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The present study investigated whether the initial impulse of goal-directed movements was visually monitored by 5- to 12-years-old children (n = 36) in a manner similar to adults (n = 12). The participants moved a cursor toward a fixed target. In some trials, the cursor was unpredictably translated by 20 mm following movement initiation. The results showed that even the youngest children visually monitor the initial impulse of goal-directed movements. This monitoring and the error correction process that it triggers seem automatic because it occurs even when the cursor jump is not consciously detected. Finally, it appears that this process does not fully mature before late childhood, which suggests that a putative dedicated channel for processing visual hand information develops during childhood.
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INTRODUCTION

Goal-directed movements elicit a series of processes to identify a target and its location and to transform this information into appropriate motor commands. With practice, movement planning and execution processes become more accurate. However, the intrinsic variability present in all human processes and the high level of accuracy that is required in many of our daily activities require that the central nervous system (CNS) closely monitors our movements to quickly update movement planning and amend movement execution (Desmurget and Grafton, 2000; Franklin and Wolpert, 2008; Vesia et al., 2008; Franklin et al., 2012). Specifically, it is thought that an efference copy of the motor commands is sent to a forward model that anticipates their sensorimotor consequences, predicts the movement endpoint, and when necessary, issues corrective motor commands. The forward model is updated/fine-tuned during movement execution by incoming proprioceptive and visual inputs (for a review, see, Desmurget and Grafton, 2000; Shadmehr et al., 2010). In this study, we investigated whether—and eventually how—children in different age groups amend a movement that is not progressing as planned.

Many researchers have used a perturbation paradigm to investigate error detection and correction processes. If the perturbations are infrequent and unexpected, it is thought that participants plan their movements as if no perturbation would occur. Therefore, participants in the perturbed trials must correct the movement that they have planned and initiated to counteract the perturbation, and this correction provides insight into error detection and correction processes. For instance, in many studies, adult participants performed a video aimed movement for which they used a computer mouse to move a cursor on a computer screen toward a fixed target displayed on the screen. In some trials, the position of the target (Day and Lyon, 2000; Sarlegna et al., 2003; Gritsenko and Kalaska, 2010; Franklin et al., 2012; Hyde and Wilson, 2013; Wilson and Hyde, 2013) or of the cursor (Sarlegna et al., 2003, 2004; Saunders and Knill, 2003, 2004; Franklin and Wolpert, 2008; Proteau et al., 2009; Veyrat-Masson et al., 2010; Brière and Proteau, 2011) was translated by 10–40 mm immediately prior to, during, or subsequent to initiation of the movement. Similar correction latencies were found for a target- or a cursor jump, which ranged between 117 and 160 ms following the perturbation (Prablanc and Martin, 1992; Brenner and Smeets, 2003; Saunders and Knill, 2003, 2004; Franklin and Wolpert, 2008), suggesting that the corrections for these two types of perturbations share similar processes. Moreover, the results of target- and cursor jump studies show that even when participants did not consciously detect the jump, they quickly and accurately corrected for it (Goodale et al., 1986; Brière and Proteau, 2011, 2016). Finally, when the participants were instructed to move their hand in the direction of the target- (Day and Lyon, 2000) or the cursor jump (Franklin and Wolpert, 2008), they failed to refrain from performing a corrective response in the direction opposite to the jump. Together, these results suggest that the forward model initiates an automatic movement correction process in response to both types of perturbations. Observing that a correction occurred for the first perturbed trial (Brière and Proteau, 2011, 2016) and that the latency of a correction was not affected by the location (Saunders and Knill, 2003, 2004; Brière and Proteau, 2011) or size (Veyrat-Masson et al., 2010) of the cursor jump suggest a continuous monitoring of cursor displacement as movement unfolded in adults.

The results of two recent studies suggest that these automatic error correction processes might not be fully developed in young children (Hyde and Wilson, 2013; Wilson and Hyde, 2013). These authors used a target jump paradigm and noted that participants as young as 5–6 years redirected most of their movements toward the new target location. For all age groups, movement time was longer for the jump trials than for the control trials. However, this increase in movement time was significantly longer for 5- to 6-years-old children than for older children and adults. In addition, the latency of a correction for a target jump significantly decreased from 5- to 6-years-old children, to older children, and to adults. Finally, the 5- to 6-years-old children spent significantly more time than older children or adults reaching the target once a correction was initiated, but nonetheless missed the target significantly more often than the other three age groups. It had already been shown that young children are spatially less accurate and more variable than older children and adults (Bard et al., 1990; Lhuisset and Proteau, 2002, 2004). For the first time, the results reported above (Hyde and Wilson, 2013; Wilson and Hyde, 2013) suggest that this might at least partially results from the immaturity of the so-called automatic error detection and movement correction processes put into play when a sudden change in target location occurs. However, regardless of the many similarities reported above between corrections for target- and cursor jump perturbations, recent findings suggest that corrections for a cursor jump might be of an even more automatic or “reflex-like” nature (Franklin and Wolpert, 2008) than corrections for a target jump. Our goal was to determine whether these more fundamental error detection and correction processes are mature in children.

Specifically, Reichenbach et al. (2014) used a video bimanual reaching task in which the participants aimed one cursor controlled by their right hand toward a target located on their right and aimed a second cursor controlled by their left hand toward a second target located on their left. During one block of trials, either one of the two targets or one of the two cursors could jump. The results showed that attracting the participant’s attention to the side of a target jump resulted in faster and more accurate corrections, whereas this was not the case for the corrections performed for a cursor jump. In another experiment, participants had to intercept a moving target with a cursor controlled by their right hand in the presence of up to four visual distractors. As in the previous task, either the target or the cursor could jump across different blocks of trials. The results showed that the corrections for the cursor jump were less negatively affected by the presence of distractors than the corrections for a target jump. Taken together, these results suggest that although the processing of a visual target and of hand information are both automatic and involuntary, the processing of visual hand information appears to occur through a dedicated channel that is not influenced by the allocation of visual attention. In turn, this suggests that the detection and correction of errors resulting from one’s actions are fundamental processes for the control of goal-directed movements (Reichenbach et al., 2014). If so, it might be hypothesized that even young children would be able to correct their movement for a cursor jump as efficiently and as quickly as older children and adults. Our specific goal was to test this hypothesis.

