precision (white markers), and kinematic event (PA = peak acceleration; PV = peak velocity; PD = peak deceleration; End = movement offset). Error bars represent standard errors across participants.
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F(1, 15) = 48.49, p < 0.001, and condition, F(1, 15) = 7.00, p < 0.05. At movement completion the speed/ precision manipulation had a signiﬁcant effect, F(1, 15) = 8.19, p < 0.05. There was neither an effect of hand nor an interaction with condition. Directional variable error. As apparent from Fig. 3b, the left hand showed more directional bias than the right hand at peak acceleration of a movement, F(1, 15) = 33.76, p < 0.001. This difference was larger in the speed condition as conﬁrmed by the signiﬁcant interaction hand by condition, F(1, 15) = 18.15, p < 0.005. Fast movements showed more directional bias than precise movements, F(1, 15) = 32.02, p < 0.001. Fig. 3b suggests similar condition effects at the occurrences of peak acceleration and peak velocity. This was statistically substantiated by the interaction hand by instruction, F(1, 15) = 13.55, p < 0.005. The direction of the hand difference altered at peak deceleration in the speed instruction condition. This was statistically conﬁrmed by the interaction hand by instruction, F(1, 15) = 7.56, p < 0.05. At peak deceleration, fast movements were more variable than precise movements, F(1, 15) = 34.13, p < 0.001. There was no effect of hand on direction variable error at peak deceleration. However, at movement completion the left hand was more variable than the right hand, F(1, 15) = 12.46, p < 0.005, and fast movements were more variable than precise movements, F(1, 15) = 38.42, p < 0.001. There was no signiﬁcant interaction between the condition and hand at movement completion. Extent variable error. Fig. 3c indicates that the left hand shows more extent variable error at peak acceleration, F(1, 15) = 11.00, p < 0.01. This effect was stronger in the precision condition, as conﬁrmed by the signiﬁcant interaction hand by condition, F(1, 15) = 4.86, p < 0.05. There were no condition or hand effects at the occurrences of peak velocity and peak deceleration. At movement completion, movements in the speed condition showed more extent variable error than movements in the precision condition, F(1, 15) = 7.31, p < 0.05. There was no difference between hands at movement end. The results of extent constant error could only be measured at movement completion. Table 1 suggests strong effects of speed/precision manipulation. Fast movements led to an overshoot (M = .75 cm), whereas accurate movements resulted in an undershoot of target center (M = .42 cm). This difference of 1.17 cm was statistically signiﬁcant F(1, 15) = 9.88, p < 0.005. There was no main effect of hand and no interaction between hand and condition. In sum, the direction constant error results indicate that fast left-hand movements displayed more systematic error at peak deceleration than the right hand, while this hand difference disappeared at movement completion. However, the left hand displayed more direction variable error at movement completion than the right hand. There were typically no hand differences at movement completion for constant and variable error in the primary movement direction. This may indicate that the left hand has more difﬁculty in controlling movement direction than movement extent.



4. Discussion The purpose of the ﬁrst experiment was to locate hand differences regarding spatial and temporal control during the course of aimed movements. A ﬁrst issue concerned whether the hands would differ regarding spatial control of extent and direction (Ghez et al., 1995; Gordon, Ghilardi, Cooper et al., 1994). At movement completion, the left hand indeed displayed less directional control than the right hand, while the control of movement extent was equal for both hands. Detailed inspection of the movement trajectory revealed that the left hand was more variable (for direction and extent) at peak acceleration. A larger extent variability of the left hand at peak acceleration was found predominantly in precise movements, whereas directional variability of the left hand was larger in fast movements. This may add to the ﬁnding that the ballistic phase of a right-hand movement is more accurate than for a left-hand movement (Heath & Roy, 2000). These effects on spatial control during the ﬁrst part of a movement may indicate that the left hand starts from a less stable initial stance and has more difﬁculty overcoming the initial inertia (Tseng & Sholz, 2005). As expected, left-hand movements took more time (Carson, Elliott et al., 1993; Roy et al., 1994) than movements with the right hand. These hand differences were more outspoken in combination with precision requirements (Roy & Elliott, 1989; Roy et al., 1994), than when movements were fast. Hand differences were located in separate sections throughout the movement, except in the second
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movement section. Precise, left-hand movements took longer to establish section 1, than movements with the right hand. These section time data and the extent spatial variability results may imply that the left hand had more difﬁculty initiating motion when the movement had to be precise. This may be due to more difﬁculty in overcoming the initial inertia (Gordon, Ghilardi, Cooper et al., 1994; Tseng & Sholz, 2005), possibly in combination with a more unstable stance at movement start. Precise, left-hand movements also took more time than the right hand in the ﬁnal section during which the hand homed in on the target and had to come to a complete stop. This effect was strongest for precise movements. These results were similar for category 2 and 3 acceleration discontinuities (AccDis) in predominantly precise movements. Therefore, a possible explanation is that precise lefthand movements use additional time and feedback, compared to precise movements with the right hand, during ﬁnal target approach. This adds detail to the notion that hand differences regarding current control (Woodworth, 1899) are located beyond the occurrence of peak velocity (Elliott et al., 1999, 2001; Haaland, Prestopnik et al., 2004; Roy et al., 1994). The current results seem at odds with the alternative to this feedback explanation that instead focuses on bio-mechanically induced AccDis when dissipation of mechanical energy is required before movement can end in a complete standstill (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007). According to this idea, the strongest effects on longer duration AccDis should have been found in fast movements, at the end of which stronger deceleration forces would require increased dissipation of mechanical energy. Under precision requirements, the right hand took more time than the left hand to achieve the third movement section (from peak velocity until peak deceleration), while this effect was not significant for the AccDis data. From a feedback perspective this may imply that unlike the left hand, the right hand does not have to await peak deceleration, but is able to use more, possibly feedback-based processing beyond peak velocity to achieve ﬁnal accuracy. A striking deviation from the general pattern of time-based results was found for movements in the speed condition for category 1 AccDis. There were relatively many category 1 AccDis in the initial and ﬁnal sections of movement. These data may extend results of recent studies on dissipation of mechanical energy prior to movement completion (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007). Short duration AccDis are possibly the manifestation of fast recurrent neuromuscular activity, occurring when a fast movement has to begin or has to come to a complete standstill. Of interest is that there were relatively few short duration AccDis (category 1) in the two middle sections of especially fast movements. This effect will return in the next experiment and may be related to a possible local suppression of fast recurrent neuromuscular activity (Meulenbroek et al., 2005; van Galen & Schomaker, 1992; van Galen et al., 1990; van Gemmert & van Galen, 1997). The conclusion of Experiment 1 is that detailed hand differences regarding spatial error occurred predominantly in fast movements, whereas the (section) time and AccDis effects were stronger for movements under precision requirements. However, the current experimental setup cannot rule out that participants were inclined to favor one of both instruction sets, either speed or precision. In other words, it is unclear from the present data whether participants under the current precision manipulation tried to be more precise or simply produced slower movements with the same effect. A more strict distinction between speed and precision conditions should show whether the present data will return when movements are either slow or have to be precise. In a second experiment therefore more elaborate instruction sets were used to distinguish speed from precision in order to examine their separate detailed effects on manual asymmetries regarding temporal and spatial control during movement execution.



