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Abstract There are contrasting reports upon the level of effectiveness of motor imagery in learning new motor skills, but there is general consensus that motor imagery can lead to improvements in performance, especially in combination with physical practice. In the present study we examined the effectiveness of motor imagery in the acquisition of movement invariants in two grapho-motor trajectorial learning tasks with differing visuospatial components: ‘Ideogram drawing’ and ‘connecting circles’. Two subject groups were studied: An imagery group, which underwent 10 min of motor imagery training and a control group, which practised a control visuomotor task over the same period of time. The results showed that imagery training alone enabled the subjects to achieve a significant approach to movement isochrony as well as a significant shifting of peak velocity toward the target. After a practice phase, both groups improved their performance, but the imagery group was still significantly faster than the control group. Furthermore, a series of tests measuring visual imagery abilities was administered to the subjects. There were however no significant relationships between the motor performance and the visual imagery ability levels of the subjects. It is concluded that motor imagery can improve the acquisition of the spatio-temporal patterns of grapho-motor trajectories and that there are different processes involved in visual and motor imagery. © 1998 Elsevier Science B.V. Keywords: Motor Learning; Imagery; Movement kinematics



1. Introduction Motor learning has been traditionally defined [36] as the acquisition of skilled movements as the result of practice, specifically of physical practice. Motor learning, however, can also be understood as the acquisition of the required temporal and spatial characteristics of movements. During such an acquisition phase, the motor programme for the execution of the movement is modified and consolidated. One of the many sub-processes that may exert a * Corresponding author. Tel.: + 49 211 7816125; fax: + 49 211 784353; e-mail: [email protected] 0166-4328/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved. PII S 0 1 6 6 - 4 3 2 8 ( 9 7 ) 0 0 0 8 7 - 9



certain contribution to motor learning is motor imagery. Neurophysiological relationships between imagining and actually performing a movement have indeed been demonstrated using brain activity mapping techniques such as PET e.g. [13,30,7,37,41,38] and fMRI [19,31]. These findings support the notion that the cortical areas activated during the imagination of a movement are very similar to those activated during its performance. Thus, it seems logical to expect that the central changes produced during motor imagery should also have an effect on the motor performance. Although it has already been shown in a remarkable number of studies that the use of mental practice for the learning of a motor task produces significantly
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greater improvements than no practice at all, e.g. [25,40,33,48]. Mental practice in this context refers to ‘the symbolic rehearsal of a physical activity in the absence of any gross muscular movements’ [29]. However in some studies positive effects of imagery training could not be achieved [2,11,39,32]. Yet in other studies the combination of both mental and physical practice was found to produce the best results [42,5,20,46]. Thus it is possible to conclude that despite more than six decades of research on the topic there is no consensus as to whether imagery training leads to improvements in the acquisition or performance of motor skills. The great variation in task selection, group selection, method of imagery training and a host of other factors may account for the differing results. It appears necessary to study mental practice further and in particular to consider the mechanisms involved in the contribution of mental practice to motor learning. For this purpose in the present study a verbal and visuospatial imagery questionnaire and a battery of imagery and working memory tests were administered to the subjects in the present study of mental practice of trajectorial learning. To our knowledge imagery training has not yet been applied to trajectorial learning, a procedural skill which should not be open to introspective or declarative reasoning and which therefore should not be able to be influenced by the verbal components of imagined practice. The visuospatial components of imagery should however contribute to learning and should lead to some improvement in skill acquisition. In order to evaluate the contribution of visuospatial imagery in this context, two trajectorial learning tasks with differing visuospatial and graphomotor components were chosen: ‘Ideogram drawing’ and ‘connecting circles’. It was assumed that the visuospatial differences between these tasks would far out-weight any differences in demands upon central processes of motor learning, although these latter could of course not be held constant.



‘false’ depending upon whether or not they apply personally. The items were designed to measure visual and verbal thinking habits, skills and preferences. The questionnaire was developed upon the background of the ‘dual coding theory’ [23].



