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Abstract We investigated the relative importance of vision and proprioception in estimating target and hand locations in a dynamic environment. Subjects performed a position estimation task in which a target moved horizontally on a screen at a constant velocity and then disappeared. They were asked to estimate the position of the invisible target under two conditions: passively observing and manually tracking. The tracking trials included three visual conditions with a cursor representing the hand position: always visible, disappearing simultaneously with target disappearance, and always invisible. The target’s invisible displacement was systematically underestimated during passive observation. In active conditions, tracking with the visible cursor significantly decreased the extent of underestimation. Tracking of the invisible target became much more accurate under this condition and was not affected by cursor disappearance. In a second experiment, subjects were asked to judge the position of their unseen hand instead of the target during tracking movements. Invisible hand displacements were also underestimated when compared with the actual displacement. Continuous or brief presentation of the cursor reduced the extent of underestimation. These results suggest that vision–
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proprioception interactions are critical for representing exact target–hand spatial relationships, and that such sensorimotor representation of hand kinematics serves a cognitive function in predicting target position. We propose a hypothesis that the central nervous system can utilize information derived from proprioception and/or efference copy for sensorimotor prediction of dynamic target and hand positions, but that effective use of this information for conscious estimation requires that it be presented in a form that corresponds to that used for the estimations. Keywords Position estimation  Manual tracking  Interruption paradigm  Hand-target relationship  Internal representation



Introduction Motor tasks that involve manually intercepting or tracking a moving target require estimates of both target and hand positions. Prediction of the target’s future position is based on a representation of target movement that is initially established through visual inputs. Information on hand/arm movements comes from two major sources: efference copies of motor commands and feedback inflows primarily from the visual and proprioceptive systems. The integration of these signals has been hypothesized to generate an internal representation of arm movement, which the central nervous system (CNS) can then use to estimate the desired end point of the arm (i.e. the future position of the hand) (Wolpert and Ghahramani 2000). In cases where a target remains stationary, reaching movements towards the target become more erratic if the individual cannot see his or her hand (Desmurget et al. 1995). It has been shown that individuals have a reasonably
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accurate visual representation of the target location and are able to use proprioceptively derived information about it in a very effective way (Soechting and Flanders 1989a, b). Factors responsible for reaching errors could also include computational or motor processes subsequent to the specification of target location using visual or proprioceptive information (Soechting and Flanders 1989a, b; Hocherman 1993; Desmurget et al. 1995). On the other hand, when the target is moving, visual estimation of time-varying target positions can produce additional errors. Accuracy in estimating the target movement itself becomes a more significant factor in the success of a motor task. Visuomotor tracking of a moving target on a slow, predictable trajectory (e.g. sinusoidal waveform) is characterized by accurate smooth movements. Tracking movements of remembered waveforms become less accurate than those of visible waveforms (Miall et al. 1993). However, the motor prediction exhibits remarkably precise performance in several motor tasks, both spatially and temporally (Regan 1997), as compared to purely visual estimation of target motion (Schiff and Detwiler 1979; McLeod and Ross 1983; Cavallo and Laurent 1988). This leads us to infer that processes required by the addition of body movement somehow improve the accuracy of target motion estimates. Purely visual estimation of target motion is a cognitive task processed by higher levels of the brain. Neurophysiological studies have shown that cortical activity in monkeys is maintained after objects are hidden from view (Assad and Maunsell 1995; Baker et al. 2001; Jellema and Perrett 2003). Since nonhuman primates are capable of extrapolating object motion (Filion et al. 1996), it is likely that such cortical activity serves to reconstruct the missing part of the object’s trajectory and/or represent object motion in the environment. To date, the accuracy of visual estimation of target motion independent of accompanying actions has been determined by asking observers to estimate the displacements of an occluded moving target. This type of task is referred to as an interruption paradigm because the internal extrapolation (or reconstruction) of the continuous external motion of a target is momentarily interrupted (DeLucia and Liddell 1998). Recent behavioural studies using such interruption paradigms have shown that target displacements during hidden intervals are systematically underestimated (Lyon and Waag 1995; Takeichi et al. 2004). Furthermore, Wexler and Klam (2001) found that this tendency towards underestimation declined in active observations, where the observers manually generated the target movement. The cause of systematic spatial errors in estimating invisible target displacement remains unclear. However, it is evident that additional information present during active observation, presumably making use of proprioception and/or efference
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copy, reduces the spatial errors seen in purely visual estimation of dynamic target positions. Here, we addressed a major question: can additional information derived from simultaneous motor action actually be used to improve the accuracy of visual estimates of dynamic target positions? To answer this question, the present study introduced a manual tracking task into the interruption paradigm. In ‘‘Experiment 1’’, the displacement of an invisible target estimated in manual tracking trials was compared with that in passive observation conditions. In active conditions, the discrepancy between the actual target and hand positions was examined in order to indirectly assess the accuracy of motor prediction of timevarying target positions. We hypothesized that visual and proprioceptive bimodal information related to simultaneous manual tracking could be used to improve estimates of the unseen target position. By systematically varying the degree of visual information on manual tracking performance, we sought to identify which types of tracking information most clearly influence these judgements. Using a similar paradigm, ‘‘Experiment 2’’ examined the difference between hand positions that each subject consciously perceived and the actual hand positions during tracking movements. This was designed to determine how accurately subjects could recognize the position of their own hand in motion without direct vision of the hand, and as the single primary task (i.e. without any concomitant judgement of target positions).