5. Experiment 2 In Experiment 2, speed and precision were varied in four conditions, so that movements performed in high and low precision conditions were combined with high and low speed conditions. Furthermore, movement speed was not left free as in Experiment 1, but required participants to perform movements within a given time window (Carson, Elliott et al., 1993). Participants of Experiment 2 were also instructed to commence a movement as quickly as possible to appraise the time to prepare a movement. It may be expected that the left hand shows less preparation time as it has shown spe-
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ciﬁc differences with the right hand regarding initial spatial and temporal control, in Experiment 1. These results may suggest a shift from control prior to control during movement execution (Phillips & Glencross, 1985). This notion is not new, as studies on reaction time have shown that the left hand often requires less time to commence a movement than the right hand (Boulinguez, Nougier et al., 2001; Carson, 1993; Carson et al., 1990; Carson, Goodman et al., 1993), but spends more time during movement execution. The reaction time measurement should also provide an extra indication of the effectiveness of the speed and precision manipulations. Indeed, high speed conditions mostly lead to shorter reaction times, whereas high precision movements show longer reaction time (Carson et al., 1990; Carson, Goodman et al., 1993). Data patterns of Experiment 1 should re-occur in Experiment 2. On the basis of the result of Experiment 1, it may be expected that movements in the more strict high speed condition show more short duration AccDis when the limb initiates and when it is about to come to a complete standstill (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007). Precision requirements should have no effect. Again, these types of discontinuities should be typically absent in the middle part of a fast movement (van Galen & Schomaker, 1992; van Galen et al., 1990). In the more strict speed condition, these effects may be more outspoken for the non-dominant than for the dominant hand. Hand differences regarding spatial control may be expected to be strongest when movements are fast and require no precision. The stricter speed manipulation should conﬁrm that the hand difference of spatial control is larger regarding movement direction. In addition, temporal hand differences may primarily emerge when precision is required. Similar to the result of Experiment 1, precise left-hand movements are expected to be slower and to display more, longer duration AccDis toward movement completion, than movements with the right hand. Alternatively, results of Experiment 1 also suggest the possibility that hand differences occur when participants reduce movement speed as a strategy to minimize spatial error. The question is whether such an inﬂuence is unrelated to precision requirements, or only occurs when slow movements are performed under high precision. 5.1. Method 5.1.1. Participants Twenty four, 11 male and 13 female right-handed students of the Maastricht University with the average age of 19.6 years (SD = 2.8) volunteered for paid participation. Selection, informed consent, and determining handedness were the same as in Experiment 1. The minimum score on the adjusted Oldﬁeld handedness test was 71.4%, with a mean of 96.9 (SD = 7.4). 5.1.2. Equipment, procedure and design The same equipment was used as in Experiment 1. Participants carried out the same aimed movements as in Experiment 1 with respect to direction, amplitude, and target size. Time structure and signalling during a trial were equal as in the previous experiment. In the present experiment, however, all movements had to be initiated as quickly as possible. Precise movements had to be aimed at the target’s center, whereas movements in the low precision condition had to be aimed at the general target area. If the movement ended outside the area, as could be evaluated by the experimenter on the monitor displaying the trajectory as a solid line, the participant was urged to comply with the low precision instruction. All movements required a complete standstill with only the stylus tip touching the surface. In the high speed condition participants had to complete the movement within 100–350 ms, whereas in the low speed condition the movement had to be made within the time window 350–600 ms. Participants received feedback about their movement time per trial. Movement duration within the instructed time window resulted in three different frequency tones. A high frequency tone urged a participant to use more speed in subsequent trials in that condition. A low frequency tone signalled the need to slow down movements of subsequent trials within that condition block. Participants received speed feedback throughout the experiment. During a 15 min period participants became acquainted with all conditions which were done in a ﬁxed order, with 10 trials per condition. During a 55 min period participants did eight blocks of 60 trials each. A block of trials corresponded to a combination of levels from the factors hand (right, left) speed (high, low) and precision (high, low). Condition order was counterbalanced across participants.
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5.1.3. Analysis Methods of ﬁltering and determining on- and offset of a movement, as well as calculating all dependent measures were the same as in Experiment 1. Reaction time was the time at movement start minus the time at the onset of the imperative signal. In total 2.7% of all trials did not enter subsequent analyses on the account of recording failure, or on the basis of two standard deviations from average measurement values. Speed requirement was not used as a criterion to discard trials. It turned out during the experiment that the majority of the participants were unable to comply completely with the fast speed instruction when left-hand movements were required. The data show that the temporal border between slow and fast movements shifted 50 ms upward. The general statistical design was Hand (right, left)  Speed (high, low)  Precision (high, low) on dependent measures regarding the entire movement. Analyses on the basis of this statistical design were carried out for the entire movement and per movement section for (section) time and AccDis, and per kinematic event for spatial bias measures. 6. Results Experiment 2 6.1. Reaction time Table 2 shows that there were expected main effects on reaction time (RT). As predicted, the left hand started a movement with 30 ms less preparation time than the right hand, F(1, 23) = 27.97, p < 0.001. The results indicate the effectiveness of speed and precision manipulations on reaction time. Indeed, high speed movements were 41 ms faster to start than low speed movements, F(1, 23) = 39.78, p < 0.001, and movements in the high precision condition showed a 21 ms shorter RT than low precision movements, F(1, 23) = 29.65, p < 0.001. There were no interactions. 6.2. Movement time The left hand took 25.9 ms longer to make a complete standstill than the right hand, as conﬁrmed by the signiﬁcant effect of hand, F(1, 23) = 12.05, p < 0.005. Again the manipulations of speed and precision had main effects on time. Movements in the low speed condition took 166 ms time more than in the high speed condition, F(1, 23) = 603.48, p < 0.0001, and it took 26 ms longer to make a movement when precision requirement was low, F(1, 23) = 20.57, p < 0.001. There were no signiﬁcant interactions. As Table 2 indicates, it was quite difﬁcult for most participants to completely comply with the speed instruction, especially when the left hand was used to perform precise movements.