2.2. Imagery and background test battery 2.2.1. Alphabet imagery test Coltheart et al. [4] developed two simple tests of mental imagery, referred to in this study as the ‘alphabet imagery test’. The authors postulated that this test was a ‘pure’ test of verbal and visual functions. This imagery task is a screening instrument for modalityspecific cognitive and attention processes, without motor influences. The two subtests consist of the following: In the ‘verbal imagery task’ the subjects have to imagine the alphabet and name all the letters that rhyme with ‘tree’ as quickly as possible (in the German version with the German word ‘tee’). In the ‘visual imagery task’ the subjects are required to imagine the alphabet as capital letters and name all those which contain a curve (e.g. B, C, D, etc.) as quickly as possible. Dependent variables were the number of errors (both omissions and false answers), the number of correct answers and the total time needed to perform the subtest. 2.2.2. Line crossing This test was designed specifically for the present study. It consists of ten items and an example item. Each item is presented on a DIN A4 sheet positioned horizontally. On each sheet there are encircled numbers (diameter 9 mm) placed randomly on the paper (see Fig. 1).



2. Method Before the actual experiment started, each subject filled out (in German translation) a short form of the ‘individual differences questionnaire’ — IDQ [24]. The percentage of visual-IDQ answers served as a matching variable for forming the two groups (imagery group and control group). Once the experimental phase was finished, an imagery and background test battery was administered to each subject.



2.1. Indi6idual differences questionnaire The IDQ consists of 86 items in the form of statements which the subject has to endorse with ‘true’ or



Fig. 1. (a) Line crossing. The sheet with the encircled numbers in the left panel represents the task that the subjects had to solve. In the right panel the dotted lines represent the ‘imaginary’ lines that the subjects had to ‘see’ in order to solve the task. (b) Tower of Du¨sseldorf. In the left panel is the task as it was presented to the subjects. The panel on the right side is its solution.
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The number of circles varies between five and seven (in the following order: 6, 6, 5, 7, 6, 7, 6, 7, 6 and 6). The subject’s task is to draw a line mentally, without using the fingers, connecting the circles in counting order, i.e. beginning at number 1 until reaching the last number and at the same time to count how many times the imaginary lines cross one another. Dependent variables used were the number of correct answers and the total solution time for the ten items.



2.2.3. Tower of Du¨sseldorf This test was also designed for the present study, following the logic of the ‘tower of Hanoi test’. It consists of ten items and an example item. Each item is presented on a DIN A4 sheet positioned horizontally. The items consist of two towers of boxes (each box 2× 2 cm) and an empty column between the towers. Each box of the left tower has a number written on it. This tower constitutes the ‘start’ position. The tower on the right-hand side has the same number of boxes as the left one, but the numbers are in different positions. This tower is the ‘end’ position (see Fig. 1). The subject’s task is to ‘transport’ mentally each box of the left tower to the right one in such a way that the boxes are placed in the same positions as marked on the right tower. They have to respect the following rules: Only one box may be moved at a time; the box on the top of the tower has always to be moved first; every movement from the left tower to the right tower has to be carried out through the empty column; some boxes may be left on the empty column and they may be piled if needed to free the other boxes; and they may also place the boxes back on to the left tower or from the right tower to the empty column. The task is to find out the minimum number of movements necessary to transport the boxes from the left tower to the positions indicated on the right tower adhering to the rules. The number of boxes per item varies between two and four (in the following order: 3, 2, 3, 3, 3, 3, 4, 3, 4 and 4). The solution varies between four and 12 movements (in the following order: 6, 4, 6, 8, 6, 8, 12, 6, 12 and 8). Only correct answers are given points. The maximum possible score is therefore ten points and this score was used as one of the dependent variables. Solution time was also measured for each item and as a dependent variable the sum of the ten solution times was employed. 2.2.4. Mehrfachwahlwortschatztest Verbal IQ of the subjects was estimated with the ‘Mehrfachwahlwortschatztest’ (MWT-B) [18]. The MWT-B is a paper and pencil test. It shows a highly significant correlation (r = 0.90) with the HAWIE (German version of the WAIS). It consists of 37 items, arranged in increasing order of difficulty. Each item consists of five words written on a line. Four of these words are nonsense words but one is a real German



Fig. 2. Working sheets with the two ideogram types for the ‘ideogram drawing’ experiment and with item A (small third circle) and item B (large third circle) for the ‘connecting circles’.



word. The subject’s task is to select, but not define, the real word. The total number of correctly recognised words is summed and this score is transformed by means of a standardised table into an IQ-value.