Experiment 1 Methods Subjects A total of 18 volunteers (aged 19–26 years) with normal or corrected-to-normal vision participated in the experiment after giving informed consent. All were self-reported as right-handed and naive to the experiment. This experiment was carried out in a laboratory at the Queensland University of Technology, with the approval of the local ethics board. Apparatus and stimuli The subjects were seated at a distance of 40 cm from the front of a vertical screen. Visual stimuli were back-projected onto a display area (40.0 9 30.0 cm) on the translucent flat screen under the control of a PC (Fig. 1). A target (rectangle of 0.3 9 0.7 cm) appeared at the right edge of the display area along with a simultaneous warning tone. The target travelled at a constant velocity of 19.7 cm/s (28.2 degree/s in
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displacement of the handle on the linear slide produced the same displacement of the cursor on the screen. These experimental settings ensured spatial congruence between the cursor and hand movements as viewed from the centre of the subject’s body. A board was mounted horizontally above the slide, so that the subjects could not see any part of their moving limb. Sixteen vertical lines at intervals of 1.16 cm, and labelled A to P in alphabetical order, were also drawn just below the cursor path. These were used in the verbal reporting of positions as described below. Fig. 1 A schematic illustration of the experimental procedure. Solid and open rectangles denote visible and invisible states of a moving target, respectively. Open circles indicate a cursor synchronizing with handle motion on a linear slide. The slide and observer’s forearm were masked from view in the experiment



visual angle), horizontally from right to left, and then disappeared at the centre of the display area concurrently with a stimulus tone. Thus, the target was in view for the first half of the path (visible interval) and rendered invisible for the second half (invisible interval). A second stimulus tone was then given quasi-randomly at each of seven intervals: 235, 353, 471, 588, 706, 824 and 941 ms corresponding to seven target positions (i.e. ‘‘actual’’ target positions) of 4.64, 6.95, 9.27, 11.59, 13.91, 16.22 and 18.54 cm from the point where the target disappeared. Vertical lines were drawn at the right edge and centre of the display area. In particular, the line at the centre was essential for preventing the occurrence of representational momentum, a psychological phenomenon in which the sudden disappearance of a visual target causes a perception that its last position is forward of the actual position (Gray and Thornton 2001). The main task for the subjects in all conditions was to estimate where the target was located at the moment of the second stimulus tone. This task was performed using two methods: passively observing and manually tracking. In the passive observing trials, the subjects did not perform any motor action. In the manual tracking trials, each subject gripped a vertical handle on a low-resistance linear slide with the right hand and slid it to pursue the target. The handle could move freely along the horizontal axis, which was parallel to and underneath the screen, for a maximum of 67 cm. All tracking movements started with the handle in contact with a rigid stop at the right end of the slide and then passed transversely in front of the subjects. The handle position was measured with an accuracy of 1 mm by a potentiometer (sampled at 320 Hz) attached to the slide. A cursor (circle of 0.4 cm in diameter) representing the handle position was displayed just under the target path. The cursor position was exactly aligned with the handle position in the vertical direction and a given continuous



Procedures Prior to the experiment, the subjects were instructed that the target would move at a constant speed in a single direction and then become invisible. They were asked to judge, as accurately as they could, the target position when the second stimulus tone sounded and then to immediately report this position verbally by choosing the nearest letter in the range of A to P. This verbal reporting method was adopted in order to eliminate possible influences induced by pointing devices or extra hand movements on judgements. In the manual tracking trials, which acted as a secondary task, the subjects were asked to accurately track the actual or remembered target throughout the whole trial. Two experimental conditions required judgements of target position only, with no simultaneous tracking. In one of these, the target was visible throughout (Tvis), in which subjects could visually perceive, but did not need to estimate target positions. In the second, the target was visible for only the first half of the target path and then disappeared (Tdis). The experimental sets for the manual tracking trials involved three visual feedback conditions: the cursor was always visible (Cvis), disappeared simultaneously with target disappearance (Cdis), or was always invisible (Cinv). In the Cvis and Cdis conditions, both the cursor and target were in view for the first half of the target path. These conditions therefore exactly corresponded to the Tvis and Tdis conditions except for the addition of manual tracking. Each condition was blocked, and the order of the five condition blocks was counterbalanced among subjects. In each condition block, the subjects performed ten trials for each of the seven positions. After every tracking trial, they actively returned the handle without visual feedback to the rigid stop corresponding to the vertical line (i.e. target appearance position) drawn at the right edge of the display area and then started the next trial. This enabled subjects to implicitly know where their hand position was at the onset of the tracking movements using proprioceptive information. No knowledge of results (KR) was given for the