Table 2 Means and standard deviations (across subjects) of the used dependent measures for the entire movement in Experiment 2 as a function of hand (right, left), speed condition (low, high) and precision condition (low, high) Left



Right



Low speed



High speed



Low speed



High speed



Low precision RT (ms) MT (ms) AccDis category 1 AccDis category 2 AccDis category 3 Extent constant error (cm)



262 (13) 533 (61) 1.57 (.24) 1.36 (.37) 1.32 (.44) .45 (1.18)



217 (9) 373 (26) 2.15 (.60) 1.09 (.25) .50 (.47) 1.37 (1.57)



285 (14) 502 (56) 1.71 (.34) 1.37 (.30) 1.35 (.37) .70 (1.46)



241 (10) 344 (27) 2.34 (.53) .85 (.41) .23 (.36) 1.82 (1.35)



High precision RT (ms) MT (ms) AccDis category 1 AccDis category 2 AccDis category 3 Extent constant error (cm)



273 (12) 559 (57) 1.58 (0.29) 1.53 (.30) 1.48 (.34) .32 (.42)



236 (10) 391 (29) 2.25 (0.82) 1.30 (.31) .74 (.43) .12 (.51)



309 (14) 543 (72) 1.64 (.25) 1.53 (.35) 1.51 (.47) .37 ( .40)



271 (12) 364 (32) 2.12 (0.53) 1.11 (.36) .48 (.46) .20 (.41)
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6.3. Section time Fig. 4a is rather similar to the data pattern shown in Fig. 2a of Experiment 1. Main differences are lower average values and standard error across participants. It appears that the data patterns of Experiment 1 were caused by the manipulation of movement speed and to a lesser extent by precision requirements. This was conﬁrmed by the statistical results. Left-hand movements took 11.5 ms longer to achieve the ﬁrst section than movements with the right hand, F(1, 23) = 13.06, p < 0.005. There were no signiﬁcant interactions. In sections 2 and 3 no signiﬁcant main hand effects were found, but hand differences depended on speed and precision manipulations. In section 2, the hand effect reversed direction and was typically larger in the low speed condition, as conﬁrmed by the signiﬁcant hand by speed interaction, F(1, 23) = 10.93, p < 0.005. In section 3, a similar effect of hand by speed was found, F(1, 23) = 5.57, p < 0.05. There was a main effect of speed of 49 ms, F(1, 23) = 263.55, p < 0.000. In third section, there was also a signiﬁcant increase of section time for high precision movements, F(1, 23) = 13.14, p < 0.005 (see Fig. 5a). The left hand took more time in the ﬁnal section, F(1, 23) = 38.13, p < 0.001. This was most apparent in the low speed condition, as conﬁrmed by the signiﬁcant interaction Hand  Speed, F(1, 23) = 5.21, p < 0.05. Hand differences were not affected by the precision manipulation. This applied to all sections. Speed and precision manipulations had obvious effects in the ﬁnal section. High precision requirement caused a longer section time, F(1, 23) = 15.88, p < 0.005, whereas low speed movements were



Fig. 4. Section time and acceleration discontinuities (AccDis) as a function of hand (triangles), speed (marker color), and movement section (horizontal axis). Section time results are depicted in (a) and AccDis data of categories 1–3 are shown in (b)– (d). Error bars represent standard errors across participants.
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Fig. 5. Section time and acceleration discontinuities (AccDis) as a function of hand indicated by triangles, precision (marker face color), and movement section (horizontal axis). Section time results are depicted in (a) and AccDis data of categories 1–3 are shown in (b)–(d). Error bars represent standard errors across participants.