2.2.5. Working memory Verbal short term memory was measured with the Digit Span subtest of the WAIS-R and visuospatial short term memory was measured with the Corsi ‘block tapping test’.



3. Experiment 1: Ideogram drawing



3.1. Subjects The sample of 58 healthy volunteers was divided into two groups: Controls and imagery. The control group consisted of 27 subjects (eight males and 19 females) with a mean age of 32.5 years (S.D.: 8.5, range 22–54). Their mean verbal IQ (MWT-B) was 116.5 (S.D.: 12.9, range 95–143). The imagery group comprised 31 subjects (11 males and 20 females), mean age 35.7 years (S.D.: 13.9, range 22–73). Verbal IQ (MWT-B) ranged from 97–143 and the mean was 123.6 (S.D.: 10.9).



3.2. Stimulus material and apparatus The stimulus material consisted of six vertically aligned DIN-A4 sheets of paper. Each sheet was divided into five writing-lines of different sizes: 1, 2, 4, 6 and 8 cm. Between each line there was an opaque 1 cm division. On the left hand side of each sheet in the writing spaces there were the same two novel ideograms printed for each of the five sizes (see Fig. 2). The stimulus material was fixed on a digitiser tablet (Terminal Display Systems, Blackburn, UK) with a
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recording surface of 45 ×33 cm. The tablet was placed with an inclination of 40° on a table in front of the seated subject. The digitiser tablet was connected to a Compaq PC Deskpro 386/20e that was able to monitor all movements made by the stylus (which had the form and size of a common pen) on and just above the tablet from the point of first contact until the sheet was completed. The software used was designed specifically for the collection of trajectorial data [45]. It registers the stylus coordinates on the digitiser board with a sampling rate of 100 Hz. Off-line interactive analysis of the data provides information concerning movement kinematics, which were used to assess trajectorial learning. For assessing the accuracy of performance, the heights, widths and total lengths of the drawn ideograms were all registered.



3.3. Procedure The experiment consisted of a baseline (in which the subjects drew 20 ideograms on the first sheet), a training phase (in which they performed either imagery or a control task), a post-training phase and a practice phase. The subject’s task in the baseline was to copy the two ideograms twice each for each of the five sizes (i.e. four ideograms per line) within the boundaries provided. The subjects were instructed to copy the ideograms as accurately as possible and at one stroke, without setting the pen off the paper. They were to work at a speed that allowed them to keep accuracy. After the baseline, the imagery group received 10 min of guided imagery. They were instructed to imagine drawing the ideograms in all five sizes, with their hands resting in view to ensure that no actual movements were made. In the first phase (2 min) they were instructed to build a mental model of the ideograms, which they were to check by closing their eyes and imagining and then opening their eyes and comparing the imagined characters with those actually on the paper. In the second phase (2 min) they were instructed to pay particular attention to how the movements might be made and in particular what the hand movements would look like. In the third phase (2 min), they were requested to imagine what the movements of the stylus would look like. In the fourth phase (2 min) they were instructed to concentrate upon which muscles would be activated, how the movements would feel, how much effort would be needed with each part of each character at each size and so forth. In the final phase (2 min) they were required to imagine the entire flow and sequence of the movements. As a control condition, the subjects in the control group were taken to another room and spent 10 min learning mirror-tracing, a visuomotor coordination task involving actual use of drawing skills.



At the end of the 10 min all subjects completed five full sheets of the same ideograms. The first 20 ideograms after the 10 min were used as the post-training measurement occasion and the last 20 (on the sixth sheet) served as the post-practice measurement occasion.



3.4. Statistical analysis Regions of interest (ROIs) were defined by cursor movements on the stored sequences to capture individual ideograms. The first four (smallest) ideograms (1 cm high) and the four last (largest) ideograms (8 cm high) from the only sheet before training (baseline), from the first sheet after imagery training or control task (posttraining) and the fifth sheet after practice (post-practice) were defined as individual ROIs for each subject and entered into automatic parameter analysis. In every case the values for the four ideograms of the same size were averaged within subjects. All parameters were analysed in a two group (imagery versus controls)× 2 sizes (small versus large ideograms)×3 occasions (baseline, post-training, postpractice) repeated-measures MANOVA design, with post hoc independent and paired t-tests where appropriate.



