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Abstract This study was designed to investigate the effect of single pulse transcranial magnetic stimulation (TMS) on the isochronic performance of sequential movements which were recorded using a digitising pad. Magnetic stimulation was applied through an 8-shaped magnetic coil over primary motor and premotor cortex at a specific time point while executing the first of a three movement sequence. TMS applied to the premotor cortex showed an alteration effect on the first movement while stimulation of the primary motor cortex influenced the second movement in the sequence. Results suggest that the premotor cortex is involved in online monitoring and controlling of spatio-temporal features of trajectories while the motor cortex contributes to the execution of movements. Isochrony is maintained to a high degree under TMS which has been found in other studies to delay reaction times. The results show that although TMS has a significant influence on motor performance, isochrony is a robust component of motor programs, not readily to be disturbed. © 2004 Elsevier B.V. All rights reserved. Keywords: Transcranial magnetic stimulation; Isochrony; Motor cortex; Premotor cortex



1. Introduction Isochrony describes the relative invariance of movement duration independent of movement amplitude and was firstly described at the beginning of the penultimate century by Bryan [6]. The relative invariance of movement duration is achieved by a compensatory increase of movement speed with increasing movement amplitude. This phenomenon has been demonstrated for hand and finger movements as well as for head rotation and speech production [23–25,32]. The results of such studies lead Viviani and McCollum [27] and Viviani and Terzuolo [30] to the conclusion that isochrony is a general principle of movement control. Freund [10] proposed a model dividing movements into two subtypes: Type I movements which are characterised by slow tracking with variable time of performance with focal visual and somatosensory control, and Type II movements which are characterised by rapid, automatic isochronus execution.
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Isochrony describes, therefore, a kind of single pulse movement which is programmed in terms of start and endpoints and is performed in an optimal way without the need of improvement. Disturbances of isochrony have been found in neurological patients. For example, Halsband et al. [12] found reduced isochrony of Type II movements in patients with Huntington’s disease. The task involved writing the letter “a” in various sizes. The stroke length of written letters was not measured directly. Instead, the written height of the letters was used as an indirect measure of the distance covered. Exact quantification of isochronus performance has been neglected in this study. Viviani and Flash [28] were the first to conceive an isochrony index which allows a quantified measure of isochrony in which “1” represents perfect isochrony and “0” its complete absence according to the following equation: I=



r − rd r−1



Where r is the quotient of the two amplitudes and rd is the quotient of the duration of the two trajectories. A second alternative for representing isochrony is regression analysis. Here perfect isochrony is present if movement
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time remains constant with increasing movement amplitude, thus, resulting in a correlation of “0”. In the complete absence of isochrony, the correlation is “1”. Both methods were employed in the present study. Transcranial magnetic stimulation (TMS) provides a tool, which allows for transient and reversible inactivation of different brain regions. Two types of TMS are used in clinical as well as in experimental conditions: single pulse and repetitive TMS [7,11,15,22]. They differ in terms of TMS pulses resulting in different lasting effects. The benefit of single pulse in contrast to repetitive TMS lies in the exact determination of timing of the magnetic pulse in relation to a motor response. Application over the human motor cortex elicits a motor evoked potential with a short latency in the contralateral muscle which is followed by an inhibitory effect, the silent period, which may last for several hundred milliseconds. This silent period is mediated by intracortical inhibition, but there is also evidence for subcortical involvement [20]. Pretension of a muscle has a facilitative effect on TMS by reducing the threshold, shortening the latencies, and increasing the muscular response amplitude [4]. Day et al. [8] demonstrated that electrical as well as magnetic stimulation over the primary motor cortex leads to a delay of simple reaction time if the stimulus was applied 150 ms before movement onset. The amount of delay increases with increasing stimulus intensity and temporal proximity of the stimuli to movement onset [26,31]. Application of TMS over the supplementary motor cortex (SMA), however, does not result in a delay of reaction time [33]. Additionally Romanaiguére et al. [17] demonstrated a delay in reaction time in choice reaction time tasks with stimulation over the motor cortex. They confirmed the finding that the amount of delay depends upon the temporal proximity of stimulation to reaction onset and found a lack of a correlation between MEP amplitude and delay of reaction time. Amassian et al. [1] demonstrated that application of TMS over the premotor cortex results in perseveration of finger sequence movements. Beckers et al. [2] demonstrated the influence of TMS on saccadic programming if applied 50 ms before its onset using single pulse TMS. He also demonstrated the effect of single pulse TMS on motion perception by applying the pulse over V5 and V1 [3]. The usage of single pulse TMS allowed for an exact interference timing in the visual system. Both articles illustrate the advantage of single pulse TMS for investigating precise timing of performance. Taken together, the results of TMS studies show that movement execution is delayed if the stimulus is applied over primary motor cortex while application over premotor cortex disturbs the temporal coordination of movements. The present study was designed to determine whether TMS applied over primary and premotor cortex has a differential effect on the isochrony of sequential movements. While applying the TMS pulse during the first of a three segment movement, we were also interested in carrying over effects of this pulse onto the subsequent movement segments. Single pulse rather than double pulse TMS was deliberately