slower in the ﬁnal section than movements carried out in the high speed condition, F(1, 23) = 61.87, p < 0.001. Precise movements took more time in the low speed condition, as conﬁrmed by a signiﬁcant interaction speed by precision F(1, 23) = 8.14, p < 0.005. 6.4. Acceleration discontinuities (AccDis) Table 2 displays the results of the three AccDis categories calculated for the entire movement, as a function of hand and speed separated per precision condition. A ﬁrst comparison reveals that AccDis of all three categories in Experiment 2 were less frequent than in Experiment 1. Category 1 AccDis. In the low speed condition there were more category 1 AccDis than in the high speed condition, as conﬁrmed by the signiﬁcant main effect of speed, F(1, 23) = 34.64, p < 0.001. The left hand showed signiﬁcant more category 1 AccDis than the right hand when movements were carried out in the low precision condition, as conﬁrmed by the interaction hand by precision, F(1, 23) = 6.74, p < 0.05. There was no main effect of precision. Category 2 AccDis. There were more AccDis of this category in left-hand movements than for movements with the right hand, F(1, 23) = 6.93, p < 0.05. There was a signiﬁcant interaction hand by speed, F(1, 23) = 7.97, p < 0.05. The right hand showed less AccDis than the left hand but only in the high speed condition. The speed and precision conditions had expected effects on these types of AccDis. Movements in the low speed conditions resulted in more AccDis than those in the high speed
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condition, F(1, 23) = 43.73, p < 0.001. Precise movements required more category 2 AccDis than movements in the low precision condition, F(1, 23) = 29.96, p < 0.001. Category 3 AccDis. The left hand led to more category 3 AccDis than right-hand movements, but only in the low speed condition, F(1, 23) = 7.39, p < 0.05. There was no main signiﬁcant difference between hands (p > 0.09). Movements in the low speed condition showed more category 3 AccDis than movements in the high speed condition, F(1, 23) = 208.03, p < 0.0001. In the high precision condition a movement showed more category 3 reversals than in the no precision condition, F(1, 23) = 18.98, p < 0.001. There was no interaction speed by precision. 6.4.1. Effects on AccDis per section Category 1 AccDis. In section 1, there was no effect of hand, but the other condition effects were strong. Movements in the low speed conditions showed less category 1 AccDis than movements done in the high speed condition, F(1, 23) = 115.98, p < 0.0001. Precise movements resulted in less AccDis in section 1 than movements in the low precision condition, F(1, 23) = 5.04, p < 0.05. For section 2, there was a signiﬁcant interaction hand by speed, F(1, 23) = 15.48, p < 0.005. Fig. 4b shows that the left hand displayed more AccDis than the right hand in the low speed condition. Movements in the low speed condition showed signiﬁcantly more category 1 AccDis in section 2 than movements carried out in the high speed condition, F(1, 23) = 56.13, p < 0.001. The hands did not differ in section 3. A movement performed in the low speed condition showed more category 1 AccDis than when the movement was done in the high speed condition, F(1, 23) = 22.52, p < 0.001. In the ﬁnal section there was also a main effect of hand due to more category 1 AccDis of left-hand movements as compared to movements with the right hand, F(1, 23) = 8.95, p < 0.005. These hand differences were stronger in the high than in the low precision condition, as conﬁrmed by a signiﬁcant interaction hand by precision F(1, 23) = 6.65, p < 0.05. In the ﬁnal section of movements done in the high speed condition, more AccDis were found than in movements in the low speed condition, F(1, 23) = 30.45, p < 0.001. Apparently, category 1 AccDis are uniquely distributed across fast movements, while the precision manipulation shows no effect. Indeed, most AccDis are found during initial and ﬁnal movement phases of fast movements, whereas none were found in the two middle sections. These results may be explained by the involvement of fast recurrent neuromuscular activity and make an explanation on the basis of short feedback loops less likely. Category 2 AccDis. There was no hand difference in the initial section. In section 1, there was a speed by precision interaction due to more AccDis in the ﬁrst section of low speed but precise movements, F(1, 23) = 4.36, p < 0.05. In the low speed condition (see Fig. 4b) there were more category 2 AccDis than in high speed movements regarding section 1, F(1, 23) = 10.91, p < 0.005. The same applied to sections 2 and 3 in which there were signiﬁcantly more category 2 AccDis in low speed than in high speed movements, F(1, 23) = 240.73, p < 0.0001 and F(1, 23) = 90.04, p < 0.001. In the third section precise movements showed more category 2 AccDis, F(1, 23) = 14.26, p < 0.005. This effect remained visible when precise movements were carried out in the high speed condition, F(1, 23) = 6.85, p < 0.05. For the ﬁnal section, left-hand movements showed more AccDis than right-hand movements, F(1, 23) = 29.68, p < 0.001. Precise movements required more AccDis in the ﬁnal section than movements in the low precision condition, F(1, 23) = 11.53, p < 0.005. Manipulations of speed and precision had no effect on the existing hand difference; there were no interactions. Category 3 AccDis. Movements carried out in the low speed condition resulted in more category 3 AccDis in the ﬁrst section than movements in the high speed condition, F(1, 23) = 31.09, p < 0.001. No other effects were found in this section. In section 2 this effect of low speed (see Fig. 4d) became larger, F(1, 23) = 44.38, p < 0.001. In section 3 (see Fig. 4d) there was a near signiﬁcant hand by speed interaction, F(1, 23) = 3.84, p = 0.062. The right hand showed more AccDis than the left hand but only in the low speed condition. The reader will notice that this effect is conﬁned to the category 3 AccDis data of Experiment 2. Low speed movements showed more category 3 reversals in the third section, F(1, 23) = 114.55, p < 0.0001. High precision movements also showed more AccDis, F(1, 23) = 11.66, p < 0.005 (Fig. 5d). Movements that combined low speed with high precision showed most category 3 AccDis, as conﬁrmed by the signiﬁcant interaction speed by precision, F(1, 23) = 8.00, p < 0.01. In section 3, the hand effect reversed again. More category 3 AccDis were found for left-hand movements, F(1, 23) = 4.32, p < 0.05.
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There were strong effects of speed and precision manipulations on the frequency of AccDis in the ﬁnal movement section. Movements in the low speed condition exhibited more category 3 AccDis than movements in the high speed condition, F(1, 23) = 87.76, p < 0.001. Finally, precise movements showed more category 3 AccDis than movements in the low precision conditions, F(1, 23) = 25.92, p < 0.001. 6.5. Spatial error per kinematic event Direction constant error. Fig. 6a and b suggests that, as in Experiment 1, the hands exhibited a small systematic ipsilateral deviation at movement start, which changed into a larger contralateral deviation beyond the occurrence of peak velocity. As expected, these effects appeared to be stronger in the high