MATERIALS AND METHODS

Participants

Thirty-six children (n = 12 for each of the 6–7, 8–9, and 10–12 years-old groups) and 12 adults between the ages of 20 and 30 years participated in this experiment. All child participants were recruited from a summer camp at the Sports Center of a large Montreal university. All children lived in the demographically diverse Greater Montreal area and received a toy for their participation (retail value = $10 CDN). Consent forms were distributed to the parents 1 week prior to data collection. Only children who returned a signed consent form participated in the study. In addition, each child provided verbal assent prior to participating in the experiment. The adult participants were undergraduate students in the Kinesiology Department who provided a signed consent form. These participants were paid $10 CDN for their participation. The participants were right-handed, and they (or their parent) reported normal or corrected-to-normal vision. The Health Sciences Ethics Committee of the authors’ institution approved this study.

Task and Apparatus

The task involved moving a computer-mouse-like device from a fixed starting position close to the body toward a target located 150 mm away from the body. The apparatus consisted of a table, computer screen, headrest, mirror, and a two-degree-of-freedom manipulandum (Figure 1A). The participants were seated in front of the table. A CRT computer screen (Mitsubishi, Color Pro Diamond, 37 inches, refresh rate 60 Hz) was mounted on a ceiling support positioned directly over the table and was oriented parallel to the surface of the table. The table’s image was reflected in a mirror placed directly beneath and parallel to the tabletop. The mirror was located at the midpoint between the computer screen and tabletop (37 cm apart) and permitted free displacement of the manipulandum on the tabletop. The information presented on the computer screen was thus reflected in the mirror and was visible to the participant. The participant’s chair height was adjusted such that their forehead could rest comfortably on a headrest. The headrest was aligned with the lateral center of the computer screen and was used to standardize the information displayed on the computer screen for all participants.
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FIGURE 1. (A) The experimental set-up. (B) The different types of trials. The black dot indicates the target; the black square indicates the starting base. The thin black line indicates the trajectory of the cursor. The cursor could be seen from start to finish (control full vision, right and left jump full vision) or masked during movement execution (control no vision and left jump occluded). For some trials, the position of cursor was unexpectedly translated by 20 mm soon after movement initiation (target jump conditions). (C) The initiation of a correction for a cursor jump was detected when, in relation to control trials, the stylus moved by the participant deviated by 1 mm in the direction opposite to the cursor jump (see Materials and Methods).



The tabletop was covered by a piece of Plexiglas, over which the starting base and manipulandum were fixed. The starting base consisted of a thin strip of Plexiglas glued to the tabletop. This strip was parallel to the leading edge of the table and had a small indentation on its distal face, and this indentation was aligned with the headrest and the participant’s midline and served as the starting base for the stylus (see below). The indentation made it easy for the participant to position the stylus at the beginning of each trial.

The manipulandum consisted of two pieces of rigid Plexiglas (43 cm) joined at one end by an axle. One free end of the manipulandum was fitted with a second axle encased in a stationary base. The other free end of the manipulandum was fitted with a small vertical shaft (length: 3 cm; radius: 1 cm), i.e., the stylus, which could be gripped by the participant. Each axle of the manipulandum was fitted with a 13-bit optical shaft encoder (U.S. Digital, model S2-2048, sampled at 500 Hz, angular accuracy of 0.0439°), which enabled us to track the displacement of the stylus online and display it in a 1:1 ratio on the computer screen. Moving the stylus away from the body in the frontal and sagittal planes resulted in an identical displacement of the cursor on the computer screen. The bottom of the stylus and bottom of the optical encoder were located at the junction of the two arms of the manipulandum and covered with a thin piece of Plexiglas. By lubricating the working surface at the beginning of each experimental session, the stylus displacement was nearly frictionless.

Procedure

The participants attempted to stop the cursor (red; 3 mm in diameter) on a black target (6 mm in diameter). The target was 150 mm in front of the starting base (i.e., in line with the participant’s midline). The participants were asked to use their right hand to initiate their movement at will following the presentation of the target (i.e., not a reaction time task) and to perform smooth and continuous movements (i.e., not a stop-and-go strategy). The participants were also required to complete their movements within a time frame ranging from 480 to 620 ms (500 ms ± 12%). When the movements were completed outside this time frame, the experimenter reminded the participant of the target movement time. A movement time bandwidth (Saunders and Knill, 2003, 2004; Proteau et al., 2009) reduces the possibility of different speed-accuracy trade-offs between the different experimental conditions (Fitts, 1954). In addition, in this experiment, it enabled us to determine whether the automatic control processes proposed for the correction of a cursor jump in adults also take place at no temporal cost in children.

At the beginning of each trial, all participants could see the cursor resting on the starting base. Once the stylus was stabilized on the starting base for 500 ms, the target was presented on the screen. Movement initiation was detected during data acquisition when the cursor was moved 1 mm, and movement completion was detected when the cursor did not move more than 2 mm in a time frame of 100 ms. This procedure permitted us to determine whether cursor-jump corrections (see below) occurred during the initial impulse of movement (i.e., prior to late corrections that occur while the cursor approaches the target, Mackrous and Proteau, 2007; Grierson and Elliott, 2009). When movement completion was detected, the position of the cursor endpoint and the target were visible for 500 ms. Therefore, the same information concerning the movement endpoint was available in all the experimental conditions described below.