123



374



Exp Brain Res (2009) 195:371–382



performances of their position judgements or tracking movements. A set of 25 practice trials including all five conditions preceded the experiment. Data analysis The accuracy of tracking movements was estimated for two adjacent temporal segments. The first was the 235 ms just before the disappearance of the target. This range was appropriate for the removal of the initial reaction delay and acceleration phases. The second segment was between the first and second stimulus tones, thus eliminating possible deceleration phases that may occur after the second stimulus tone. The accuracy of tracking was then evaluated by calculating constant error (tracking CE) and root-mean square error (tracking RMS). These measurements were separately determined for the two temporal segments in each trial. The difference between the cursor (hand) and actual target position was calculated at each sampled position from a continuous record of hand displacements. Tracking CE and tracking RMS were computed as the mean and standard deviation, respectively, of these differences for each temporal segment. The accuracy of the visual estimation of target position was evaluated by calculating constant error (estimation CE), i.e. the difference between the position each subject verbally reported and the actual target position. For each subject, estimation CE, tracking CE and tracking RMS were averaged over ten trials for each of the seven stimulus positions. Then, the experimental hypotheses were statistically tested using repeated measures analysis of variance. Tukey’s HSD post hoc tests were used to compare tracking errors between the three active conditions for each of the two temporal segments. Comparison of tracking errors between the first and second temporal segments of the tracking task was undertaken using paired t tests separately for each of the three active conditions. To examine whether the active conditions of Cvis, Cdis and Cinv improved the accuracy of the visual estimation of target position relative to passive observation (Tdis) or baseline condition (Tvis), Dunnett’s post hoc tests were used, as this procedure is the most appropriate for comparison of multiple conditions with a control or baseline. A significance level of p \ 0.01 was applied to all statistical tests.



Fig. 2 Mean plots of the estimated position as a function of the actual target position. Solid symbols indicate passive observing trials for the full visible and disappearing targets. Open symbols indicate manual tracking trials for the three visual conditions of the cursor



Overall, Fig. 2 shows that subjects tended to estimate the target’s invisible position as lagging behind the actual position with estimates showing an approximately linearproportional relationship to actual target positions. The CE in estimated target position was significantly influenced by the experimental condition (F4,68 = 50.1, p \ 0.001) and the target position (F6,102 = 55.3, p \ 0.001). The tendency to underestimate the position significantly increased with larger displacements where the cursor could not be seen, as shown by the significant interaction between these two factors (F24,408 = 11.9, p \ 0.001). When the five conditions were compared, it was apparent that judgements made while tracking and with continuous visual feedback of the cursor (Cvis), indicative of hand position, were very accurate and virtually indistinguishable from performance when the target position was continuously displayed and no tracking was required



Results Position judgement errors The accuracy of position judgements is shown in Fig. 2 as estimated versus actual target position (relative to target disappearance location), and in Fig. 3 as constant error.
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Fig. 3 Comparison of averaged constant errors in target position estimation between passive observation and manual tracking trials. Means and standard deviations of the constant error are illustrated. Passive observation is from trials where the target was visible (Tvis) and then disappeared (Tdis). Manual tracking is from trials where the cursor was visible (Cvis), disappeared (Cdis) and invisible (Cinv). *p \ 0.01
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(Tvis), mean CE values being -1.3 and -1.1 cm, respectively. Post hoc tests revealed that estimation errors for both Cdis and Cvis were significantly smaller than for passive observation (Tdis). However, estimation errors for Cinv and Cdis were significantly larger than when the target was continuously visible and no tracking was required (Tvis). These results suggest that when the target’s position was not visible throughout, the presentation of the cursor before target disappearance allowed more accurate position estimation than did passive observation. Tracking errors Figure 4 illustrates the effects of the three cursor conditions during the first and second temporal segments on tracking CE (Fig. 4a) and tracking RMS (Fig. 4b). During the first temporal segment (target visible), there were no significant differences among the three cursor conditions for CE (F2,250 = 0.03, p = 0.973), although Cinv had a larger RMS error than Cvis or Cdis (F2,250 = 290.7, p \ 0.001). For the second temporal segment (target invisible), the tracking CE and RMS for Cinv were significantly larger than those for Cvis and Cdis (F2,250 = 16.0, p \ 0.001 for CE and F2,250 = 149.8, p \ 0.001 for RMS). Comparison of the temporal segments revealed that target disappearance significantly increased tracking RMS under all cursor conditions. Under the Cvis and Cdis conditions, the tracking CEs were not significantly affected by target disappearance, with very small negative values (indicating a slight lag), irrespective of the target visual conditions. However, the CE for Cinv was positive (lead) and significantly increased with target disappearance. The difference between hand position and the actual target position at the second stimulus tone, i.e. constant error at the position judgement (CEj), differed between the visual conditions, as shown by repeated-measures one-way ANOVA (F2,250 = 31.0, p \ 0.001). The CEj for Cinv was significantly larger than that for Cvis and Cdis (Fig. 4c). The group mean for Cvis was negative and significantly less than 0 (p \ 0.001), whereas that for Cinv was positive
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and significantly larger than 0 (p \ 0.001). The mean Cdis was between the mean Cinv and Cvis values and did not differ from 0 (p = 0.012). These results indicate that a lack of visual feedback caused the hand to lead (overshooting) the target. To further examine the relationship between the judgement of the target’s invisible position and manual tracking accuracy, we calculated correlation coefficients (r) of the estimated target position against the actual hand (cursor) position at the second stimulus tone for each subject, in each of the three cursor conditions. Under the Cvis condition, most subjects (17/18, 94.4%) showed a significant correlation (p \ 0.01), and the mean r value calculated by r to z transformation was 0.59. This association became weaker as the availability of visual feedback decreased (i.e. from Cvis to Cdis and from Cdis to Cinv). The corresponding values were 12/18 (66.7%); r = 0.40 for Cdis and 8/18 (44.4%); r = 0.23 for Cinv, respectively. Discussion Position judgement errors The major finding of the first experiment was that the visual estimation of target position was affected by the extent of available sensorimotor signals during manual tracking. Visual feedback of hand position given prior to the removal of the visual target caused the estimation of the unseen target position to be more precise than with passive observation. In particular, continuous display of the cursor resulted in highly accurate estimation of target position, as if the subject were seeing the target. Even when the visual feedback of the hand position was confined to the initial segment, the accuracy of the visual estimation of target position was more accurate than when not tracking. During passive observation, the target’s invisible displacement was systematically underestimated, as has been reported previously (Takeichi et al. 2004). This bias was attenuated by providing sensorimotor information in the active trials of the present task. The improved judgements of the unseen target position appear to be associated specifically with the visual