employed in this study because it was necessary to control the exact temporal relation between stimulation and particular components of a movement sequence.



2. Methods 2.1. Subjects Six healthy female and two male volunteers with a mean age of 28 years (range 23–37) served as subjects. The handedness of the subjects was assessed with the Edinburgh Inventory [14]. The study was approved by the Ethics Committee of the Heinrich-Heine-University Düsseldorf. The authors obtained an informed consent from each subject before the experiment began. 2.2. Experimental task A sheet of DIN A4 paper containing two vertical lines separated by either 25 or 75 mm was affixed to the digitising pad. Subjects were instructed to take a pen in the right hand and to set it on the leftmost vertical line, and then move the pen horizontally rightwards until its tip touched the rightmost line (Segment 1). Then without a pause the pen was to be moved in the reversed direction until the leftmost vertical line was reached (Segment 2). Finally, and again without a pause, the pen was to be moved back to the rightmost line (Segment 3, see Fig. 1). Subjects received training on performing these trajectories to insure that their performance was automatic and accurate. They were also instructed to make their movements rapidly. Each subject performed 40 trials, 20 with and 20 without TMS. 2.3. Recording the trajectories Trajectories were recorded using a LCA3 digitising pad, 43 cm × 300 cm in size, which allowed for recording with a temporal resolution of 200 Hz. A pen connected with this tablet was used by subjects to perform the trajectories. Data were analysed off-line using the software HAND [30]. This software package allows for defining regions of interests (ROI) as well as for individual off-line analysis of different submovements with respect to velocity, a number of parameters such as: peak velocity, amplitude, acceleration etc. For analysis the trajectory was separated into its three movement segments by defining start and end points according to the velocity profile. A velocity of 0 which was followed by an increase in velocity was taken as the starting point of a movement segment, while the zero point reached after a velocity decline defined the end point of the trajectory. Duration (ms) and amplitude (mm) was determined separately for each movement segment for further analysis. For the isochrony indices, the ratios (r) of the amplitudes (in mm) for the 75 and 25 mm movement paths were
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the execution durations of two trajectories of different amplitudes converge towards 1, an isochrony index of 1 is approached. 2.4. Magnetic stimulation



Fig. 1. (A) Schematic illustration of the three consecutively executed movement segments. (B) Velocity curve (mm/s) with an overlay of the movement path (solid line); t represents the time interval between TMS pulse delivery and the point of movement reversal (mean: 55 ms). (C) Acceleration and deceleration curve (mm/s2 : absolute values) for the three movement segments shown in B.



calculated using the amplitude of the larger movement path as the numerator. Similarly, the ratios of the movement durations (rd ; in ms) for the 75 and 25 mm movement paths were determined using the duration of the larger movement as the numerator. This equation of Viviani and Flash [28] cited earlier takes into account that as the ratio between