The participants initially participated in a familiarization phase that consisted of 10 control trials completed in normal vision (see below). During the familiarization phase, special attention was given to children ensuring that they performed the task as required. Specifically, the experimenter made a demonstration of the single motion movement to be produced and of the multiple sub-movements approach to be avoided. Then, on every familiarization trials, the experimenter gave verbal feedback to the children regarding the fluidity (i.e., one or two sub-movements) and the accuracy of the movement (i.e., you hit/missed the target) as well as on movement time (i.e., correct, too fast or to slow). The experimental session begun when the children fully understood the constraints of the task, which was normally achieved within the 10 familiarization trials. This phase was followed by 110 experimental trials, which took approximately 30 min to complete for the younger children. Details concerning the different types of control and cursor-jump trials in this experimental phase are summarized in Figure 1B, which shows that two types of control trials were performed. For 80 control trials, the cursor was visible for the entire duration of the movement (control full vision), whereas for 15 trials, the cursor was occluded after it had moved 70 mm (control occluded). A cursor jump occurred in 15 trials. Specifically, after the cursor had moved 35 mm, it was translated 20 mm perpendicularly to the right or left of the hand (stylus) position. The cursor was either visible for the entire movement duration (right jump full vision and left jump full vision; five trials for each condition) or occluded for the remaining five trials after the cursor had moved 70 mm (35 mm after a left cursor jump had occurred, the cursor was occluded). The control-occluded trials and cursor-jump trials were randomly presented with the restriction that one trial of each type occurred once within each successive block of 22 trials. Note that, verbal feedback concerning movement time was given to the children if they showed a tendency to perform movements too quickly or too slowly.

Data Reduction

The tangential displacement data of the stylus over time were first smoothed using a second order recursive Butterworth filter with a cut-off frequency of 10 Hz. The filtered data were numerically differentiated once using a central finite technique to obtain the velocity profile of the aiming movement, a second time to obtain the acceleration profile, and a third time to obtain a jerk profile. We determined the end of the movement’s primary impulse from the kinematic profiles (Meyer et al., 1988). This occurred when one of the following events was detected on the kinematic profiles: (a) movement velocity falling below 20 mm/s, (b) movement reversal (velocity going from positive to negative), (c) movement lengthening (presence of a secondary movement impulse as indexed by the acceleration profile crossing the zero value for a second time) or (d) significant disruption in the deceleration profile as indexed by zero-crossing on the jerk profile. A secondary movement impulse was considered a discrete correction when its duration was at least 80 ms and its extent was at least 2 mm.

Movement initiation was detected when the stylus was moved 1 mm to provide quick feedback to the participant during data acquisition. However, movement initiation was defined as the moment at which the tangential velocity of the cursor reached 10 mm/s and was maintained above this value for at least 20 ms for the primary analyses. Visual inspection of the data revealed that movement was clearly underway once a velocity of 10 mm/s was reached. Movement endpoint was defined as the end of the movement’s primary impulse using the parsing algorithm defined above.

To evaluate whether the participants corrected for the perturbation during the initial movement impulse (hereafter called online correction), we determined the frontal and sagittal position of the hand relative to the center of the target at movement endpoint (Cartesian coordinates). In the frontal dimension, a positive value indicated that the hand ended to the right of the target, whereas a negative value indicated that the hand ended to the left of the target. A cursor-jump correction was expected to occur mainly in this dimension of the task. A full correction would result in the hand’s movement ending 20 mm to the right or left (for left and right cursor jumps, respectively) of the mean hand position for the control trials. In the sagittal dimension, a positive value indicated that the hand overshot the target, whereas a negative value indicated that the hand undershot the target. In addition, we also computed within-participant variability on both task dimensions (i.e., within-participant standard deviation of movement endpoint).

Performances on the three types of cursor-jump trials (i.e., right jump full vision, left jump full vision, and left jump occluded trials) were contrasted with those of randomly selected control trials although they did not immediately follow a cursor-jump trial. Although, the participants were instructed not to perform a discrete correction (i.e., stop-and-go), we observed that regardless of the trial type, as many as 50% of the trials with children showed a secondary movement impulse. These trials were not discarded from the analyses. However, for the children, we performed a series of supplemental analyses in which we contrasted the performances of trials showing or not showing a secondary corrective impulse.

We also determined the latency of the correction for a cursor jump. We used the hand frontal location data because the cursor jump and the expected correction primarily occurred on this axis. We computed the mean frontal location of the hand for the five types of trials defined above for each participant. Then, we computed the difference in the location of the stylus between the control full vision and the cursor jump trials every 20 ms. A correction for the cursor jump was detected when a cursor jump condition deviated from the control full vision condition by more than 1 mm in the direction opposite that of the cursor jump (see Figure 1C). The 1-mm criterion was chosen arbitrarily. Correction onset was also detected only when the change in direction continuously increased as movement unfolded and became significant to ensure that we did not obtain a false positive. This technique was used by Proteau et al. (2009), who reported latencies in the same range as previous reports (Brenner and Smeets, 2003; Saunders and Knill, 2003).

RESULTS

Cursor-Jump Corrections

Frontal Dimension

To determine whether the participants corrected their movements in reaction to the cursor jump, the hand frontal bias and variability at the end of the movement’s initial impulse were investigated independently using an ANOVA that contrasted 4 age groups (children aged 6–7, 8–9, and 10–12 years and adults) × 5 types of trials (control full vision, control occluded, right jump full vision, left jump full vision, and left jump occluded) with repeated measurements on the last factor.