4. Experiment 2: Connecting circles



4.1. Subjects A total of 52 subjects from Experiment 1 participated also in Experiment 2. Order of experiment participation was balanced across subjects and both experiments were performed on the same day. That fewer subjects took part in Experiment 2 was due simply to time restrictions. The control group was formed by 24 subjects, six males and 18 females. Their mean age was 30.5 years (S.D.: 6.9). The imagery group contained 28 subjects, nine males and 19 females. Mean age was 29.4 years (S.D.: 6.0). The age range for the whole sample was from 22–49 years. The mean verbal IQ was 120.7 (S.D.: 12.9; range 95–143).



4.2. Stimulus material and apparatus The stimulus material consisted of 14 sheets of paper (Din A4 vertical) each with two identical items, making a total of 28 items. An item was defined as two horizontally allocated circles (diameter: 2.2 cm; distance between the circles, 11 cm) with a third circle placed approximately midway 11 cm under the upper two circles. The third circle had one of two sizes: Item A (small, diameter: 0.7 cm) and item B (large, diameter: 2.2 cm). Item A was presented 14 times (seven sheets)
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and item B also 14 times (seven sheets) (see Fig. 2). The apparatus and software employed in this task were the same as described for Experiment 1 (Section 3).
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versus item B (large target)) × 3 occasions (baseline, post-training, post-practice) repeated-measures MANOVA design, with post hoc independent and paired t-tests where appropriate.



4.3. Procedure The subject’s task was to connect the three circles with one another, from the middle of each circle to the middle of the next circle, as accurately as possible at a comfortable speed. The sheets of paper were placed on the digitiser tablet. The starting position was the left circle and the subjects were instructed to draw a line from the left to the right and then diagonally down to the third circle, without setting the pen off the paper. The trajectory could thus be divided into two parts: The first horizontal line from left to right and the second diagonal line from right to left and down. In this experiment there were also three measurement occasions: A baseline that consisted of four sheets (eight items), two each for items A and B; post-training, with two sheets (four items); and post-practice, with again two sheets, one for each item. The physical practice consisted of six sheets. After the baseline, the control group practised the mirror-tracing task for 10 min and the imagery group underwent 10 min imagery training, as described for Experiment 1. After the 10 min training both groups carried on with the physical practice.



4.4. Statistical analysis A total of six individual ROIs were extracted for each movement sequence (defined as two lines connecting three circles). For the baseline the second item A and the second item B were extracted. For the following two occasions, one ROI per item was extracted. Additionally to the kinematic parameters possible shifts of the peak velocity towards the two target circles were analysed. A shift of the peak velocity was defined as follows: First the peak velocity for the first trajectory (between circles 1 and 2) was established. The time at when the velocity reached its peak was subtracted from the total duration. The same procedure was carried out for the second trajectory (between circles 2 and 3), such that each item had two values for the time of the peak velocity. A diminishing value across occasions was taken as an indicator for a shift in the peak velocity toward the target. The accuracy of performance was assessed with the variables height (defined as the Y-coordinate distance between the middle point of the first circle and the middle point of the third circle), width (defined as the X-coordinate distance between the first circle and the second circle) and length (the total length of both trajectories). All parameters were analysed in a two group (imagery versus controls) × 2 items (item A (small target)



5. Results



5.1. Results of the imagery and background test battery The mean visual-IDQ score obtained by the control group was 75% (S.D. 14) and in the imagery group 73% (S.D. 18). Their difference was not significant. The mean verbal-IDQ scores obtained by the two groups also did not differ significantly: Control group: 63% (S.D. 18); imagery group: 66% (S.D. 19). Means and standard deviations obtained on the remaining tests are shown in Table 1 for both groups. None of the group differences were significant by t-test comparison (P\ 0.05 for all variables) except for IQ obtained on the MWT-B (t= 2.22; PB 0.05) and the time needed to solve the verbal part of the ‘alphabet imagery test’ (t= 2.30; PB0.05).