Fig. 6. (a) Constant error perpendicular to the primary direction of a movement (direction constant error), as a function of hand (triangles), speed (markers), and kinematic event (horizontal axis: PA = peak acceleration; PV = peak velocity; PD = peak deceleration; End = movement offset). (b) Constant error perpendicular to the primary direction of a movement (direction constant error), as a function of hand (triangles), precision (markers), and kinematic event (horizontal axis: PA = peak acceleration; PV = peak velocity; PD = peak deceleration; End = movement offset). (c) Variable error perpendicular to the primary direction of a movement (direction variable error), as a function of hand (left and right triangles), speed (markers), and kinematic event (horizontal axis: PA = peak acceleration; PV = peak velocity; PD = peak deceleration; End = movement offset). (d) Variable error perpendicular to the primary direction of a movement (direction variable error), as a function of hand (left and right triangles), precision (markers), and kinematic event (horizontal axis: PA = peak acceleration; PV = peak velocity; PD = peak deceleration; End = movement offset). (e) Variable error in the primary direction of a movement (extent variable error), as a function of hand (triangles), speed (markers), and kinematic event (horizontal axis: PA = peak acceleration; PV = peak velocity; PD = peak deceleration; End = movement offset). (f) Variable error in the primary direction of a movement (extent variable error), as a function of hand (triangles), precision (markers), and kinematic event (horizontal axis: PA = peak acceleration; PV = peak velocity; PD = peak deceleration; End = movement offset).
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speed and in the low precision conditions. In general, the left hand showed a larger deviation. These observations were statistically conﬁrmed by the analyses per kinematic event. At peak acceleration the left hand showed more direction constant error than the right hand, F(1, 23) = 42.81, p < 0.001. This effect was more predominant in the low speed condition, as conﬁrmed by the signiﬁcant hand by speed interaction, F(1, 23) = 12.0.8, p < 0.005. At peak velocity the left hand showed more direction constant error than the right hand in the low precision condition, as conﬁrmed by the signiﬁcant interaction hand by precision, F(1, 23) = 4.89, p < 0.05. Fig. 6a and b shows that at peak deceleration, the left hand showed more constant error than the right hand, F(1, 23) = 21.06, p < 0.001. Expectedly, this hand difference was larger in the low than in the high precision condition, F(1, 23) = 14.17, p < 0.005, but also in the high rather than the low speed condition, F(1, 23) = 20.23, p < 0.001. As Fig. 6a and b shows, there were similar effects at peak deceleration and at movement completion. Surprisingly, the right hand displayed more direction constant error than the left hand, F(1, 23) = 11.29, p < 0.005. This difference was far greater in the low than in the high precision condition, F(1, 23) = 15.32, p < 0.005, but also in the high speed condition as compared to the low speed condition F(1, 23) = 9.12, p < 0.01. Direction variable error. At the occurrence of peak acceleration, the left hand showed more variable error perpendicular to the primary movement direction than the right hand, F(1, 23) = 5.28, p < 0.05. This direction variability of the left hand expressed itself more in the high than in the low speed condition, as conﬁrmed by the signiﬁcant interaction hand by speed, F(1, 23) = 14.27, p < 0.005. As expected, movements in the high precision condition were less variable than movements in the low precision condition, F(1, 23) = 20.83, p < 0.001. At peak velocity (Fig. 6c), the interaction of hand and speed was found again, F(1, 23) = 6.25, p < 0.05. Furthermore, precise movements were less variable at peak velocity than movements performed in the low precision condition F(1, 23) = 14.89, p < 0.005. At peak deceleration, the data showed an altered pattern. Similar to the results of direction constant error, the right hand displayed more direction variable error than the left hand, F(1, 23) = 13.23, p < 0.005. This hand difference occurred mainly in low precision condition (Fig. 6b). The effect was statistically substantiated by the signiﬁcant interaction hand by precision, F(1, 23) = 9.79, p < 0.01. The manipulation of precision had a strong effect. Indeed, precise movements were less variable than movements in the low precision condition, F(1, 23) = 18.91, p < 0.001. The general pattern of results found at peak deceleration returned stronger at movement end. The right hand was more variable than the left hand, F(1, 23) = 7.85, p < 0.05. This difference was most apparent in the low precision condition, as conﬁrmed by the signiﬁcant interaction hand by precision, F(1, 23) = 12.76, p < 0.005. As expected, precise movements were less variable at movement end, F(1, 23) = 25.01, p < 0.001. Note that the end position of the right hand was still within the target area. Extent variable error. Fig. 6e shows that at peak acceleration, fast right-hand movements were less variable than fast left-hand movements. In the low speed condition this hand difference was smaller. This was conﬁrmed by a signiﬁcant interaction between hand and speed, F(1, 23) = 7.31, p < 0.05. high speed movements as such were less variable at peak acceleration, F(1, 23) = 7.09, p < 0.05, and also at peak velocity, F(1, 23) = 5.62, p < 0.05. Fig. 6f indicates that at peak velocity, both hands were more variable in the primary direction of movement in the low precision condition, F(1, 23) = 8.67, p < 0.005. This effect became larger at peak deceleration, F(1, 23) = 5.59, p < 0.05. At movement completion the precision manipulation had expected effects. High precision movements showed a decline in extent variability, whereas low precision movements remained equally variable, F(1, 23) = 6.21, p < 0.05. Extent constant error. There were no hand differences, but the speed and precision manipulations had strong effects on constant error in the primary direction of movement. Indeed, Table 2 indicates that movements performed in the high precision condition showed a small undershoot and that movements in the low precision condition exhibited systematic overshoots. This signiﬁcant 1.34 cm effect of precision, F(1, 23) = 53.27, p < 0.001, also depended on the speed condition and was statistically substantiated by a signiﬁcant interaction speed by precision F(1, 23) = 7.29, p < 0.05. In the high speed condition, movements in the low precision condition showed 1.75 cm more extent constant error than movements in the high precision condition. This difference between precision conditions decreased to 0.92 cm in the low speed condition. Movements in the high speed condition show 0.61 cm more constant error than movement in the low speed condition, F(1, 23) = 16.23, p < 0.005.