The ANOVA computed on the frontal endpoint constant error (i.e., frontal bias) revealed a significant age group x type of trial interaction, F(12,144) = 3.97, p < 0.001, η2 = 0.17. The breakdown of this interaction revealed that the hand frontal position did not differ across ages for the full vision and occluded control trials (Figures 2 and 3A), F(3,36) = 0.7 and 1.77, p = 0.10, respectively. Because no significant difference was observed between the age groups for the control trials, any difference in hand position for the cursor-jump trials should have resulted from a correction for this visual perturbation. Figures 2 and 3A show that the participant’s hand position significantly ended to the left and right of that of the control trials for the right- and left-cursor-jump trials, respectively. Thus, participants in all age groups modified their movement’s initial impulses in reaction to the cursor jump. The breakdown of the above-mentioned interaction further revealed that for the right cursor jump, the size of this correction (mean of 6.5 mm) did not differ significantly among the age groups, F(3,36) = 1.6, p = 0.21. However, for the left cursor jump in normal or occluded trials, the correction by the adults was significantly smaller than the correction by the children, F(3,36) = 5.45, and 7.66, p = 0.01. In addition, error corrections were smaller for the two younger groups of children than for the 10- to 12-years-old group (only significant for the occluded trials; means of 6.8 [6–7 and 8–9 years], 10.6 [10–12 years], and 3.3 mm adults]). No other effect was significant.
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FIGURE 2. Typical movement trajectories for control and cursor-jump trials for all age groups (one typical participant for each age group). Note the correction for the cursor jump even for the youngest children group.
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FIGURE 3. Stylus (hand) frontal (A) and sagittal (B) position at the end of the movement initial impulse as a function of the age groups and the types of trials. Stylus (hand) frontal (C) and sagittal (D) within-participant variability at the end of the movement initial impulse as a function of the age groups and the types of trials. Note the correction for the cursor jump in all age groups even when the cursor was occluded soon after the cursor jump (left jump occluded).



Finally, concerning the endpoint frontal variability (Figure 3C), the ANOVA revealed significant main effects of age group, F(3,) = 6.7, p < 0.005, η2 = 0.35, and trial type, F(4,144) = 15.8, p < 0.001, η2 = 0.29. All children showed larger endpoint frontal variability than the adults. Frontal variability was significantly smaller for the control than for cursor-jump trials. No significant difference was observed within these two sets of trials (all ps > 0.30).

Sagittal Dimension

Although the cursor jump did not require an adjustment of the planned movement amplitude, the movement amplitude had to be controlled for the hand to end on the target. The hand sagittal bias and variability data were analyzed identical to the endpoint frontal data.

Concerning a sagittal bias, the ANOVA indicated a significant main effect of trial type, F(4,144) = 21.06, p < 0.001, η2 = 0.37. Figure 3B shows that this effect revealed slight but significantly shorter movements when the cursor jumped to the right (8.2 mm) than for any other trial types, which did not significantly differ from one another (control occluded +0.5 mm; control vision: -0.8 mm; and left occluded: +1.7 mm). The ANOVA for sagittal endpoint variability (Figure 3D) revealed a significant main effect of trial type, F(4,144) = 2.8, p = 0.03, η2 = 0.07, thus indicating a significantly smaller variability for the control trials completed in normal vision (7.6 mm) than for any other trial type, which did not differ significantly from one another (mean of 11. 4 mm). There was also a significant main effect of age, F(3,36) = 7.4, p < 0.001, η2 = 0.37), which indicated that endpoint sagittal variability significantly decreased with age (from 16.3 to 5.4 mm).

Movement Time

To determine whether the participants respected the movement time constraint, movement time and movement time variability were analyzed using an ANOVA contrasting the 4 age groups (children aged 6–7, 8–9, and 10–12 years and adults) × 5 types of trials (control full vision, control occluded, right jump full vision, left jump full vision, and left jump occluded).

Figure 4A shows the mean movement time and indicates that all age groups had longer (30%) movement times than the mean prescribed movement time of 500 ms. The ANOVA indicated that the 8- to 9-years-old children had slightly longer movement times than the other children and adults, F(3,36) = 2.4, p = 0.08, η2 = 0.16. Movement times were slightly longer for the left-cursor-jump trials completed with or without vision of the cursor (670 and 673 ms, respectively) than for the remaining trial types that did not significantly differ from one another (range of 639 to 644 ms), F(4,144) = 3.14, p = 0.016, η2 = 0.26.
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FIGURE 4. Movement time (A) and movement time variability (B) as a function of the age group and the types of trial. Note that children had greater variability in movement time than adults.



The ANOVA performed to analyze movement time variability indicated significant main effects for the age groups, F(3,36) 16.6, p < 0.001, η2 = 0.55 and trial types, F(4,144) = 2.84, p = 0.03, η2 = 0.06, as well as a significant age groups x trial types interaction, F(12,144) = 2.05, p = 0.03, η2 = 0.12. Figure 4B shows the overall movement time variability decreased with age. The breakdown of the interaction further revealed that the trial type did not significantly influence movement time variability for the youngest children and the adults, F(4,33) = 1.4 and 1.1, p > 0.20. Although, the trial type significantly modified the movement time variability for the groups of children aged 8–9 and 10–12 years, F(4,33) = 2.98 and 2.85, p < 0.05, respectively, the data did not show a consistent trend.

Correction Latency

To determine whether the latency of the cursor-jump correction differed across age groups and trial types, the latency data were analyzed with an ANOVA contrasting the 4 age groups (children aged 6–7, 8–9, 10–12 years, and adults) × 3 types of perturbed trials (right jump full vision, left jump full vision, and left jump occluded) with repeated measurements on the last factor. Two participants from the 6- to 7-years-old group and 1 participant from the 8- to 9-years-old group were excluded from this analysis because there was no correction evidence for the left jump occluded trials (i.e., the mean trajectories of both perturbed and control trials overlapped). Therefore, correction latency could not be determined. The ANOVA did not indicate a significant main effect or interaction (ps > 0.19). Nonetheless, the data reported in Table 1 suggest that the latency of a cursor-jump correction might slightly decrease with age: the 10- to 12-years-old and adults were 13% faster overall than the two younger groups of children (Hyde and Wilson, 2013; Wilson and Hyde, 2013).

