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Decreased Temporal Sensorimotor Adaptation Due to Perturbation-Induced Measurement Noise
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In daily life, we often need to make accurate and precise movements. However, our movements do not always end up as intended. When we are consistently too late to catch a ball for example, we need to update the predictions of the temporal consequences of our motor commands. These predictions can be improved when the brain evaluates sensory error signals. This is thought to be an optimal process, in which the relative reliabilities of the error signal and the prediction determine how much of an error is updated. Perturbation paradigms are used to identify how the brain learns from errors. Temporal perturbations (delays) between sensory signals impede the multisensory integration of these signals. Adaptation to these perturbations is often incomplete. We propose that the lack of adaptation is caused by an increased measurement noise that accompanies the temporal perturbation. We use a modification of the standard Kalman filter that allows for increases in measurement uncertainty with larger delays, and verify this model with a timing task on a screen. Participants were instructed to press a button when a ball reached a vertical line. Temporal feedback was given visually (unisensory consequence) or visually and auditory (multisensory consequence). The consequence of their button press was delayed incrementally with one ms per trial. Participants learned from their errors and started pressing the button earlier, but did not adapt fully. We found that our model, a Kalman filter with non-stationary measurement variance, could account for this pattern. Measurement variance increased less for the multisensory than the unisensory condition. In addition, we simulated our model's output for other perturbation paradigms and found that it could also account for fast de-adaptation. Our paper highlights the importance of evaluating changes in measurement noise when interpreting the results motor learning tasks that include perturbation paradigms.
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1. INTRODUCTION

Successful sports performance often depends on the ability to make accurate and precise movements in time and space. Yet not all of the movements we make turn out as intended. Our muscles can fatigue, and the world around us changes constantly. Generally, we can correct errors online, however in order to do so, we rely on sensory feedback that is processed by our brain with a delay of around 150 ms for visuomotor tasks (Miall et al., 1993). In order to compensate for these delays, our brain predicts the consequences of our motor commands with a forward model (Jordan and Rumelhart, 1992; Wolpert and Miall, 1996). This internal model predicts the sensory feedback it will receive when a motor command is sent. The difference between the predicted sensory feedback and the actual sensory feedback is called the prediction error (Jordan and Rumelhart, 1992). Error-based learning occurs when we evaluate the prediction error to update the forward model (Wei and Körding, 2009). The process of updating the forward model is called adaptation (Huang et al., 2011). Through adaptation, our predictions of future movements can become more accurate.

Unfortunately, there are many factors unrelated to the accuracy of our motor command that can influence its consequence (He et al., 2016). Trial-to-trial variability in these consequences might stem from neural sources like sensory noise, cellular noise, and motor noise (Harris and Wolpert, 1998; Jones et al., 2002; van Beers et al., 2004; Churchland et al., 2006a,b; Faisal et al., 2008; van Beers, 2009). Note that not all these types of noise are necessarily disadvantageous. Neural noise in the form of stochastic resonance can benefit detection of inputs that otherwise would remain sub-threshold (Faisal et al., 2008; van der Groen et al., 2018). Other sources of noise are inaccurate estimates of the task requirements (Osborne et al., 2005), and disturbances from the outside world (Tan et al., 2016). These different types of noise give the brain the complex task to evaluate which part of an error stems from noise, and which part stems from inaccurate predictions (Wei and Körding, 2009).