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7. Discussion As expected, reaction time for the left hand was shorter than for the right hand. This result has been often reported (Boulinguez, Nougier et al., 2001; Carson et al., 1990; Carson, Elliott et al., 1993) and may hint at a shift of control to movement execution (Phillips & Glencross, 1985) for the left hand. The reaction time data also conﬁrm that condition manipulations were successful in regard to the required preparation time. Indeed, movements in the high speed condition required less preparation time than low speed movements, and precise movements showed a longer reaction time than movements in the low precision condition. These data are in line with previous research (Elliott et al., 2001) on single aimed movements. The data patterns found in Experiment 1 were also present in the results of Experiment 2. Hand differences regarding the spatial control toward movement completion (Ghez et al., 1995; Gordon, Ghilardi, Cooper et al., 1994) were found again in the second experiment. Spatial bias throughout a movement was more outspoken in the second than in the ﬁrst experiment. In both experiments, the speed and precision manipulations had strong effects on spatial bias. There was again a systematic hand speciﬁc ipsilateral direction constant error in the ﬁrst part of movement, which changed to a much larger contralateral direction constant error beyond the occurrence of peak velocity. Such a deviation reﬂects less direction control (Ghez et al., 1995) for the left than for the right hand. In both experiments, high speed and low precision movements were more variable at peak acceleration with the left hand than with the right hand. A peculiar ﬁnding in the second experiment was that low precision movements with the righthand displayed more direction variable and constant error beyond the occurrence of peak velocity than movements with the left hand. A speculative explanation may be that the right hand needed only a minimum of direction control to stop within the boundaries of the target area, and was thus allowed to be variable in the low precision condition. Under these circumstances, the left hand may have had relatively less freedom and had to aim at a more constant end location within the target area. Participants were not entirely able to comply with the high speed requirements, which may add to the apparent differences between the hands. Indeed, for the left hand, this already occurred when no precision was required, while movements with the right hand were too slow when high speed and high precision were combined. The consequence is that the actual limit of total movement time in the high speed condition was shifted 50 ms upward. There is no reason to assume that this changed the general pattern of the results. Indeed, the section time results of Experiments 1 and 2 were strikingly similar in regard to the speed manipulation (Figs. 2a and 4a). The strongest hand differences emerged in the low speed condition. In both experiments, the direction of the hand effect in the low speed condition altered during the movement. Again, left-hand movements in the low speed condition took less time in the two middle sections while the left hand spent more time in the initial and ﬁnal sections of a movement. Experiment 2 also replicated the ﬁndings that the left hand needed more time to start and stop a relatively slow movement. This main effect of hand and the larger difference in the low speed condition remained robust across precision conditions. This means that the speed manipulation had large effects on hand differences, while the precision manipulation had no additional effects. These results imply that within the scope of the section time results it may be inferred that the precision–speed distinction in Experiment 1, mainly manipulated speed. The categories 2 and 3 acceleration discontinuities (AccDis) data again showed similarities with the section time data. Again, the high speed–low speed distinction revealed a similar pattern of results for Experiments 1 and 2. Left-hand movements displayed a larger number of longer duration AccDis in the ﬁnal movement section. The main pattern of the section time data was found in the category 3 AccDis results. An explanation from a feedback point of view would be that the right hand is able to use long duration feedback loops during earlier sections of a movement. Instead, the left hand has to await the ﬁnal target approach, before feedback guidance can be employed. (Elliott, Roy, Goodman, & Carson, 1993; Elliott et al., 1995, 2001) Similar to Experiment 1, the present data on longer-duration AccDis are less likely to reﬂect the dissipation of mechanical energy required to come to a complete standstill (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007), which should have been strongest for high
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speed movements as they require large deceleration forces and thus more dissipation of mechanical energy. Finally, similar patterns of category 1 AccDis for high speed movements were found in Experiments 1 and 2. More short duration AccDis were found in the initial and ﬁnal sections of fast movements. Furthermore, the manipulation of precision showed no differences on category 1 AccDis. Therefore, it may be inferred that this category of discontinuities in acceleration did not reﬂect the use of guidance on the basis of fast feedback loops. In the general discussion it is argued that these short duration AccDis possibly reﬂect biomechanically based mechanisms that come into play at the start and completion of fast aimed movements (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007). The present data show no indications of hand differences regarding these mechanisms. Comparison of Figs. 2b, 4b and 5b reveals that fast movements show a typical drop in the number of these short duration AccDis in the middle two movement sections. In the general discussion this outcome will be discussed in the context of a possible suppression mechanism as suggested in earlier research (Meulenbroek et al., 2005; van Galen & Schomaker, 1992; van Galen & van Huygevoort, 2000; van Galen et al., 1990). 