The magnetic stimuli were applied using a Magstim-200 (The Magstim Company, Whitland, Dyfed, UK) in connection with a figure-eight stimulation coil (7.5 cm diameter) with a maximum output of approximately 2.5 T. A controlling computer was used for coordinating the recording of the trajectories and starting TMS. This computer set the time point at which trajectory and EMG recording began by giving a tone signal, indicating the beginning of the trajectory execution. The computer which recorded trajectories and the one which recorded the EMG were started simultaneously with tone onset. The magnetic stimulus pulse was triggered using an accelerometer fixed to the tip of the pen. A magnetic stimulus was released after a predefined deceleration value was reached. This deceleration value corresponded to the point of time at which approximately 2/3rd of the movement segment was completed. The average time between TMS delivering and movement reversal (t) was 55 ms (see Fig. 1). The TMS pulse was given once during the first movement segment. This was done to look also for persisting effects on subsequent movement segments. For online control of correct stimulation location, EMG was recorded for every trial. This was done using two bipolar surface electrodes that were placed on the m. extensor indices and m. abductor pollicis longus of the right arm. EMG was transferred via a telemetric device onto a computer for online control. The signal was recorded for 1000 ms with a sampling rate of 1 ms. For location of motor and premotor cortex, a soft cap with electrode positions located according to the international 10–20 system [13], was used for an initial estimation and also as guidance during stimulation. This initial position was held constant during the entire experiment. The coil was held by the experimenter to adjust subject’s head movements during the experiment. The 8-shaped coil was positioned tangentially to the skull. EMG was used for separating premotor and motor cortex stimulation. Absent of EMG responses were defined as stimulating premotor cortex. Individual resting thresholds (mean = 38%) were determined for eliciting a motor evoked potential by changing the stimulus intensity progressively in 5% steps until reaching a level that induced a reliable MEP (100 V) in 50% of 20 trials. Stimulus intensity was set at 15% over individual resting threshold during the experimental tasks. The TMS trials were mixed randomly with non-stimulated control trials. The latter trials were also used as a base-line for estimating the effect of TMS on performance. The order in which the 25 and 75 mm amplitudes trajectories were executed was randomised.
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3. Results Results are presented using both regression analysis and the isochrony index proposed by Viviani and Flash [28] separately for stimulation over primary motor and premotor cortex.



While the influence of TMS on the small trajectory exists only for the two first movement segments, it is evident for all three segments for the larger trajectory (see Table 2).



5. Stimulation over the premotor cortex 5.1. Isochrony index



4. Stimulation over the primary motor cortex 4.1. Isochrony index The medians of individual isochrony indices resulting from stimulated and non-stimulated trials were compared using non-parametric Wilcoxon-signed-ranks tests. Isochrony was significantly greater without TMS for the second segment as shown in Table 1.



The medians of individual isochrony indices for stimulated and non-stimulated trials were compared using Wilcoxon-signed-rank tests (as for stimulation over the primary motor cortex). The results showed a significant difference between TMS and control trials for the first movement segment (z = −1.99; P = 0.04) with greater isochrony for the non-stimulated trials (see Table 3). 5.2. Regressions analysis



4.2. Regression analysis To determine the influence of TMS on individual performance, an individual regression analysis for each subject was performed. Using this equation, the “ideal” amplitude (25, 75 mm) was used to calculate the two individual extreme values for both conditions (TMS vs. no TMS), separately for each movement segment. The difference of these two values was used for statistical analysis, using again the Wilcoxon-signed-rank test for comparison between TMS and control trials. There was a significant difference between stimulated and control trials for the second movement segment (z = −2.52; P = 0.01). Regression lines for the three movement segments are presented in Fig. 2. 4.3. Correlation of the temporal separation between the first direction reversal and TMS application with movement duration To evaluate the effect of TMS application on all movement segments, a correlation of the temporal separation between TMS stimulus application and reversal of the first movement segment (t) with the duration of each of the three movement segments was calculated. This was done separately for the 25 and 75 mm amplitudes. The resulting Spearman Rank correlation coefficients are listed in Table 2. The correlations demonstrate a decreasing influence of the time interval between TMS application and the first reversal on movement duration from the first to the third movement segment. Furthermore, the influence of TMS timing on movement duration appears dependent on the amplitude of the trajectory. Table 1 Medians of isochrony indices separated for all three movement segments for stimulated and non-stimulated trials over primary motor cortex. Segment



With TMS



Without TMS



1 2 3



0.82 0.80 0.87



0.80 0.84 0.82



n.s. z = −2.5; P < 0.05 n.s.