One way to study how the brain solves this problem is by applying temporal or spatial perturbations to learned movements, for example through delay (Vercher and Gauthier, 1992; Cunningham et al., 2001), visuomotor rotation (Cunningham, 1989), or force field (Shadmehr and Mussa-Ivaldi, 1994) paradigms. Studies have shown that we can adapt to these perturbations (for review: Shadmehr et al., 2010), but that we do not always fully update the predicted consequences of our actions (Vercher and Gauthier, 1992; Krakauer et al., 2006; Tseng et al., 2007; Galea et al., 2011; de la Malla et al., 2014; Vaswani et al., 2015). A lack of full adaptation is seen even after prolonged exposure to these perturbations (van der Kooij et al., 2016). The widely used state space model of adaptation (Thoroughman and Shadmehr, 2000; Donchin et al., 2003; Cheng and Sabes, 2006) captures this behavior well (Equation 1).
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The trial-by-trial adaptation is described by recursively updating the previously learned motor output xt−1 with a part of the error. Learning factor B describes how much of the error e is corrected on each trial. In order to account for the lack of adaptation, this model includes a retention factor A, which describes how much of previously learned behavior is maintained on the next trial. A multi-rate modification of this model (Smith et al., 2006), in which the motor output is the sum of a slow and a fast process, can account for features of motor learning like savings (the observation that re-adaptation is faster than the original adaptation) (Kojima et al., 2004; Ebbinghaus, 2013), anterograde interference (slower learning of an opposite perturbation) (Sing and Smith, 2010), and rapid de-adaptation/downscaling (de-adaptation is faster than the original adaptation)(Jansen-Osmann et al., 2002; Davidson and Wolpert, 2004). Unfortunately, these models are mostly descriptive in nature, and do not explain how the brain acquires its learning rate and retention factor.

According to other mainstream theories of motor control, error correction can be described as an optimal process (Todorov and Jordan, 2002; Körding and Wolpert, 2004). The learning rate depends on the uncertainty of the internal model and the uncertainty of the error measurement. In support of this view it has been shown that learning decreases when the sensory feedback is noisy, whilst learning increases with larger uncertainty of feedforward estimations (Wei and Körding, 2010). In motor control, this theory has been formalized mathematically through a widely used Bayesian tool called the Kalman Filter (Kalman et al., 1960). The Kalman filter recursively updates its prediction of the future state by correcting part of the error on each trial (Korenberg and Ghahramani, 2002; Burge et al., 2008; Wei and Körding, 2010). The size of the correction depends on the reliability of the previous state estimate and the uncertainty in the new state measurement. The standard Kalman filter assumes the environment to be stationary, meaning that the process and measurement noise come from Gaussian distributions and do not change over time. The measurement noise, however, is unlikely to be stationary when temporal or spatial perturbations are applied, because these perturbations lead to dispersed feedback from different sensors. Imagine a task in which a button press causes a flash (Figure 1A). The visual timing information from the flash can be integrated with the haptic timing information from the button press based on their reliability (Ernst and Banks, 2002; Bresciani et al., 2005). Combining the sources provides more reliable timing estimations. When the flash is delayed with respect to the button press, it becomes more difficult to optimally combine the estimates from these sources of feedback (Ernst and Bülthoff, 2004; Parise et al., 2012). The larger the temporal perturbation, the more the integration is affected (Stein and Meredith, 1993). Additionally, studies have shown that estimates of time lose precision and accuracy when the temporal intervals increase (Gibbon, 1977; Wearden and Lejeune, 2008; Jazayeri and Shadlen, 2010). Consequently, the error estimates are more noisy. We therefore propose a model based on a single modification to the standard Kalman filter, in which the measurement noise can change depending on the size of the temporal perturbation.
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FIGURE 1. (A) Theoretical overview of sensory signal integration and its effect on the measurement noise. When action and consequence diverge in time, the integration becomes weaker, which in turn increases the measurement noise. This increase is the foundation for the NSKF model. (B) Experimental setup: Each trial, the red ball on the screen moved toward the reference line (v = 20, 23, or 26 cm/s; TTC = 1.0, 1.2, or 1.4 s). Participants were instructed to press a button (action) when the ball was as close to the vertical line as possible. The consequence of the action was delayed incrementally with 1 ms per trial. The visual consequence was the disappearance of the ball and the auditory consequence was a low pitched tone. Participants needed to press earlier to align the consequence of the action with the reference, and account for the added delay. Each condition consisted of 270 trials (of which 135 baseline trials and 135 adaptation trials). (C) The NSKF model was tested for different perturbation paradigms.



The Kalman filter predicts the state of the world Xt and state-uncertainty [image: image] on a given trial (t) through the following set of equations (Equation 2–6):

Prediction:
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The prediction is estimated through the posterior state-estimation [image: image] on the previous trial, and its uncertainty [image: image]. The process variance [image: image] denotes the uncertainty coming from the possibility that the state of the world has changed over time.