TABLE 1. Mean latency (standard deviation) of the correction for the cursor jump (ms).
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A Descriptive Analysis of the Discrete Corrections Performed by Children in Reaction to a Cursor Jump

Although the participants were instructed not to execute discrete corrections, the children (but not the adults, <5%) had a large proportion of trials showing a secondary corrective impulse. Table 2 presents a series of descriptive data characterizing these secondary corrective impulses. Because of the small proportion of cursor-jump trials in each subcategory, we opted not to compute any statistical analyses on the data presented in Table 2. On average, children performed discrete corrections in cursor-jump trials three times more than in control trials (45 vs. 13%, respectively). This result suggests that these discrete corrections were performed to counteract the cursor jump. This position is supported by the observation that for the cursor-jump trials with a secondary correction, the correction amplitude at the end of the secondary corrective impulse was more than twice as large than that at the end of the initial impulse movement. Notably, and finally, the secondary corrections observed in children, although, larger when the cursor was visible throughout movement execution, obviously occurred and were efficient when the cursor was occluded soon after the cursor jump. Therefore, the visual information concerning the position of the displaced cursor provided sufficient input to an internal model of limb kinematics to initiate a correction while visual feedback remained available and complemented this initial correction with a secondary correction after vision was withdrawn.

TABLE 2. Characteristics of secondary corrections in children.
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DISCUSSION

The objective of the present study was to determine whether early online visual control of goal-directed movement relied on automatic and attention-free error detection and correction processes in children, as had been revealed in cursor-jump experiments in adults. To reach our goal, children and adults performed a video aiming task for which the cursor could be unpredictably and instantly translated by 20 mm. For the normal vision control trials or while the cursor was occluded approximately at midflight, we did not observe a significant difference in endpoint accuracy or movement time between children and adults. This result replicates previous observations (Pellizzer and Hauert, 1996; Mackrous and Proteau, 2010), when the participants aimed at a target located along their midline. Additionally, similar results were obtained for the normal vision and occluded conditions and were consistent with previous research showing that viewing the cursor on the starting base (Prablanc et al., 1979; Vindras et al., 1998; Bédard and Proteau, 2005) or briefly during movement execution (Bard et al., 1985; Abahnini and Proteau, 1999) might be used effectively for movement planning in subsequent trials. A new finding of the present study reveals that this information can also be used successfully for movement planning and control in young children. More importantly, in the context of the present study, these observations suggest that any differences in endpoint accuracy and variability across age groups for the cursor-jump trials resulted from differences in the processes responsible for detecting and correcting the cursor jump.

Previous research using a cursor-jump paradigm has revealed that the processes responsible for detecting and correcting target and cursor jumps are automatic or at least do not require attention in adult participants. Three lines of evidence have supported this position: (a) participants appropriately corrected their movement even when they were not consciously aware of a target (Prablanc et al., 1986) or cursor jump (Sarlegna et al., 2003, 2004; Saunders and Knill, 2003, 2004; Proteau et al., 2009), which occurred in the first perturbed trial (Brière and Proteau, 2011, 2016); (b) the detection and correction of a first cursor jump did not interfere with the detection and correction of a second cursor jump that occurred 100 ms after the initial jump (Brière and Proteau, 2011, 2016); and (c) when participants were instructed to move their hand in the same direction as the cursor jump or in the direction opposite of the target jump, they failed to refrain from correcting in the direction opposite to the cursor jump (Franklin and Wolpert, 2008) or in the same direction as the target jump (Day and Lyon, 2000; Pisella et al., 2000; Johnson et al., 2002).

As with previous studies (Sarlegna et al., 2003, 2004; Saunders and Knill, 2003, 2004; Proteau et al., 2009; Veyrat-Masson et al., 2010; Brière and Proteau, 2011), debriefed participants in the present study reported that they were not aware that the cursor had jumped on some trials. Nonetheless, participants in all age groups amended their movements to counteract the cursor jump. These corrections did not differ significantly between age groups when the cursor jumped to the right (average of 6.5 mm or 33% of the perturbation). However, when the cursor jumped to the left, the oldest children produced larger corrections than the two younger groups, and all children committed larger corrections than the adults. A likely explanation for this finding is that the correction for a cursor jump to the right required that the participants’ right hand cross their midline to reach the target, which was not the case when the cursor jumped to the left. This results in biomechanical constraints affecting movement velocity and accuracy (Carey et al., 1996; see also Trempe and Proteau, 2008). Nonetheless, because corrections were observed for both right and left cursor jumps, we can conclude that the automatic online error detection and correction processes revealed in previous cursor-jump studies also occur in young children.

However, as for the correction for a target jump (Hyde and Wilson, 2013; Wilson and Hyde, 2013), it appears that these processes are more efficient in older than in younger children. This advantage of age does not strongly appear for any dependent variable, but it occurs when the results of different dependent variables are considered simultaneously, thus demonstrating a developmental trend. Specifically, we observed that the oldest group of children initiated their corrections with a shorter latency than the youngest group. The oldest group of children also had shorter and less variable movement times but showed larger and less variable corrections for the cursor jump. These more efficient corrections for cursor jumps in the oldest group of children might have resulted from a better estimation of the size of the jump and/or planning of a more efficient correction. However, our results cannot answer this important question.

Notably, if the correction for the cursor jump had been voluntary in children, it would have occurred during the end phase of the movement (between peak deceleration and the movement endpoint), as observed in previous research (Lhuisset and Proteau, 2004; Wilson and Hyde, 2013). Therefore, we should not have observed efficient corrections for the left jump trials for which cursor visibility was occluded at approximately midflight. Instead, our results suggested that the initial impulse of goal-directed movements was continuously monitored by visual feedback, even in the youngest group of children. Thus, this monitoring and the resulting correction were relatively automatic and did not require many resources.

In the present study, we observed that a relatively high proportion of the trials performed by children showed a secondary corrective impulse. The ability to perform an efficient secondary correction, even in the absence of visual feedback (left jump, occluded), required the children to use information from the initial movement impulse, the final viewed position of the cursor and the effect of the automatic correction that had been or would be initiated to predict where this correction would lead the cursor relative to the target and then to use this information to plan a secondary correction. This result indicates that the children’s movements were controlled by a forward process, although, underdeveloped in the youngest children. Therefore, our results have more resemblance than dissemblance with those reported in target jump studies (Hyde and Wilson, 2013; Wilson and Hyde, 2013). In turn, this suggests that the dedicated channel proposed by Reichenbach et al. (2014) for the processing of visual hand information develops during childhood.