Fig. 4 Comparison of tracking errors between the cursor’s visual conditions for the target’s visible interval (filled bar) and invisible interval (open bar): the cursor was visible (Cvis), disappeared (Cdis) and invisible (Cinv). Mean values and standard deviations are illustrated. *p \ 0.01
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feedback about the hand position, and not with the mere action of tracking, nor with the tracking accuracy. The first of these conclusions is based on the absence of any difference in judgements between Cinv and Tdis. The only difference in task requirements between these conditions is the addition of manual tracking. It is of interest, however, that while the addition of tracking per se did not improve judgements, it did not worsen them either: an outcome that might have followed if this secondary task had required significant attentional or other resources essential for accurate judgements. The second of these conclusions (that target position judgements are not related to tracking accuracy) is based on a double dissociation. Tracking accuracy in Cvis and Cdis was virtually identical both before and after target disappearance, but judgements were substantially better in the former. Conversely, tracking accuracy was very different between Cinv and Cdis, again in both phases, while target position judgements were very similar, indicating that early visual information on cursor position aids tracking rather than position judgements. This reasoning leaves unanswered the question of which specific information allowed judgements of the unseen target position to be more accurate when tracking with the visible cursor. This question is partially addressed in ‘‘Experiment 2’’, the rationale for which is better appreciated after first considering some aspects of tracking performance outcomes from ‘‘Experiment 1’’. Tracking errors Independent of the influence of tracking on target position judgements was the finding of differences in tracking as a function of visual conditions. The absence of visual feedback considerably increased the number of tracking errors, and this effect was magnified by target disappearance. In contrast, there was no difference in tracking behaviour between the continuous and brief visual feedback conditions, and tracking errors were less affected by the removal of the visual target. Similar effects of visual feedback have been reported for reaching movements towards a stationary target; brief visual acquisition of the hand and target prior to movement onset improved accuracy and decreased variability of proprioceptive localization of the limb in the visual space (Desmurget et al. 1995; Vindras et al. 1998). This implies that vision–proprioception interactions are important for establishing a sufficiently accurate internal representation of hand kinematics in individuals with intact proprioceptive inputs, given that prior visual information in deafferented subjects can still benefit reaching accuracy (Ghez et al. 1995). The present data strongly suggest that once the internal representation of hand kinematics is built during the early stages of movement, subsequent tracking
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movements can be accurately maintained for the duration of the task by using proprioceptive afferent information or other cues related to active movement, such as efference copy. The question remains, however, why this more accurate tracking did not lead to greater accuracy in judging target positions unless the cursor remained visible following target disappearance. One possibility is that subjects have only a limited ability to translate non-visual information on accurate tracking into visual judgements. To examine this further, it is necessary to determine whether the judgement of hand position, as opposed to that of unseen target position, is affected by the availability of visual feedback. While it could be assumed that the equally good tracking in conditions Cvis and Cdis indicates that subjects perceived their hand positions equally well, it was not directly tested. The above interpretation would be supported if, following target disappearance, hand positions and not just target positions are less accurately perceived when visual feedback is withdrawn. However, if hand positions are equally well judged whether cursor information is available throughout or only until target disappearance, it would suggest that subjects are quite capable of using information from tracking to judge hand position, but that this is insufficient to improve target position judgements. Thus, in ‘‘Experiment 2’’, we examined the relationship between actual hand position and the conscious perception of hand position by subjects during tracking. It was expected that withdrawal of visual inputs would increase the variability of the perception of dynamic hand positions, and that this may, in turn, account for poorer unseen target position judgements.