Update:
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During each trial the state estimate Xt and the state-uncertainty estimate [image: image] are updated by combining the previous state prediction with the weighted prediction error of the previous trial. The prediction error is the difference between the predicted sensory feedback from the state of the world [image: image] and the actual sensory feedback from the state measurement [image: image]. The weighing of this error is modulated by the Kalman Gain K. The Kalman Gain represents the reliability of the measurement [image: image] relative to the reliability of the state-estimate [image: image]. These updated estimates then are used again to predict the state and state-uncertainty on the next trial.

In the standard (or stationary) Kalman filter (SKF), the measurement variance is static.
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However, the more our actions are temporally perturbed, the more the measurement uncertainty increases (Figure 1A). The following equation illustrates how the measurement variance is affected by the delay on each trial. Δ(σm)2 denotes the change in measurement variance for each increase of the delay Dt.
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In this study we modified the SKF into a Non-Stationary Kalman Filter (NSKF) by replacing Equation (7) with Equation (8). This equation allows the measurement variance to increase according to the size of the delay Dt. Larger delays will therefore lead to a smaller Kalman Gain (Equation 4), which in turn will decrease the part of the error that is corrected for.

In order to understand the behavioral patterns of adaptation when temporal perturbations are present, we test this model with unisensory and multisensory error feedback. The multisensory feedback should provide more reliable feedback estimates with regards to the unisensory feedback. We expect the measurement variance to increase when the consequence of the action is delayed in time. In addition, we expect the measurement variance to increase at a lower rate in the multisensory condition (MC) compared to the unisensory condition (UC), and consequently a higher adaptation in the MC condition than in the UC condition. Next, we simulated the results of our model for block perturbation paradigms. We expected to find a sustained lack of adaptation in stationary situations, and also expected the NSKF to be able to account for rapid de-adaptation/downscaling.

2. MATERIALS & METHODS

2.1. Participants

Ten subjects participated in the experiment. All participants gave written consent. Their vision and hearing were normal or corrected to normal. The study was part of a program that has been approved by the local ethics committee.

2.2. Apparatus and Stimuli

Participants were seated in front of a 27-inch led-monitor (ASUS VG278H; resolution: 1920 x 1080; refresh rate: 120 Hz; pixel size: 0.311 mm) and held a joystick (sampled at 130Hz) of which they could use either a left-handed button or right-handed button. On each trial, a vertical white reference line (length = 10 cm) appeared 20 cm to the right of the center of a black screen (depicted as a gray screen in Figure 1B). A solid red ball (diameter 0.6 cm) appeared, moving toward the reference line in a straight horizontal line. We used 3 different movement speeds (v = 20, 23, or 26 cm/s) and 3 different time to contact durations (TTC = 1.0, 1.2, or 1.4 s). This way, the ball could appear at 9 different distances from the reference line. The participants were instructed to press the button when the ball was as close as possible to the reference line. The feedback they received differed between conditions. In the Unisensory Consequence (UC) conditions, the ball disappeared and in the Multisensory Consequence (MC) conditions the ball disappeared and a low pitched tone was played. From the sensory consequence of the button press, participants perceived the size of their temporal error. We did not provide any further feedback about the “correctness” of the participant's responses. Each condition consisted of a baseline and a perturbation phase. Both phases consisted of 135 trials. During the baseline phase there was no perturbation. In the perturbation phase the consequence of the participants' action was delayed incrementally with 1 ms per trial, resulting in a maximal delay of 135 ms. At the end of each experiment, we asked participants if they had consciously perceived any delay or conflict in the feedback they received. If the delays were consciously perceived, this would affect the sense of agency of the consequence of the action. None of the participants reported noticing the delay in the consequence of their action.

2.3. Analysis of Responses

We recorded the response time (RsT), i.e., the time difference between the button press and the moment the ball reached the target line (Figure 1B). Positive RsT denoted that the action preceded the ball crossing the line. During this experiment, we delayed the consequence of the action incrementally with 1 ms/trial. In order to adapt to this increasing temporal perturbation, participants would need to initiate the action earlier with increasing delays, i.e., have more positive RsT. We analyzed individual behavior by inspecting the RsT and its simple moving average (window = 10 trials). It seemed that baseline variance was negatively affecting the adaptation. We verified this effect by calculating the Pearson correlation of the baseline variability and RsT during adaptation. Furthermore, we tested for one-sided differences in adaptation with a paired t-test between the MC and UC condition (α = 0.05).