5.2. Experiment 1 The three parameters that served as controls for accuracy, i.e. height, width and length of ideogram did Table 1 Descriptive statistics of the results obtained on the imagery and background test battery



Crossing lines Crossing time Tower of Du¨sseldorf Tower time Digit forwards Digit backwards Corsi forwards Corsi backwards IDQ-visual IDQ-verbal MWT-B Alphabet visual time Alphabet verbal time



Control group



Imagery group



Mean



S.D.



Mean



S.D.



4.11 108.11 6.60 195.37 7.00 5.40 6.20 5.70 0.75 0.63 116.40 40.00 42.00*



1.6 41.6 2.2 94.1 0.9 1.0 1.2 1.0 0.1 0.2 12.9 12.0 23.0



4.40 106.00 7.50 199.14 6.70 5.60 6.30 5.50 0.73 0.66 123.60* 34.90 31.40



1.5 67.5 2.2 122.0 1.0 1.1 0.8 1.0 0.2 0.2 10.9 11.9 10.6



Crossing lines: Score in the crossing lines task; Crossing time: Solving time for the crossing lines task (s); Tower of Du¨sseldorf: Score in the Tower of Du¨sseldorf task; Tower time: Solving time for the Tower of Du¨sseldorf task; Corsi forwards: Visuospatial span in the Corsi block tapping test, forwards; Corsi backwards: Visuospatial span in the Corsi block tapping test, backwards; MWT-B: Verbal IQ; Alphabet visual time: Solving time for the visual part of the alphabet imagery test. Alphabet Verbal time: Solving time for the verbal part of the alphabet imagery test. * PB0.05.
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Fig. 3. Control variables for accuracy of performance. Width: represents the horizontal size of the ideogram. Height: Ideogram size in the vertical plain. Length: The size of the total trajectory. P. training: Post-training occasion, after the imagery training and control task respectively. P. practice: Post-practice occasion.



not change significantly over the course of the experiment and there were no significant group differences (see Fig. 3). Mean velocity in the X-axis as well as in the Y-axis showed no significant main groups effect but a significant main occasions effect (for the X-axis: F(2,110)= 48.8, PB0.001; for the Y-axis: F(2,110) = 50.6, P B0.001) and a significant groups× occasions interaction effect (for the X-axis: F(2,110) = 6.3, P B 0.01; for the Y-axis: F(2,110)=8.3, P B 0.001). As can be seen in Fig. 4 the imagery group achieved already after the imagery training and before the practice phase an increase in velocity which was significantly higher than the control group. Additionally, on the Y-axis there was a significant 2-way occasions× sizes interaction effect (F(2,110) =14.8, PB 0.001) and a 3-way groups× occasions ×sizes interaction effect (F(2,110)=3.2, P B0.05). Further t-tests showed that the mean vertical velocity increased significantly more for the large ideograms than for the small ideograms and that the imagery group showed this effect already after the imagery training. The imagery group displayed a significantly higher mean velocity after the practice phase in the vertical axis than the control group, both for the large ideogram (t =2.1, df= 56, P B 0.05) and for the small ideogram (t =2.8, df= 56, P B 0.01). Regarding the movement duration there was no significant main groups effect but a significant main occasions effect (F(2,110) =48.6, P B0.001) and a significant 2-way groups×occasions interaction



(F(2,110)= 3.11, PB 0.05), with the imagery group reducing significantly the movement time already after the imagery training (for the small ideogram: t=5.5, df= 30, PB 0.001; for the large ideogram: t= 3.9, df= 30, PB 0.001), whereas the control group did not change their movement duration significantly (see Fig. 4). After the practice phase, both groups needed significantly less time to perform the ideograms and on the post-practice occasion there were no significant differences between the groups.