8. General discussion Two experiments were carried out to study hand differences under speed and precision conditions. The second experiment was run to reﬁne the speed and precision manipulations and to provide more detail to the hand differences found in Experiment 1. The study’s main objective was to explore in detail how hand and condition differences regarding temporal and spatial control (Carson, 1993; Carson et al., 1992; Carson, Elliott et al., 1993; Elliott & Chua, 1996; Elliott et al., 1999; Roy et al., 1999; Roy & Elliott, 1986) would become manifest during the course of aimed movements. Both experiments revealed that hand differences regarding time and acceleration discontinuities (AccDis), and spatial control were not equally distributed along the course of a movement. The variable and constant error results generally indicated that manual asymmetries mainly applied to spatial control of movement direction (Ghez et al., 1995; Gordon, Ghilardi, Cooper et al., 1994; Gordon, Ghilardi, & Ghez, 1994; van Doorn & Unema, 2004). The hands showed no differences in regard to extent constant and variable error at movement completion, while these measures were strongly affected by speed and precision manipulations. Instead, the difference of spatial control between the hands was conﬁned to movement direction (Ghez et al., 1995; Gordon, Ghilardi, Cooper et al., 1994). Typically, both hands exhibited an initial systematic ipsilateral deviation perpendicular to the primary direction (direction constant error) of fast and low precision movements in both experiments. This deviation changed into a considerably larger contralateral deviation beyond the occurrence of peak velocity, and persisted until movement completion in the second experiment. Since the left hand showed a larger deviation than the right hand, it suggests that the hands differ regarding direction control instead of the control of movement extent. These ﬁndings may also add to recent notions about biomechanical inﬂuences that make ipsilateral elbow extensions easier and contralateral extension harder to produce for both hands (Carey et al., 1996; Carey & Otto de Haart, 2001; Gordon, Ghilardi, Cooper et al., 1994). The spatial error data also suggest that the left hand may have more difﬁculty than the right hand to start fast and low precision movements. The idea was that the left hand started a movement from a less stable stance than the right hand. This makes sense as movements in the present study started (and ended) with only the stylus tip touching the surface. Furthermore, the left hand may have had more difﬁculty in overcoming its initial inertia at movement start. This phenomenon, also referred to as inertial anisotropy, has been found to be stronger in movements directed at contralateral than at ipsilateral targets (Gordon, Ghilardi, Cooper et al., 1994; Tseng & Sholz, 2005). Recent studies have suggested that these effects are to be attributed to biomechanical differences between the two movement types (Carey et al., 1996; Carey & Otto de Haart, 2001). It is conceivable that similar inﬂuences related to inertial anisotropy distinguish the dominant from the non-dominant hand. In the temporal domain, detailed hand differences were visible prior to and throughout movement execution. First of all, the left hand needed less preparation time than the right hand, as indicated by the reaction time data in Experiment 2. It is possible that the left hand minimized preparation time in
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order to quickly leave the unstable stance. Moreover, the shorter preparation time of the left hand may also indicate a shift in time from preparation to the actual execution, which indeed took more time (Elliott et al., 1993; Phillips & Glencross, 1985). Future research will deal with a possible hand difference regarding this temporal shift. The section time results showed that the longer movement time displayed by the left hand was unequally distributed across the course of movement. Indeed, the left hand consumed more time during the initial part of a movement in the low speed condition. Again, this may be attributed to the combination of a less stable stance and a difﬁculty in overcoming the initial inertia at movement onset (Gordon, Ghilardi, Cooper et al., 1994; Tseng & Sholz, 2005). Following the notion that time may compensate for spatial bias (Fitts, 1954; Flowers, 1975), the time increase in the initial section of slow movements may have helped to reduce spatial variability in the low speed condition. Similarly, the section time difference between hands was much smaller in the high speed condition, possibly at the visible expense of more variable error. The left hand also took more time in the ﬁnal movement section, beyond the occurrence of peak deceleration. Moreover, the data on acceleration discontinuities (AccDis) of categories 2 and 3, and on section time show similar results. These effects were larger for slow and precise movements. If it assumed that these effects relate to additional feedback use during the ﬁnal target approach (Christakos et al., 2006; Elliott & Chua, 1996; Elliott et al., 1993, 2001; McAuley, Britton, Rothwell, Findley, & Marsden, 2000; McAuley & Marsden, 2000), it may be stated that the left hand/right hemisphere system required more feedback processing and even active guidance, when a movement was near to its completion (Roy, 1983; Roy et al., 1994). It implies moreover that the left hand/right hemisphere system may have had to await the ﬁnal target approach in order to apply feedback guidance (Elliott et al., 1999). These results reﬁne contemporary notions about hand differences regarding the initial impulse and current control movement phases (Elliott et al., 2001; Woodworth, 1899). Current control of the left hand may start at peak velocity as is usually assumed (Carlton, 1981; Elliott et al., 1994, 2001; van Doorn & Keuss, 1993; van Doorn & Unema, 2005, 2006; van Doorn et al., 2005), but may have the strongest impact beyond the occurrence of peak deceleration. The results of both experiments show that the right hand took more time in the third section, which was more outspoken in the low speed and high precision conditions. In Experiment 2, these opposite hand effects on section time in the two ﬁnal sections of movements in the low speed condition, returned in the category 3 AccDis data, and may therefore be related to relatively slow feedback loops (Elliott et al., 1993; Elliott et al., 1997; Elliott et al., 2001; van Doorn & Unema, 2004, 2005; van Doorn et al., 2005). Apparently, the right hand may be more ﬂexible in distributing control across a larger part of the trajectory, and may also allow a larger yet restricted increase of spatial variability beyond the occurrence of peak velocity, as was the case in the low precision condition of Experiment 2. In turn, the left hand may focus on the target position, and may be restricted to use corrections during ﬁnal target approach. This idea adds possible detail to the dynamic dominance hypothesis, which states that the non-dominant right hemisphere is specialized in static limb position and requires more adjustments to reach the target accurately. The dominant left hemisphere is specialized