Three aspects of our data require further consideration. First, we observed larger corrections for the cursor jump in children than adults, which was unexpected. Second, the 8- to 9-years-old group had longer movement times than all other age groups. Third, the participants did not fully correct their movements for the cursor jump. Concerning this latter point, less complete corrections typically occur in cursor-jump experiments (see Sarlegna et al., 2003, 2004; Saunders and Knill, 2003, 2004; Proteau et al., 2009; Sarlegna and Blouin, 2010; Brière and Proteau, 2016 for similar results). These partial corrections might result because the cursor jump creates a dissociation between the felt and observed position of one’s hand. The possible conflict resulting from this dissociation might limit the size of the correction (Sarlegna et al., 2004; Brière and Proteau, 2016). In addition, for a given cursor jump, the size of the corrections observed in different studies depends on many procedural differences. For instance, Proteau and colleagues (Proteau et al., 2009; Veyrat-Masson et al., 2010; Brière and Proteau, 2011, 2016) used an apparatus similar to ours and observed corrections that accounted for 65–85% of the perturbation. However, in this previous study, the target was located between 20 and 32 cm from the starting base, whereas to accommodate the arm’s length of our youngest group of children in the present study, the target was located 15 cm from the starting base. Additionally, participants in the previous study completed their movements in 800 ms (± 15%), whereas in the present study, the prescribed movement time was 500 ms (± 12%).

The shorter movements and shorter movement times used in the present study compared to the previously cited study most likely explain why we observed smaller cursor-jump corrections. The shorter movement time frame when introducing the cursor jump after movement initiation obviously decreased the time available to perform the correction. Therefore, it was not surprising that we observed smaller corrections in the present study compared to previous research (see also Saunders and Knill, 2003 for supporting evidence). Additionally, the correction does not occur instantaneously once the jump is detected and instead occurs gradually. Therefore, in addition to the short correction time frame, the participants did not have much space to perform the correction, which was consistent with our smaller correction observations compared to the findings of Proteau et al. (2009). However, why were children more proficient in correcting for a left cursor jump than adults?

The smaller cursor-jump corrections by adults than by children was an unexpected result. However, we also noted that adults complied better than children with the imposed movement time (smaller movement time variability) and our request to complete their movement in a single motion. In our opinion, because of the relatively short movement time used in the present study, this variable might have resulted in adults terminating their movement prior to the completion of the cursor-jump correction. This result is consistent with Liu and Todorov (2007) who showed that the size of the target jump correction was influenced by the stabilization requirement of the task: the need for a greater endpoint stability resulted in a smaller target jump correction. The relative inability of the children to refrain from performing a secondary correction and because they had difficulty complying with the imposed movement time suggested that children might use a different stabilization-accuracy trade-off than adults. Children might be more sensitive to positional than temporal errors, potentially because they are easier to detect.

Finally, the longer movement times observer for the 8- to 9-years-old group add to a rather large body of data (for example, Hay, 1978, 1979; Bard et al., 1990; Fayt et al., 1992; Pellizzer and Hauert, 1996; Lhuisset and Proteau, 2004) indicating that the behavior of 8-years-old children differs markedly from that of both younger and older children. That finding might indicate that children of age 8 are going through some important modifications in how they process information for movement planning and control.

CONCLUSION

The results of the present study obviously show that the initial portion of goal-directed movements were monitored visually, even in young children. This monitoring and the error correction process that it triggers appears to be automatic because it occurs even when the cursor jump, which we introduced in some trials, was not detected consciously. Finally, this process was not fully developed before late childhood, which suggests that the dedicated channel proposed by Reichenbach et al. (2014) for the processing of visual hand information develops during childhood.

AUTHOR CONTRIBUTIONS

LP and IM: designed the experiment. IM: was responsible for data collection. LP and IM: analyzed the data. LP and IM: wrote the final version of the paper.

FUNDING

This research was supported by a grant from the Natural Sciences and Engineering Research Council of Canada to LP (grant number: 111280-2013).

REFERENCES

Abahnini, K., and Proteau, L. (1999). The role of peripheral and central visual information for the directional control of manual aiming movements. Can. J. Exp. Psychol. 53, 160–175. doi: 10.1037/h0087307

Bard, C., Hay, L., and Fleury, M. (1985). Role of peripheral vision in the directional control of rapid aiming movements. Can. J. Psychol. 39, 151–161. doi: 10.1037/h0080120

Bard, C., Hay, L., and Fleury, M. (1990). Timing and accuracy of visually directed movements in children: control of direction and amplitude components. J. Exp. Child Psychol. 50, 102–118. doi: 10.1016/0022-0965(90)90034-6

Bédard, P., and Proteau, L. (2005). Movement planning of video and of manual aiming movements. Spat. Vis. 18, 275–296. doi: 10.1163/1568568054089366

Brenner, E., and Smeets, J. B. (2003). Fast corrections of movements with a computer mouse. Spat. Vis. 16, 365–376. doi: 10.1163/156856803322467581

Brière, J., and Proteau, L. (2011). Automatic movement error detection and correction processes in reaching movements. Exp. Brain Res. 208, 39–50. doi: 10.1007/s00221-010-2458-1

Brière, J., and Proteau, L. (2016). Visual monitoring of goal-directed aiming movements. Q. J. Exp. Psychol. doi: 10.1080/17470218.2016.1156716 [Epub ahead of print].