5.3. Experiment 2 Regarding the three parameters which served as controls for accuracy, there were no significant changes across the occasions and there was also no significant main groups effect nor were there any significant interactions. There was of course a main effect of items for the variables height and length, which was expected due to the differences between the items built into the procedure. The mean tangential (point) velocity showed a clear effect of imagery training: There was no significant group main effect, but a significant main occasion effect (F(2,100)= 22.4, PB 0.001) and a significant 2-way groups× occasions interaction effect (F(2,100)=4.8, PB 0.01). Further t-tests showed a significant increase in mean tangential velocity (item A: t= 5.0, df= 27, PB0.001; item B: t=3.9, df= 27, PB 0.001) between baseline and post-training for the imagery group, but
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Fig. 4. Horizontal and vertical mean velocity as well as overall movement duration for the large and small ideograms. P. training: Post-training occasion, after the imagery training and control task respectively. P. practice: Post-practice occasion.



not for the control group. The imagery group displayed no further significant velocity increase between posttraining and post-practice. Between the post-training and post-practice phases the control group showed increases in mean tangential velocity (t = 2.2, df = 23, PB 0.05) for item B alone, item A showing no further increase in tangential velocity after the physical practice phase (see Fig. 5). The results for movement duration showed a main occasions effect (F(2,100) =14.2, P B 0.001) and a main items effect (F(1,50)=38.7, P B0.001). Further t-tests confirmed that in the baseline both the imagery group (t = 2.5, df= 27, PB 0.05) and the control group (t= 2.6, df= 23, PB 0.05) needed more time to perform item B than item A (see Fig. 5). These results remained consistent over all three occasions. The imagery group needed significantly less time to perform both items (item A: t =3.9, df= 27, P B 0.01; item B: t=2.9, df= 27, P B0.01) after the imagery training. The duration in the control group did not significantly change between baseline and post-practice occasions. Between the post-practice and the post-training phases there were no significant differences in movement duration for either of the two groups. Between baseline and post-practice however there were significant reductions in movement time for both



groups (imagery group, item A: t= 3.7, df= 27, PB 0.01; item B: t= 3.3, df = 27, PB 0.01; control group, item A: t=2.5, df= 23, P B 0.02; item B: 2.3, df=23, PB 0.05). The analysis of the peak velocity shift toward target (Fig. 6) showed for the first trajectory a main occasions effect (F(2,100)= 16.4, PB 0.001) and a main items effect (F(1,50)= 36.2, P B 0.001). There was a significant shift of the peak velocity in item A from baseline to post-training for both groups (imagery group: t= 4.0, df= 27, PB 0.001; control group: t= 2.4, df=23, PB 0.05) but there were no significant differences between post-training and post-practice. Between baseline and post-practice there was a significant reduction in the deceleration phase toward the first target for both groups (imagery group: t= 4.3, df= 27, PB 0.001; control group: t= 2.4, df = 23, P B 0.05). For item B only the imagery group showed a significant reduction in the deceleration phase after the training period (t= 3.0, df= 27, PB0.01) and between post-training and postpractice (t= 2.3, df= 27, P B 0.05). Both groups showed a significant peak velocity shift between baseline and post-practice (imagery group: t= 4.3, df=27 PB 0.001; control group: t= 2.2, df= 23, P B0.05). The comparison between items A and B in the baseline showed already a significant difference, in which item A
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Fig. 5. Mean tangential velocity and overall movement duration for item A and item B. IG: Imagery group; CG: Control group; P. training: Post-training occasion, after the imagery training and control task respectively; P. practice: Post-practice occasion.



resulted in a shorter deceleration phase than item B in both groups (imagery group: t =3.1, df= 27, PB 0.01; control group t=2.3, df= 23, P B 0.05). The differences between the groups in the baseline were not significant. At post-training as well as at post-practice the same relationship between items A and B remained as in the baseline. The results for the second trajectory (from second circle to third circle) showed a main occasions effect (F(2,100)= 12.5, PB0.001) and a main items effect (F(1,50) = 52.0, P B0.001). As can be seen in Fig. 6 the peak velocity shift in the second trajectory changed significantly between the items across the occasions (imagery group, baseline: t =3.7, df = 27, PB 0.01; post-training: t= 3.4, df =27, P B 0.01; post-practice: t = 6.3, df = 27, PB 0.001; control group, baseline: t= 3.1, df=23, P B0.01; post-training: t = 5.0, df= 23, PB 0.001; post-practice: t =5.7, df = 23, P B 0.001). However the imagery and control groups displayed different patterns of peak velocity shift: For item A there was a significant reduction in the length of the deceleration phase for the imagery group after training (t = 2.7, df=27, PB0.05) but not for the control