Experiment 2 Methods Subjects Fifteen volunteers (aged 19–22 years) with normal or corrected-to-normal vision participated in the experiment after giving informed consent. All participants were right handed and naive to the experiment. This investigation was carried out in a laboratory at the Tokyo University of Agriculture and Technology, with the approval of the local ethics board. Apparatus and stimuli The apparatus and experimental setup were almost identical to those in ‘‘Experiment 1’’ except for a few features of
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the stimulus presentation. Most of these alterations were necessitated by differences in computer hardware and software used to provide visual stimuli. A visual target (rectangle of 0.5 9 2.0 cm) moved from the right to the left on a vertical screen at a constant speed of 19.3 cm/s (27.6 degree/s in visual angle). The target was in view for the first half of the path on the screen (target visible interval) and rendered invisible for the second half (target invisible interval). A warning tone was sounded at 100 ms before the target’s appearance and then the first stimulus tone was sounded at the moment of the target’s disappearance. The second stimulus tone was given quasi-randomly at five intervals of 127, 317, 508, 698 and 888 ms after the first stimulus tone. The target was invisible between the first and second stimulus tones. Subjects gripped a vertical handle on a low-resistance linear slide with their right hand and moved it to track a target. The hand motion started with the handle in contact with a rigid stop at the right end of the slide and then passed transversely in front of the subjects, parallel to the target path, and exactly underneath the screen. A wooden board prevented vision of the subject’s forearm and slide throughout the experimental trials. The handle position was measured by a potentiometer (sampled at 250 Hz) attached to the slide. A circle cursor of 0.4 cm in diameter was used to represent the hand position and was displayed on the screen just under the target path. The position of the cursor was exactly matched with the handle position in the vertical direction and the gain factor was 1.0; thus, the cursor movement on the screen spatially matched the subject hand movement on the slide. Procedures The main task for the subjects was to judge where their own hand, but not the target, was located during tracking movements. At the beginning of the experiment, the subjects were instructed that the target would move at a constant speed in a single direction and then become invisible, and that they must keep tracking the estimated position of the target after its disappearance. The target presentation served the purpose of keeping hand motion at a relatively constant speed between trials and between subjects. The subjects were asked to judge their hand position at the moment of the second stimulus tone as accurately as possible. The method used to record their judgements was the same as in ‘‘Experiment 1’’. Three subjects who frequently stopped or discontinued the tracking motion at the moment of the second stimulus tone were excluded from the study. The experimental sets involved three visual feedback conditions: the cursor was always visible (Cvis), disappeared at the centre of the screen (Cdis), or always invisible (Cinv). Each condition was blocked, and the order of
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Fig. 5 The judged hand positions as a function of the actual hand position for a representative subject. Solid circle, plus and open circles indicate trials for the visible (Cvis), disappeared (Cdis) and invisible (Cinv) cursor conditions, respectively. The straight lines computed with linear regression analyses are illustrated



the three condition blocks was counterbalanced among subjects. In each condition block, the subjects performed nine trials for each of the five stimulus intervals. The procedure for returning the hand to the rigid stop was identical to that for ‘‘Experiment 1’’. No KR was given for any of the task performances. A set of 25 practice trials that included all three conditions preceded the experiment. Data analysis The accuracy of the hand position judgements was evaluated by calculating constant error (CE) and root-mean square error (RMS). CE and RMS measures were computed as the mean and standard deviation of the difference between the hand position recorded by each subject and the actual hand (cursor) position at the moment of the second stimulus tone. These measurements were calculated from nine trials for each of the five stimulus intervals. Then, the experimental hypotheses were statistically tested at a significance level of p \ 0.01. Results Figure 5 illustrates systematic changes in hand position judgement as a function of actual hand position for a representative subject. The position data were expressed as the distance from the centre of the screen, corresponding to the cursor’s disappearance position under the Cdis condition. The estimated hand positions were highly correlated with the actual hand positions. Moreover, the subject’s own hand positions tended to be judged behind the actual hand positions, especially for Cdis and Cinv. These characteristics were similar for all the subjects.
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Repeated-measures one-way ANOVA revealed that the effect of cursor visual condition was statistically significant for CE (F2,118 = 36.8, p \ 0.001). The group mean of CE for Cvis almost equalled 0, while the mean values of Cdis and Cinv were negative (Fig. 6a). Tukey’s HSD post hoc tests demonstrated that the CE for Cvis was significantly smaller than that for Cdis and Cinv. No significant differences were found between Cdis and Cinv. This indicates that judgement errors incurred under the Cinv condition did not include errors that accumulated during the first half interval. RMS was also significantly influenced by cursor condition (F2,118 = 50.7, p \ 0.001). The RMS for Cvis was significantly smaller than that for Cinv and Cdis (Fig. 6b). Although no significant difference was found between the Cdis and Cinv conditions, the mean RMS for Cdis was between that for Cinv and that for Cvis. Under the Cdis condition, the presence of the visible cursor during the first half interval could possibly decrease the variability in hand position judgements when compared with the Cinv condition. Since the judged hand positions were correlated with actual hand positions (as shown in Fig. 5), linear regression analyses were carried out to quantify the relationship between these two variables. Goodness of fit of the regression lines was high, with the coefficient of determination values, r2, ranging from 0.66 to 0.98 (the mode was 0.90). Figure 6c depicts the means and standard deviations of the slopes of regression lines calculated for each cursor conditions for each subject. The slope represents the ratio of the perceived displacement of hand movement to the actual displacement. The group mean values were smaller than 1.0 regardless of cursor condition, indicating that the subjects tended to underestimate hand movement displacements by approximately 10–35% relative to the movement’s amplitude. Chi-square test revealed that the cursor condition significantly influenced this tendency (x224 = 355.0, p \ 0.001). Multiple comparison tests were performed after adjustment by the Bonferroni inequality (p \ 0.01/3). The slope for Cinv was significantly smaller than that for Cdis and Cvis. In addition, the slope for Cdis was significantly smaller than that for Cvis. Such large differences in slope reflect the underestimation of hand