Carey, D. P., Hargreaves, E. L., and Goodale, M. A. (1996). Reaching to ipsilateral or contralateral targets: within hemisphere visuomotor processing cannot explain hemispatial differences in motor control. Exp. Brain Res. 112, 496–504. doi: 10.1007/BF00227955

Day, B., and Lyon, I. (2000). Voluntary modification of automatic arm movements evoked by motion of a visual target. Exp. Brain Res. 130, 159–168. doi: 10.1007/s002219900218

Desmurget, M., and Grafton, S. T. (2000). Forward modeling allows feedback control for fast reaching movements. Trends Cogn. Sci. 4, 423–431. doi: 10.1016/S1364-6613(00)01537-0

Fayt, C., Schepens, N., and Minet, M. (1992). Children’s development of reaching: temporal and spatial aspects of aimed whole-arm movements. Percept. Mot. Skills 75, 375–384. doi: 10.2466/pms.1992.75.2.375

Fitts, P. M. (1954). The information capacity of the human motor system in controlling the amplitude of movement. J. Exp. Psychol. 47, 381–391. doi: 10.1037/h0055392

Franklin, D. W., and Wolpert, D. M. (2008). Specificity of reflex adaptation for task-relevant variability. J. Neurosci. 28, 14165–14175. doi: 10.1523/JNEUROSCI.4406-08.2008

Franklin, S., Wolpert, D. M., and Franklin, D. W. (2012). Visuomotor feedback gains upregulate during the learning of novel dynamics. J. Neurophysiol. 108, 467–478. doi: 10.1152/jn.01123.2011

Goodale, M. A., Pélisson, D., and Prablanc, C. (1986). Large adjustments in visually guided reaching do not depend on vision of the hand or perception of target displacement. Nature 320, 748–750. doi: 10.1038/320748a0

Grierson, L. E., and Elliott, D. (2009). The impact of real and illusory target perturbations on manual aiming. Exp. Brain Res. 197, 279–285. doi: 10.1007/s00221-009-1912-4

Gritsenko, V., and Kalaska, J. F. (2010). Rapid online correction is selectively suppressed during movement with a visuomotor transformation. J. Neurophysiol. 104, 3084–3104. doi: 10.1152/jn.00909.2009

Hay, L. (1978). Accuracy of children on an open-loop pointing task. Percept. Mot. Skills 47, 1079–1082. doi: 10.2466/pms.1978.47.3f.1079

Hay, L. (1979). Spatial-temporal analysis of movements in children: motor programs versus feedback in the development of reaching. J. Mot. Behav. 11, 189–200. doi: 10.1080/00222895.1979.10735187

Hyde, C. E., and Wilson, P. H. (2013). Impaired online control in children with developmental coordination disorder reflects developmental immaturity. Dev. Neuropsychol. 38, 81–97. doi: 10.1080/87565641.2012.718820

Johnson, H., van Beers, R. J., and Haggard, P. (2002). Action and awareness in pointing tasks. Exp. Brain Res. 146, 451–459. doi: 10.1007/s00221-002-1200-z

Lhuisset, L., and Proteau, L. (2002). Developmental aspects of the control of manual aiming movements in aligned and non-aligned visual displays. Exp. Brain Res. 146, 293–306. doi: 10.1007/s00221-002-1167-9

Lhuisset, L., and Proteau, L. (2004). Planning and control of straight-ahead and angled planar movements in adults and young children. Can. J. Exp. Psychol. 58, 245–258. doi: 10.1037/h0087448

Liu, D., and Todorov, E. (2007). Evidence for the flexible sensorimotor strategies predicted by optimal feedback control. J. Neurosci. 27, 9354–9368. doi: 10.1523/JNEUROSCI.1110-06.2007

Mackrous, I., and Proteau, L. (2007). Specificity of practice results from differences in movement planning strategies. Exp. Brain Res. 183, 181–193. doi: 10.1007/s00221-007-1031-z

Mackrous, I., and Proteau, L. (2010). Developmental aspects of pluriarticular movement control. Exp. Brain Res. 204, 21–32. doi: 10.1007/s00221-010-2287-2

Meyer, D. E., Abrams, R. A., Kornblum, S., Wright, C. E., and Smith, J. E. (1988). Optimality in human motor performance: ideal control of rapid aimed movements. Psychol. Rev. 95, 340–370. doi: 10.1037/0033-295X.95.3.340

Pellizzer, G., and Hauert, C.-A. (1996). Visuo-manual aiming movements in 6- to 10-year-old children: evidence for an asymmetric and asynchronous development of information processes. Brain Cogn. 30, 175–193. doi: 10.1006/brcg.1996.0011

Pisella, L., Gréa, H., Tilikete, C., Vighetto, A., Desmurget, M., Rode, G., et al. (2000). An ‘automatic pilot’ for the hand in human posterior parietal cortex: toward reinterpreting optic ataxia. Nat. Neurosci. 3, 729–736. doi: 10.1038/76694

Prablanc, C., Echallier, J., Komilis, E., and Jeannerod, M. (1979). Optimal response of eye and hand motor systems in pointing at a visual target. Biol. Cybern. 35, 113–124. doi: 10.1007/BF00337436

Prablanc, C., and Martin, O. (1992). Automatic control during hand reaching at undetected two-dimensional target displacements. J. Neurophysiol. 67, 455–469.

Prablanc, C., Pélisson, D., and Goodale, M. A. (1986). Visual control of reaching movements without vision of the limb. I. Role of retinal feedback of target position in guiding the hand. Exp. Brain Res. 62, 293–302. doi: 10.1007/BF00238848

Proteau, L., Roujoula, A., and Messier, J. (2009). Evidence for the continuous processing of visual information in a manual video-aiming task. J. Mot. Behav. 41, 219–231. doi: 10.3200/JMBR.41.3.219-231

Reichenbach, A., Franklin, D. W., Zatka-Haas, P., and Fiedrichsen, J. (2014). A dedicated binding mechanism for the visual control of movement. Curr. Biol. 24, 780–785. doi: 10.1016/j.cub.2014.02.030

Sarlegna, F. R., and Blouin, J. (2010). Visual guidance of arm reaching: online adjustments of movement direction are impaired by amplitude control. J. Vis. 10, 1–12. doi: 10.1167/10.5.24