group. Neither of the groups showed a significant shift of the peak velocity toward the target between the post-training and post-practice occasions. There was however a significant shift of the peak velocity between the baseline and the post-practice occasions (imagery group: t= 3.3, df= 27, P B 0.05; control group: t=2.1, df= 23, PB 0.05). For item B the same relation as for item A was found. The deceleration phase was significantly reduced in the imagery group after training (t= 2.4, df= 27, P B 0.05) but not in the control group. Both groups showed a significant shift of the peak velocity toward the target between the baseline and the post-practice occasions (imagery group: t= 3.3, df=27, PB 0.01; control group: t= 2.4, df= 23, P B0.05). Neither group showed a significant effect between posttraining and post-practice.



5.4. Correlation analysis between the 6isual imagery 6ariables and the motor performance In the imagery group a multiple correlation analysis was carried out with the results of the test battery and the kinematics variables of the two experiments respec-
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Fig. 6. Peak velocity shift for item A and item B. Panel A, first trajectory (from first circle to second circle). Panel B, second trajectory (from second circle to third circle). IG: Imagery group; CG: Control group; P. training: Post-training occasion, after the imagery training and control task respectively; P. practice: Post-practice occasion.



tively: There were no significant relationships either between the visual imagery variables and the movement kinematics in Experiment 1, or between the movement kinematics in Experiment 2.



6. Discussion It is important to consider first of all exactly what kind of learning was analysed in the present study. In the first experiment, subjects were required to copy previously unseen ideograms. All subjects were capable of doing this upon the first attempt, as was shown in the baseline data for the control morphological variables: Height, width and overall length of the ideograms all conformed to requirements upon the very first trial, indicating that these naive copies were being made accurately. However none of the dynamic variables achieved peak values: Measures of velocity were seen to change over time as a result of practice, isochrony emerged over the different amplitude ideograms. Trajectorial learning in the first experiment thus involved changes in the dynamics of movement as a result of practice, not in the accuracy of movement.



The main result of the first experiment was that it is possible to achieve these dynamic trajectorial changes through motor imagery alone. In the second experiment, subjects were required to join three circles by two strokes of the stylus, the third circle varying in size. Again, this is a task which the naive subject can perform reasonably accurately on the very first trial. But once again, this is a performance which can be improved over time in terms of its dynamics, in this case for instance by shifting peak velocity of each trajectory ever closer to its target, and thereby speeding up overall performance. Also once again, the main result of the second experiment was to show that such trajectorial learning can be achieved through motor imagery alone. These findings indicate that all of the complex operations involved in achieving isochrony and peak velocity shift, none of which is likely to be open to introspection or verbal analysis, can be invoked simply by imagining performing the required task. These results shed some light on the debate on the effectiveness and mechanisms of imagery training. In the ongoing controversy two main hypotheses can be distinguished:
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6.1. The cogniti6e hypothesis This postulates that mental practice effects upon motor learning are due to rehearsing the cognitive components of the motor task. According to this hypothesis mental practice will thus improve only the ‘cognitive’ elements of the task, whereas the ‘pure’ motor components can be improved only by physical practice. Furthermore, this hypothesis predicts that mental practice will have greater effects upon motor tasks that have relatively more cognitive components than upon tasks that have very few, e.g. [34,6,36]. Following these assumptions, it has been demonstrated [26,28,22,47,15,32,10] that mental practice sometimes does have a greater effect on motor learning tasks in which the cognitive components are more dominant than the motor one. However, the present results indicate that this is not very likely. A number of other experiments do not support this cognitive view in which relatively ‘pure’ motor tasks have been used, such as dart-throwing and basketball free throws [44,43,3,21] or pursuit rotor [28] or stabilometer performance [33]. These have also displayed positive, albeit somewhat moderate effects of mental practice upon motor learning. It nevertheless has to be considered that most of the above cited tasks encompass visuo-spatial coordination which may be a cognitive element. Moreover, according to the cognitive hypothesis, the initial stages of motor learning are assumed to be controlled to a great extent by verbal activity [1]. At this time the subject may make much use of verbal planning, introspective rehearsal, verbal instruction and so forth. Indeed, according to Adams [1] and Schmidt [35], verbal conceptualisation is essential to the planning of a motor task in the early stages of learning. However, in the present study, verbalisation during the imagery training was not encouraged, with the instructions concentrating upon visual, motor and somatosensory aspects of performance. Also the goal of isochrony was not explained and it is very unlikely that the subjects verbalised to modulate trajectorial velocities proportionately to required amplitudes. Thus the verbal aspect of the cognitive hypothesis is also not supported by the present results.