Fig. 6 Effects of withdrawing visual feedback on the hand position judgements: the cursor was visible (Cvis), disappeared (Cdis) and invisible (Cinv). Means and standard deviations are illustrated. *p \ 0.01
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displacement arising from increased duration of the invisible interval. When visual feedback for hand position was briefly presented at the beginning of the movements, the judgement accuracy of the unseen hand position became closer to that in the Cvis condition. Discussion This second experiment showed that subjects’ judgements of hand position during tracking movements were also affected by the availability of visual cues. When visual feedback of the hand position was always given, the subjects’ judgement was very accurate. In contrast, when visual feedback of hand position was not available, accuracy decreased and variability increased. The lack of visual feedback led to a systematic bias in the judgement of dynamic hand positions. Indeed, hand position tended to be perceived behind the actual hand position when only proprioceptive information/efference copy was available during movements. Nevertheless, hand positions as judged by subjects were significantly correlated with actual hand positions regardless of visual condition. One possible explanation for these results could be that, although the subjects are able to make good use of proprioceptive information/efference copy to perceive their hand position during movements, judgement errors might occur in cognitive processes of translating sensory information on hand position into the visual space, or transformation of spatial coding specified in a body-centred frame of reference into a viewer-centred frame of reference (McIntyre et al. 1997, 1998; Carrozzo et al. 1999). When we allowed subjects to use visual feedback at the beginning of the movements for estimating their hand position, their estimates of hand position improved when compared with the condition without visual feedback. Even brief presentation of the visual feedback decreased the variability in task performance. This decreased variability could be attributed to various factors, but one possibility is suggested by the work of Smeets et al. (2006), who reported that proprioceptive estimates of hand position become more variable as the unseen hand moves. In the present task, a combination of information obtained from multimodal sensors during the early stage of tracking could
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increase the reliability of proprioceptive signals about the hand position relative to the visual world. Consequently, estimates of unseen hand position were more consistent when partial visual feedback was provided than when no visual feedback was given, and were extremely consistent when this was continuously available. In this view, vision is necessary to tune proprioceptive estimates of the hand position or those based on efference copy to the visual frame of reference in space. We acknowledge that some experimental factors may have also influenced the performance of the tasks. The vertical separation of about 15 cm between the hand on the linear slide and the cursor path on the screen may have influenced the vertical transformation from the perceived hand position based on proprioceptive information into visually defined positions on the screen. This is supported by Reed et al. (2003), who showed that increased vertical separation between ‘‘visual cues’’ of the hand and a target reduced the ease and efficiency of making spatial comparisons of their positions. However, our study retained a one-to-one correspondence in horizontal position, movement scaling and direction despite this vertical offset, and it is not clear why all conditions would not have been similarly affected were this offset the crucial factor.