2.4. Modeling

We modeled the SKF and the NSKF on the data of each participant. We fitted the models with the help of the fkf function from the FKF-package (Luethi et al., 2018) in the R program (R Core Team, 2013). This function is designed to implement the Kalman filter by iteratively predicting the next state according to Equations (1–6).

The Kalman filter was updated by introducing the temporal perturbation as a new measurement of the state [image: image] on each trial. The difference between the two models comes from the expected effect of the temporal perturbation on the measurement noise (Equations 7 vs. 8). In the SKF model, Δ(σm)2 was zero and therefore the (σm)2 equaled [image: image] during the entire experiment (Equation 7). [image: image] was approximated by calculating the participants' baseline variance. For the NSKF model, we calculated the increase in measurement noise Δ(σm)2 per 1 ms delay (Equation 8), in addition to the [image: image] (baseline variance). Δ(σm)2, was a free parameter in the model. The Δ(σm)2 that resulted in the least squared error between the prediction of the Kalman filter and the RsT data was calculated. It was calculated separately for the UC and MC condition.

The following initial parameters were used for both models: [image: image] ms, [image: image] ms, and [image: image] ms2.

The output from the model provided the state prediction [image: image] and the Kalman Gain K. We expected [image: image] and Δ(σm)2 to be larger for the UC condition and checked for these one-sided significant differences between conditions with t-tests (α = 0.05). We reported bootstrapped confidence intervals (95%).

2.5. Other Perturbation Paradigms

In order to see how our model would perform to other types of perturbation paradigms, we extrapolated the measurement variance (σm)2 to different situations. We were interested to see how our model would behave when the perturbation was stationary (Figure 1C-1) and when the perturbation was suddenly removed (Figure 1C-2). Based on results from previous studies (Jansen-Osmann et al., 2002; Davidson and Wolpert, 2004; Smith et al., 2006), we expect faster de-adaptation compared to the initial adaptation. On top of that, we expected that longer adaptation phases would cause longer de-adaptation (Figure 1C-3). We tested these hypotheses by fitting exponential functions on the model output and calculating the time constants of these functions.

3. RESULTS

3.1. Behavioral Analysis

We exposed participants to a temporal perturbation paradigm and analyzed the adaptive behavior. Figure 2 shows the behavior of two representative participants. The participants started accounting for the delay, meaning that they pressed the button earlier in order to decrease the temporal error. As expected, there was a lack of full adaptation to the perturbation (for all but one participant).
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FIGURE 2. Adaptive behavior of two representative participants during the temporal perturbation experiment. Dots denote the individual responses per trial and the lines are the moving averages. Positive values denote an early response. The dashed line represents the temporal perturbation. The more the responses followed this line, the more successful the adaptation to the temporal perturbation.



The degree of adaptation varied among participants. A factor that seemed to influence the amount of adaptation was the variability of the participants (Figure 2). We confirmed this observation by calculating the correlation between the baseline variance and the sum of the response times during the adaptation phase. Higher RsT variability in the baseline phase seemed to be correlated with lower average RsT during the adaptation phase [r(18) = –0.5, p = 0.02]. On average, there were more positive RsT in the MC than in the UC condition for most participants [t(18) = 4.8, p < 0.001], providing further evidence that the lack of adaptation could have to do with changes in measurement noise.

3.2. Increases in Measurement Noise Can Account for Lack of Adaptation

Figure 3 demonstrates the modeling results of the SKF and NSKF for the MS and US condition. The participants showed adaptive behavior by initiating the button press earlier (i.e., more positive RsT) over time. The SKF predicted an adaptation that was larger than observed in the participants, and parallel to the temporal perturbation that was introduced. As expected, the NSKF described the data more accurately, with lower weights for new measurements as the temporal perturbation grew larger. This is reflected in an increasing [image: image] (Figure 3B), showing that the best fit of the NSKF model is achieved with a non-stationary measurement noise. The Kalman Gain (presented in a log-scale in Figure 3C) reaches its asymptote in the SKF, while it keeps declining in the NSKF. This means that the weight on error measurements decreases as the temporal perturbation increases in the NSKF model.
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FIGURE 3. The modeling results for the stationary (left) and non-stationary (right) Kalman filter. (A) The average response times (dots) and model prediction (colored lines) for the MC and UC condition. The black dashed line represents the temporal perturbation of the action during the experiment. (B) The measurement noise as calculated from equation 7 (SKF) and 8 (NSKF). (C) The resulting log(Kalman Gain).