The regression analysis carried out for stimulation of the primary motor cortex was repeated on the data obtained from stimulating the premotor cortex during movement execution. There was a significant difference between stimulated and control trials for the first movement segment (z = −1.99; P < 0.05). Regression lines for the three movement segments are presented in Fig. 2. 5.3. Correlation of the temporal separation between the first direction reversal and TMS application with movement duration The same correlation analysis of time between TMS pulse and the first direction reversal with movement duration of the three movement segments was performed on the data obtained from stimulating the premotor cortex during movement execution. The resulting Spearman Rank correlation coefficients are listed in Table 4. The correlation between t and movement duration was highest for the first segment. While the correlation coefficient of t with the second segment was statistically not significant and quite low, the correlation coefficient enlarged in the third segment and its level of significance increased. In general, the correlation profiles are more pronounced for the large amplitude trajectory.



6. Discussion Isochrony indices as well as regression analysis as a quantitative measurement for spatio-temporal integration showed similar results for the comparison of stimulated and non-stimulated control trials. The results differed depending upon the location of stimulation. While stimulation over primary motor cortex resulted in alteration of spatio-temporal integration of the second movement segment, stimulation of premotor cortex resulted in alteration of isochrony of the first movement segment compared with non-stimulated trials.



B. Suchan et al. / Behavioural Brain Research 154 (2004) 465–471 Fig. 2. Regression lines for the three movement segments with and without stimulation over the primary motor cortex (upper row) including standard deviation for amplitude and duration as well as for stimulation over the premotor cortex (lower row). Dotted lines represent non-stimulated trials, solid lines represent TMS stimulation. For better discrimination, graphs of non-stimulated trials were placed left to the stimulated trials.
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Table 2 Spearman Rank correlation coefficients between t and the duration of the three movement segments for stimulation over the primary motor cortex. Segment



Small trajectory (25 mm)



Large trajectory (75 mm)



1 2 3



0.61 (P < 0.001) 0.35 (P < 0.01) −0.04 (n.s.)



0.92 (P < 0.001) 0.45 (P < 0.001) 0.38 (P < 0.001)



Table 3 Medians of isochrony indices separated for all three movement segments for stimulated and non-stimulated trials over premotor cortex. Segment



With TMS



Without TMS



1 2 3



0.78 0.84 0.89



0.82 0.87 0.88



z = − 1.99; P< 0.05 n.s. n.s.



It is also interesting, but not surprising, that the influence of TMS on the three movement segments differs with respect to the locus of stimulation. The significant contribution of premotor cortex during performing different trajectories was demonstrated by Seitz et al. [21] using PET technique. It was therefore expected that TMS applied over premotor cortex would result in alteration of certain aspects of spatio-temporal integration during performing the trajectory. Results show an influence on the first segment while stimulating over premotor cortex, while the second segment is altered when TMS is applied over primary motor cortex. Our results demonstrate the continuous involvement of the premotor cortex during actual motor performance. This result suggests that the premotor cortex monitors movements online. This is in accordance with results from Schluter et al. [19] who demonstrated different response delays after TMS depending upon whether stimulation was applied over pre- or primary motor cortex as well as upon differences in cue-stimulus intervals in a choice and simple reaction time paradigm. They also demonstrated that TMS over premotor cortex disrupts an early stage of movement selection, while stimulation over primary motor cortex disrupts a movement at a late stage of execution. Additionally, Sakai et al. [18] demonstrate that the premotor cortex is responsible for response selection and timing adjustment of movements. While the latter two studies focused on response selection, our results extend their finding to include a differential effect of pre- versus primary motor cortex stimulation on the spatio-temporal features of executed movements. Analysis using isochrony indices enabled us to show alteration in spatio-temporal integration in early movement Table 4 Spearman Rank correlation coefficients between t and the duration of the three movement segments for stimulation over the premotor cortex. Segment