General discussion Visual estimation of target and hand positions Overall, these two experiments indicated that the judgement of unseen target positions improved if subjects received visual feedback about hand position while simultaneously tracking. This improvement did not result from the simple addition of a tracking movement, nor was it related to the accuracy of that tracking. The results from ‘‘Experiment 2’’ indicated that hand position judgements were also better if visual information was given. This is consistent with the view that there are limits to the use of non-visual hand position information to inform target position judgements. Taken together, these findings do show that (relative to pure target position estimation) certain aspects of visual feedback arising from simultaneous tracking can improve performance. A noteworthy outcome is that in no case did the addition of the secondary task (simultaneous manual tracking) impair performance. Position judgements with tracking were either unaffected (Cinv), slightly improved (Cdis) or considerably improved (Cvis). Indeed, they were just as good in Cvis as in the single task where no prediction of target position was required at all (Tvis). It is well known that the addition of a secondary task detracts from the performance of the primary task to the extent that they
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share limited attentional or other resources (Kahneman 1973; Navon and Gopher 1979). In the current study, therefore, there are three possibilities: position judgements use entirely different resources than tracking; there are shared resources, but no cost; there are shared resources and that there is a cost for the second task that can be offset, or more than offset, by the benefits of the additional information it provides. The latter two possibilities seem more probable than the first, because even the mere spatial congruence of the target position judgement and tracking tasks would be likely to involve overlapping neural subsystems for spatial processing. A central question arising from ‘‘Experiment 1’’ is how to account for the superiority of position judgements, but not of tracking, when the subject views the cursor (and thus has knowledge of hand position) throughout the trial, compared to just the initial portion of the trial. While we have adopted a strict interpretation of this dissociation, arguing that neither the pure addition of tracking nor the accuracy of that tracking influences position judgements, such a view may be overly cautious. There were in fact small improvements in position judgements if subjects tracked and viewed the cursor prior to target disappearance, compared to not tracking and seeing only the target prior to its disappearance. Thus, while the larger benefit derived from continuous visual information still requires explanation, it is not true to say that there was no benefit for these judgements without continuous visual information. At this stage, we cannot exclude the possibility that subjects simply used the cursor as a substitute for the target when the latter was not available. However, even if that is the case, it provides some insight into the processes at work. A subject will derive little benefit from using the hand position-related cursor as a substitute for the target, unless tracking is accurate. The disruption in tracking performance that occurs when feedback is distorted or delayed (Miall and Jackson 2006) demonstrates that subjects cannot easily override feedback even when it does not match current hand position. In the present study, tracking was quite accurate in both Cvis and Cdis. Since there was no case in which the inclusion of visual information on the cursor resulted in poor tracking, we are unable to reject the supposition that substituting the cursor for the target only occurs when this information is trusted as accurate. The current data highlight the sensitivity of position judgements to variables that affect the internal representation of target motion and its correspondence to hand kinematics. Such internal representations can be accurately built and used for motor and visual estimation of unseen target position when vision and proprioception information on the hand position relative to the target co-exist (Carrozzo et al. 1999; Desmurget et al. 1995; Rossetti et al. 1995; van Beers et al. 1996). There are several aspects of
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the current task, which may influence the formation and use of such a representation. First, the subjects could not rely on visual estimation of their hand position in the target estimation tasks. In fact, the lack of visual feedback significantly increased the variability of tracking movements (Fig. 4b) and judgements of hand position (Fig. 6b). Movement of the unseen hand can add uncertainty to the visual estimation of hand position (Smeets et al. 2006), which may interfere with the use of an internal representation of hand kinematics. Importantly, introspective reports showed that all subjects were unaware of the underestimation of their hand position when the cursor was invisible. We can therefore hypothesize that if subjects had been able to attain exact judgement of the hand in space with proprioceptive information alone, visual estimation of unseen target position would have become more accurate during tracking, even with no visual feedback. A second way in which an internal representation may have been affected by task variables has to do with the possible use of visual imagery, proposed by Lyon and Waag (1995) as a means by which the unseen target position may be estimated. Indeed, Smeets et al. (2006) proposed that dynamic hand position estimates based on visual imagery are updated using efference copy and proprioceptive afferent information on the intended hand’s movements. The abrupt withdrawal of visual information may have disrupted such visual imagery and introduced biases, manifest as underestimates, after the cursor disappearance. Understanding the potential role of visual imagery may require experiments that promote or disrupt such a strategy, for example, by introducing spatially neutral visual stimulus patterns following target disappearance. Sensorimotor estimation of target and hand positions The present data also demonstrate that the complete absence of visual feedback about the hand caused large errors in sensorimotor prediction as measured by tracking performance: this could be due to the target being represented in advance of its actual position and/or the underrepresentation of hand position relative to its actual position. The second alternative is more likely given that there is continued representation of target motion in the absence of visual feedback, both in the superior colliculus (short review in Van Horn 2009) and the lateral cerebellum (Cerminara et al. 2009). In contrast, when visual feedback was given during the early stages of tracking, tracking performance of the unseen target was highly accurate. This result is inconsistent with the findings of Liu et al. (see Table 1 in Liu et al. 1999), who showed that for healthy subjects, tracking