3.3. Smaller Increase of Measurement Variance for Multisensory Condition

In order to quantify the effect of temporal perturbations on the measurement noise, we examined the differences between the MC and UC condition for [image: image] and Δ(σm)2 (Figure 4). [image: image], approximated by the baseline RsT variance, was higher for the UC condition (0.0015 s2) than for the MC condition [0.0010 s2; t(9) = 4.4, p < 0.001]. Similarly, Δ(σm)2 was higher in the UC condition (3.7 ·10−4 s2) than the MC condition [1.7 ·10−4 s2; t(9) = 1.9, p = 0.04]. The lower measurement variance in the multisensory compared to the unisensory condition led to improved learning and more complete adaptation.


[image: image]

FIGURE 4. Measurement variance for the MC and UC condition. Error bars indicate 95% confidence intervals. (A) Baseline measurement variance. (B) The increase of measurement variance on each trial.



3.4. Accounting for Lack of Adaptation to Stationary Situations and Rapid De-adaptation

We applied our model to a number of different perturbation paradigms (Figure 1). Figure 5A shows predictions for an adaptation to stationary perturbations (i.e., where the delay is fixed to 135 ms). We can see that the NSKF predicts the participants' behavior to converge with the input after about 250–300 trials. It therefore does not predict the lack of adaptation to stationary perturbation paradigms as described in the literature.


[image: image]

FIGURE 5. Model predictions. (A) The conversion of the Kalman filter during stationary perturbations for Unisensory and Multisensory feedback. Perturbation denoted by dashed line. (B) Speed of adaptation vs. de-adaptation for Unisensory and Multisensory feedback. Perturbation denoted by dashed line. (C) Speed of de-adaptation after different lengths of the adaptation phase. Perturbation denoted by dashed lines.



As expected, we found a much faster de-adaptation compared to the initial predicted adaptation (Figure 5B). This predicted de-adaptation was slightly faster for the MC- than the UC condition. When we examine the effect of the length of the adaptation phase on the speed of de-adaptation for the MC condition (Figure 5C), we find de-adaptation to be faster for longer adaptation phases. This finding was opposite to the results reported in the literature. Increasing de-adaptation times can thus not be explained by the NSKF.

4. DISCUSSION

In this study, we aimed to provide a possible explanation for the decreasing amount of error correction to gradually increasing temporal perturbations. We have shown that increasingly noisy feedback estimates that arise from accumulating delays can explain the pattern of adaptation observed in our participants. When feedback is delayed in time, its uncertainty increases. The coupling between the participant's action and its consequence becomes more noisy due to diverging sensory signals, impeding sensory integration (Stein and Meredith, 1993; Ernst and Bülthoff, 2004; Parise et al., 2012).

We are not the first to demonstrate that noise affects the amount of learning from an error. The amount of learning from an error has been shown to increase when state estimates are more uncertain, while learning rates decreased when measurement estimates are more uncertain (Wei and Körding, 2010). The Kalman filter has previously been used to show that the measurement uncertainty could effect the amount of adaptation to a perturbation (Burge et al., 2008; Haith et al., 2008). Furthermore, recent studies have provided evidence that multisensory feedback can benefit performance in a delay detection task (van Kemenade et al., 2016, 2017; Straube et al., 2017). However, to our knowledge we are the first ones to model the behavioral patterns during adaptation to incremental temporal delays by increasing the measurement variance. The model successfully predicted lower weights for new measurements when temporal perturbations became larger, as was observed in the behavioral data.