in controlling limb dynamics and in pre-specifying movement trajectory, and thus requires relatively less online corrections than the right hemisphere (Haaland, Harrington, & Knight, 2000; Haaland, Elsinger et al., 2004; Haaland, Prestopnik et al., 2004; Harrington et al., 2000). Short duration discontinuities in the acceleration proﬁle, category 1 AccDis, were assumed to reﬂect the occurrence of fast recurrent neuromuscular activity, such as the physiological tremor (McAuley & Marsden, 2000). The typical pattern of category 1 AccDis for fast movements found in Experiment 1 was reproduced in Experiment 2. These data on short duration AccDis displayed a different pattern than the longer duration AccDis in the present study, as the former were more frequent during the start and completion of especially fast movements. Furthermore, there were no differences between low and high precision conditions regarding short duration AccDis. It is therefore less likely that these short duration AccDis reﬂect short duration feedback loops, but instead come into play when relatively large acceleration forces make the limb come into movement and large deceleration forces require active dissipation of mechanical energy (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007). This would make these AccDis a manifestation of biomechanically based mechanisms. In addition, short duration AccDis were typically absent during the two middle sections of a movement, especially in the high speed condition. This concurs with a number of studies reporting the
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absence, interpreted as noise suppression, of fast recurrent neuromuscular activity in aimed movements (van Galen & Schomaker, 1992; van Galen & van Huygevoort, 2000; van Galen et al., 1990). These studies determined the frequency spectrum of each acceleration proﬁle’s deviation from the average across trials. This resulted in a noise spectrum assumed to comprise all discontinuities in movement acceleration. The analysis was necessarily restricted to the middle part of a movement (see method section Experiment 1), and revealed that more forceful movements with larger amplitudes exhibited a selective reduction of the frequency bands of 8–12 Hz, often linked to the physiological tremor (McAuley & Marsden, 2000). The results of the present study conﬁrmed that the reduction of alleged fast recurrent neuromuscular activity was actually conﬁned to the middle part of a movement. The proposed suppression mechanism, possibly effectuated by co-contraction (Meulenbroek et al., 2005) seems to be a general mechanism. However, these biomechanically based mechanisms that were visible throughout fast movements did not further differentiate between the hands in the present study. The view taken in the present study that acceleration discontinuities in several duration categories may reﬂect recurrent neuromuscular activity and feedback-based mechanisms, seems at odds with the results of recent studies (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007). These studies showed that the frequency of zero crossings (and thus discontinuities), found only in a movement’s jerk proﬁle (the ﬁrst time derivative of acceleration), was sensitive to precision manipulation. Moreover, they found that zero-crossings in the acceleration proﬁle (and consequently acceleration discontinuities) were more frequent when a movement ended in a complete standstill. The idea was that in order to achieve such a stop, mechanical energy has to be actively dissipated, which is supposed to lead to additional discontinuities in the acceleration proﬁle. Since these studies (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007) focused on zero-crossings and therefore did not determine the duration of the discontinuities, it is possible that the used acceleration zero-crossings correspond to the short duration AccDis in the present study. Indeed, this category of AccDis was more frequent during the initial and ﬁnal phases of fast movements where handling mechanical energy (Dounskaia et al., 2005; Wisleder & Dounskaia, 2007) is needed to overcome the limb’s inertia. There are two reasons why the longer duration AccDis of the present study are less likely related to these biomechanical inﬂuences. First, one would expect more of these biomechanical inﬂuences when a movement is more forceful (Wisleder & Dounskaia, 2007). However, the present study clearly shows that longer duration AccDis are typically less frequent in fast movements where larger deceleration forces are expected. Second, these types of discontinuities were typically more frequent when movements were slower and were aimed more accurately, which is line with recent feedback notions (Elliott & Chua, 1996; Elliott et al., 1993, 2001; van Doorn & Unema, 2004, 2005). If the same logic is applied to the reported hand differences, a higher frequency of longer duration AccDis in slow and precise movements with the left hand would be an indication of more feedback guidance. The interpretation that higher frequency of longer duration AccDis is an indication of feedback compensations that help to minimize spatial variability, should be further tested in future research. Such a test requires an independent criterion of online (feedback based) control. Recent studies used variability measurements relative to the distance that the limb traversed (coefﬁcient of variation), to account for the effect that spatial error increases with the traveled distance (Khan et al., 2006; van Doorn & Unema, 2006). The lack of online control was shown when the coefﬁcient remains equal and variability increases with the distance traveled during the course of movement. Conversely, online control could be concluded from a sudden decrease of the coefﬁcient towards the end of the movement. It is important to note that this measurement can only be a sound indication of the degree of online control under the implicit assumption that manipulations have no effect on the distance traversed at successive kinematic occurrences. This assumption may have been violated in the present study as indicated by the constant error in the primary direction of movement. The data on coefﬁcient of variation would have led to the false conclusion that manipulations did not affect online control, which would be contrary to the effects of precision and speed reduction on the other dependent variables. The coefﬁcient should be of use in subsequent research on manual asymmetries regarding the possibility of online feedback-based spatial control (Khan et al., 2003; Khan et al., 2006). It is important to verify whether the used manipulations have an effect on spatial error and not on the traversed distance as the movement enfolds.
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