6.2. The psychomuscular (or ideomotor) hypothesis According to this hypothesis, mental practice actually has an inherent physical or mechanical component, and it is this latter component that exerts the effect upon motor learning [12]. The basic assumption of this hypothesis is the existence of a firm link between the imagination of a movement and its achieved performance. The link is referred to as the ‘ideomotor principle’ [27]. According to this, there is a tendency to



execute imagined movements and there is indeed some evidence for this position from psychophysiological experiments in which EMG activity and autonomic reactions have been measured during the imagination of movements [14,8,9]. The effects of mental practice are thereby explained by peripheral effects of motor imagery, and these peripheral effects make mental practice to some extent equivalent to physical practice. Nevertheless, it still remains unsolved as to how the peripheral side-effects of imagining movements lead to improvement in motor behaviour. Two possible explanations can be distinguished. First, the peripheral side effects could ‘transfer’ to the actual performance of the motor pattern, e.g. [47]. Second, through the peripheral activation it may be possible to generate or refute an evaluation of kinaesthetic feedback (see [12]). There is however a third approach to explaining most of the effects of mental practice, based on neurophysiological data, e.g. [13,30,7,37,38,41]. In these studies it was found that when subjects imagined movements the supplementary motor area (SMA), premotor cortex and parietal areas were activated. It was shown that during motor imagery both parietal networks engaged in automatic and controlled processing are jointly activated [38]. Moreover, in at least two recent studies employing the fMRI technique [19,31] it has been found that the primary motor cortex is also engaged in motor imagery, albeit to a lesser extent than during the actual execution. This implies that the cortical areas activated during the imagination of a movement are the same or at least overlap with those activated during its performance. It can thus be postulated that imagining a movement involves assembling the appropriate motor programmes on the motor plan, and that the central processes during imagination of a movement are largely identical to those required for its performance. In other words, mental practice would have a direct influence on the central processes of motor learning because it actually invoked all of those processes up to the point of issuing the motor command itself. Observations of peripheral activation during motor imagery, such as EMG or autonomic reactions, could then be seen as ‘accidental’ activation of the sensorimotor cortex or as pointed out by Roth et al. [31] active inhibition of the motor output. Another important aspect taken into account in the present study of primarily visuospatial imagery training was related to the ‘dual coding theory’ of Paivio [23]. Many situations and tasks can be conceptualised in two modalities, either verbal or non-verbal. Furthermore, individuals probably differ in the extent to which their thinking habits are more of the verbal or non-verbal modality. According to this theory, such cognitive differences are expected to have also an influence on different kinds of behaviour, such as, e.g. preferences for verbal and non-verbal activities or differences in
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problem solving strategies, memory habits and also in the skill level for particular verbal or non-verbal tasks. Therefore it can be expected that subjects who have a high ability for visual imagery should achieve greater success with mental practice than subjects with less ability. Moreover, Kosslyn [16] postulated that in visual imagery at least three classes of information processing are involved: Image generation, inspection and transformation. People differ also in their ability in one or more of these types of information processing [17]. In the present study we were therefore additionally interested in finding out which kind of relations exist between such information processing abilities and the results of imagery training on trajectorial learning. For this purpose a number of imagery tests were employed. In the present experiment however the success of the imagery training upon motor performance showed no relation to the imagery abilities or memory as well as cognitive capacities of the subjects. These results suggest that there are probably different processes involved in visual imagery and motor imagery.
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