Sarlegna, F., Blouin, J., Bresciani, J.-P., Bourdin, C., Vercher, J.-L., and Gauthier, G. M. (2003). Target and hand position information in the online control of goal-directed arm movements. Exp. Brain Res. 151, 524–535. doi: 10.1007/s00221-003-1504-7

Sarlegna, F., Blouin, J., Vercher, J.-L., Bresciani, J.-P., Bourdin, C., and Gauthier, G. M. (2004). Online control of the direction of rapid reaching movements. Exp. Brain Res. 157, 468–471. doi: 10.1007/s00221-004-1860-y

Saunders, J. A., and Knill, D. C. (2003). Humans use continuous visual feedback from the hand to control fast reaching movements. Exp. Brain Res. 152, 341–352. doi: 10.1007/s00221-003-1525-2

Saunders, J. A., and Knill, D. C. (2004). Visual feedback control of hand movements. J. Neurosci. 24, 3223–3234. doi: 10.1523/JNEUROSCI.4319-03.2004

Shadmehr, R., Smith, M. A., and Krakauer, J. W. (2010). Error correction, sensory prediction, and adaptation in motor control. Annu. Rev. Neurosci. 33, 89–108. doi: 10.1146/annurev-neuro-060909-153135

Trempe, M., and Proteau, L. (2008). Straight ahead acs as a reference for visuomotor adaptation. Exp. Brain Res. 189, 11–21. doi: 10.1007/s00221-008-1404-y

Vesia, M., Yan, X., Henriques, D. Y., Sergio, L. E., and Crawford, J. D. (2008). Transcranial magnetic stimulation over human dorsal-lateral posterior parietal cortex disrupts integration of hand position signals into the reach plan. J. Neurophysiol. 100, 2005–2014. doi: 10.1152/jn.90519.2008

Veyrat-Masson, M., Brière, J., and Proteau, L. (2010). Automaticity of online control processes in manual aiming. J. Vis. 10, 1–14. doi: 10.1167/10.14.27

Vindras, P., Desmurget, M., Prablanc, C., and Viviani, P. (1998). Pointing errors reflect biases in the perception of the initial hand position. J. Neurophysiol. 79, 3290–3294.

Wilson, P. H., and Hyde, C. (2013). The development of rapid online control in children aged 6-12 years: reaching performance. Hum. Mov. Sci. 32, 1138–1150. doi: 10.1016/j.humov.2013.02.008

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Mackrous and Proteau. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpsyg-07-00989-g004.jpg
Movement time (ms)

Movement time variability (ms)

750
725
700
675
650
625

575
550

180
160
140
120
100
80
60
40
20

Control
Full vision

Control
Occluded

Type of trials

Right jump
Full vision

Y

Left jump
Full vision

Left jump
Occluded

BEO0O

6-7 yrs
89 yrs
10-12 yrs
Adults





OPS/images/cross.jpg
®

o fark





OPS/images/cover.jpg
, frontiers
in Psychology

Visual Online Control of
Goal-Directed Aiming
Movements in Children





OPS/images/fpsyg-07-00989-t002.jpg
6-7 years-old
8-9 years-old
10-12 years-old
Adults

6-7-years-old
8-9 years-old
10-12 years-old

6-7-years old
8-9-years old
10-12 years-old

NV, normal vision.

Control
NV

20%
4%

20%
2%

Type of trials

Control Left-jump Left-jump
To NV occluded

Proportion of trials showing a secondary corrective impulse

22% 55% 50%
6% 32% 22%
8% 62% 28%
0% 5% 4%

Right-jump
NV

36%
52%
66%
16%

Amplitude of the correction during the movement initial impulse; trials showing a secondary corrective impulse

25mm
—2.4 mm
1.9 mm

1.3mm
—2.4 mm
1.1 mm

0.3mm 4.3mm 7.9mm
2.2 mm 6.6 mm 7.3mm
2.5mm 9.2mm 9.8 mm

Amplitude of the correction at the end of the secondary impulse

—1.0mm 15.8 mm 10.8 mm
0.7mm 17.4mm 11.2mm
1.0mm 16.8 mm 17.8 mm

—4.0mm
-5.9mm
—4.0mm

—14.6 mm
—15.4 mm
—14.7 mm





OPS/images/fpsyg-07-00989-t001.jpg
Types of perturbed trials

Right jump Left jump Left jump

Full vision Full vision No-vision
6-7 years-old 281 (31) 307 (83) 265 (25)
8-9 years-old 270 (29) 278 (26) 256 (22)
10-12 years-old 256 (19) 243 (10) 243 (13)
Adults 260 (17) 231 (17) 240 (10)





OPS/images/logo.jpg
’ frontiers
in Psychology





OPS/images/fpsyg-07-00989-g001.jpg
Experimental set up Type of trials

|

|

L

Correction

encoder

o Target
Optical 4
t

Starting base

Control Control
Full vision Occluded

Right jump
Full vision

Correction, Imm

4+— Cursor jump

Left jump
Full vision

Left jump
Occluded






OPS/images/fpsyg-07-00989-g003.jpg
Hand frontal position (mm)

Hand frontal variability (mm)

20 15
15
;[0
£
10 £
€ s
5 2
2
0 2 0
T
£
-5 an
8 s
10 §
-10
-15
-20 -15
D
9 25
7 = 20
‘] hiL £
51 g 15
@
ol 7‘: 10
s 2
2 3
5
| 2
. .
(4] v +— v v 0

Control
Full vision

Control
Occluded

Right jump
Full vision

Left jJump
Full vision

Left jump
Occluded

Type of trials

Control
Full vision

6-7 yrs
89 yrs
10-12 yrs
Adults

BEOO

e

!

Control Right jump  Left jump Left jump
Occluded Full vision Full vision Occluded





OPS/images/fpsyg-07-00989-g002.jpg
6-7 yrs

Visual occlusions « « «

Cursor jJump

89 yrs

12 yrs

Adults

e Control/Full vision
w— Control/ Occluded
=== Right jump/Full vision
= Left jump/Full vision

s Left jump/Occluded