Small trajectory(25 mm)



Large trajectory(75 mm)



1 2 3



0.72 (P < 0.001) 0.11 (n.s.) 0.23 (P < 0.001)



0.87(P < 0.001) 0.5 (n.s.) 0.60 (P < 0.001)



phases after stimulation over the premotor cortex and late disturbance after stimulation over primary motor cortex. Taken together our results indicate that the premotor cortex is involved in online monitoring of movements in contrast to the primary motor cortex, which is responsible for their execution. Ziemann et al. [33] have emphasised the primary motor cortex as final motor output in contrast to the SMA. This is in accordance with our findings on the effect of TMS over the primary motor cortex. The effect of TMS here results in alteration of the second movement in the sequence, suggesting a direct influence on the relation between amplitude and movement time of the trajectory. The correlation between t and the duration of a movement segment differed for the three segments during TMS application over premotor cortex. The highest correlations were obtained for the first and third segments which share a common direction (movement to the right). Statistical significance levels varied correspondingly. Furthermore, this effect was most pronounced for the larger trajectory and may therefore indicate a different sort of online control. While the small trajectory appears to be programmed and performed as a whole, the large trajectory allows feedback based correction during execution and therefore more time for disturbing effects. If we assume that a back and forth movement is programmed as one cycle, then a disturbance of the initial half of this cycle should persist and be reflected in the performance of the third segment whose direction corresponds to that of the first half cycle. In contrast, the influence of t on the duration of the three movement segments decreases during stimulation over primary motor cortex demonstrating a direct and non-persisting effect at this site. This sequencing effect relates also to the results of Amassian et al.[1] who demonstrated the influence of TMS on sequential finger movements. Our results suggest a stimulus-application-time-dependent effect. The earlier the performance of the trajectory is disturbed by the TMS impulse, the longer its influence on subsequent movement segments persists. This effect depends as well on movement amplitude. Larger movement amplitudes allow for more disturbance. But consistent with the equilibrium theory, the main framework of the motor program is not disturbed and high isochrony indices result in spite of the disturbance. In general, isochrony indices remain high also during TMS demonstrating that isochrony is a stable feature of motor control and not easily disturbed. This finding support the notion of Viviani and Terzuolo [29], that isochrony is a general law or feature in motor control. The persisting isochronus performance may be explained in terms of the equilibrium theory of motor control [5,9,16]. If movements are programmed with respect to their endpoints, disturbance during performance should not have a significant effect on their spatio-temporal integration. Our data yield evidence that a compensative mechanism is active which reduces interfering effects of TMS during performing the trajectories, in accordance with the equilibrium theory.
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Effects of Pimobendan on Adverse Cardiac Events 

Secondary efficacy analyses consisted of comparisons of treatment-associated ... ation: a mean value was calculated from all data available for each patient ...










 








Effects of amphetamine on saccadic eye 

1999; 13; 245. J Psychopharmacol. S. M. Dursun, N. Wright and M. A. Reveley. Effects of amphetamine on saccadic eye movements in man: possible relevance ...










 








Liasse fiscale EDAP - TMS 
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Les TMS - Ronan CHARDONNEAU 

utilisées pour faire de la collecte de données. Il s'agit donc d'éléments qui concernent les personnes en charge de cette collecte, à savoir les marketeurs.










 








Simulation of effects of wood microstructure on water transport 

Table 1. Summary of differences in microstructure between coastal and interior Douglas-fir. Property. Coastal ... On the basis of the Hagen-Poiseuille equation (e.g., Siau 1995) ... Tracheids and rays are represented in the model as shown in.










 








EFFECTS OF pH ON THE TOXICITY OF CADMIUM, COPPER, LEAD 

E&s for cadmium, copper, lead and zinc were determined for juvenile production of ... in the OECD standard earthworm test Guideline 207 (OECD, 1984) and.
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