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velocities increased significantly after withdrawal of visual cues of the hand or the target displacements, resulting in large tracking errors. This discrepancy may be attributed at least in part to differences in the tracking movements. Liu et al. adopted a wrist flexion movement in which the subject’s forearm was fixed to the arm of a chair, an arrangement that might complicate spatial comparisons between actual target positions on a screen and the position sense derived from wrist movements. The present experiment employed a multi-joint action of the limb, which, while more complex than wrist flexion/extension, resulted in hand movements exactly parallel and scaled to the target path on the screen. This high degree of spatial compatibility should simplify comparisons between hand and target positions relative to the fixed arm technique. In addition, our tracking movements were carried out in a normal working space in front of the subjects. Under such circumstances, arm movements efficiently evoke proprioceptive information with relatively little variability in position sense (Gooey et al. 2000). Thus, our subjects may have been able to control tracking movements by more direct use of proprioceptive information, even when the cursor disappeared from view. In turn, relatively precise sensorimotor predictions of unseen target positions could have been performed through implicit use of visual–proprioceptive bimodal information on the hand position prior to movement (Rossetti 1998). Modality for estimation reporting The mechanisms discussed above must also be viewed in the context of a study in which the modality used to report target positions (‘‘Experiment 1’’) and hand positions (‘‘Experiment 2’’) corresponded to that used for presenting the object motion and feedback on hand position, i.e. vision. Any conclusions concerning these mechanisms cannot be regarded as applying generally without being verified by the inclusion of cross-modal judgement conditions. For example, hand position feedback could be delivered using auditory cues, and reporting of perceived object positions could be reported by pointing or re-positioning with the same (or even the contralateral) hand. At this stage, we cannot determine whether the dependence of accurate position judgements in ‘‘Experiment 1’’ on visual information on tracking results from the primacy of such visual feedback generally, or on the intra-modal nature of such judgements in this case. Effects of eye movements Finally, we recognize the potential role of eye movements in these spatial judgements, a factor not controlled or measured in these experiments. Eye movements per se can
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mediate the perception of changes in target position or velocity (Rosenbaum 1975). During the ocular tracking of a moving target, smooth pursuit eye movements are initially driven by visual feedback and then maintained by efference copy of the original commands, which are directed to the oculomotor system itself (Robinson et al. 1986; Krauzlis and Lisberger 1994). Cognitive processes also play an important role in ocular tracking. Periodic presentation of predictable target motion leads to a smooth anticipatory response prior to the stimulus onset (Barnes and Asselman 1991). The velocity of anticipatory eye movements becomes progressively scaled to target velocity over the first few presentations, even if target stimuli are presented as a sequence of discrete motions (Collins and Barnes 2005; Burke and Barnes 2007). In a similar manner, identical target motion, repeatedly given in the present experiments, could drive smooth pursuit eye movements in both reflexive (feedback) control and anticipatory control modes, in which the latter avoids inherent neural delays to perceive target velocity. It is, therefore, unlikely that misperception of the target velocity during the visible interval is responsible for large errors in position judgement after target disappearance. An alternative possible explanation for the underestimation of target position in the passive observation conditions concerns a misrepresentation of the chosen positions resulting from eye position changes. When a moving target suddenly disappears, smooth pursuit eye movements persist at a lower velocity if there is an expectation of the target reappearing (Becker and Fuchs 1985). The velocity of these movements decreases as a function of the duration after target disappearance, although velocity is restored prior to subsequent target reappearance (Bennett and Barnes 2003). If the target never reappears, eye movement velocity decreases rapidly to 0 at around 0.6 s after target disappearance (Mitrani and Dimitrov 1978). If this is the case, then in the current experiments the eye position would lag behind the actual ‘‘invisible’’ target position and this in turn would cause the underestimation in position judgement in the eye-alone tracking condition (Tdis). In the active conditions, there is a different factor influencing pursuit eye movements, in which non-visual information generated during arm movements contributes to the control of the oculomotor system. Observers can accurately track a self-moved target (e.g. their hand) with smooth eye movements more than a passively moved one (Steinbach and Held 1968) or externally driven visual objects (Gauthier et al. 1988). Importantly, the ocular tracking of an unseen hand (i.e. a self-moved imaginary target) shows a short latency of smooth pursuit eye movement onset and a significant relationship in phase between eye and hand motions (Jordan 1970; Gauthier and Hofferer 1976; Gauthier and Mussa Ivaldi 1988). In target position judgement tasks with
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manual tracking, such eye–hand coordination based on sensorimotor signals from a moving arm can improve persistence of smooth pursuit eye movements after target disappearance, as compared to that in the tracking only with the eyes. If subjects track their unseen hand with their eyes as accurately as when the cursor was fully visible, the judged target position would be expected to be similar to tracking with visual feedback, particularly if eye movements alone were the predominant source of target location information. However, the hand tended to overshoot the unseen target position when tracking without the cursor, and judgements of hand position were underestimated during manual tracking in the absence of the cursor. This indicates that eye movements alone, particularly during manual tracking, may not be a sufficient explanation for the present findings. Underestimation or lag in the estimated hand position could also be a contributory factor. Future research should investigate this issue in greater detail.



Conclusions Most other studies involve the determination of accuracies of proprioceptive position sense from the performance of hand/arm movements in motor control tasks. It has been reported that proprioceptive information plays a key role in updating the internal representation of arm movement (Vercher et al. 2003). We have adopted a different strategy by examining whether additional information derived from simultaneous motor action is actually used to recognize object motion. The present approach provided the first evidence to suggest that sensorimotor information concerning hand kinematics not only produces accurate estimation of hand position, but also predicts object location in visual space. In conclusion, the present findings propose a hypothesis that the CNS can utilize information derived from proprioception and/or efference copy for sensorimotor prediction of dynamic target and hand positions. In order to use this information effectively for conscious estimation, there is the need to present it in a form that is used for the estimations: in the current case, visually. Acknowledgments This work was supported by a Grant-in-Aid for Scientific Research from the Japan Society for the Promotion of Science (#17500394).
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