We chose to apply gradually increasing temporal delays in order to verify the NSKF model. The first reason for this approach was that the gradual delays simulated the effect of small changes that occur in muscles during exercise. Fatigue and temperature changes for example, are thought to increase the electromechanical delays in muscles over time (Zhou et al., 1998). Secondly, it gave us the opportunity to estimate the increment of measurement noise with the increasing delay. A sudden stationary perturbation could have also served to calculate increases in measurement noise, but it may have affected other factors in the model, like the process variance (Narain et al., 2013), or the sense of agency with regards to the sensory consequence of the action (Rohde et al., 2014; Rohde and Ernst, 2016).

In order to decrease the amount of free parameters in the model, we used baseline RsT-variability to reflect the measurement variance of the model in the unperturbed state. These variabilities are correlated, but the RsT variability likely overestimates the actual baseline measurement noise in the system.The reason being that motor variability includes, along with measurement noise, planning noise (Churchland et al., 2006a,b; van Beers, 2009), execution noise from the motor neurons (Harris and Wolpert, 1998; Jones et al., 2002; van Beers et al., 2004; Faisal et al., 2008), noise from imprecise estimates of the speed of the target (Osborne et al., 2005) and perturbations from the environment (Tan et al., 2016). However, any differences between the UC and MC condition are expected to be due to differences in measurement noise. By using the baseline variability, we filter out any baseline differences between the conditions. As a result, we can assume that differences in (Δσm)2 stem from the temporal perturbation. Even though this might underestimate the size of (Δσm)2, it does preserve the trend.

The multi-rate state space model of Smith et al. (2006) is a simple descriptive model that can account for a series of motor learning features, like savings (Kojima et al., 2004; Ebbinghaus, 2013), anterograde interference (Sing and Smith, 2010), lack of adaptation (Krakauer et al., 2006; Tseng et al., 2007; Galea et al., 2011; de la Malla et al., 2014; Vaswani et al., 2015), and fast de-adaptation (Jansen-Osmann et al., 2002; Davidson and Wolpert, 2004). It has been proposed that savings and anterograde interference are features of motor learning that are expressed in the final adaptation. However, it is more likely that these features stem from different model free types of learning processes: use-dependent plasticity and operant reinforcement (Huang et al., 2011). We believe that at least some of the other proposed features stem from changes in measurement noise due to temporal perturbations. The NSKF accounts for decreased sensorimotor learning due to perturbation-induced measurement noise. One disadvantage of the Kalman filter is that the predicted state, with stationary perturbations, converges to the input (Burge et al., 2008). This is even the case with increased measurement noise, as the Kalman gain never completely reaches zero. In reality however, people do not fully adapt to the perturbation, even after prolonged exposure (van der Kooij et al., 2016). The persisting adaptation bias can therefore not be explained by our single modification of the standard Kalman filter. Furthermore, the model predicts fast de-adaptation, which is consistent with reported behavior in other studies (Jansen-Osmann et al., 2002; Davidson and Wolpert, 2004; Smith et al., 2006). The multi-rate model predicts a decreasing speed of de-adaptation with longer adaptation phases (Smith et al., 2006), while our model predicts the opposite effect: longer adaptation times predicted slightly smaller time constants for de-adaptation. However, this feature of motor learning could justifiably be attributed to changing uncertainties of the state-estimate (as modeled by Narain et al., 2013), rather than measurement uncertainty. Unexpected perturbations in the environment increase the uncertainty of the state-estimate (Tan et al., 2016). As a result, the Kalman Gain temporarily increases as well. Over time, the Kalman Gain decreases again. The sooner de-adaptation happens after the original adaptation, the higher the Kalman gain. Though in theory, this idea could explain how de-adaptation becomes slower over time, more research is needed on how sudden perturbation affect the Kalman Gain. We decided against modeling the process variance as a non-stationary parameter, due to its implications on the interpretation of the measurement variance. Future models could aim to explore these relationships further.

Even though our model does not account for lack of adaptation in stationary situations, higher levels of measurement noise do likely have an effect, even over longer periods of time. It has been recently shown that people can correct for errors near-optimally over time, but not from trial to trial (van Beers et al., 2013). In order to be optimal, the brain needs to distinguish a bias in prediction errors from other sources of noise (Rohde and Ernst, 2016). Through experience, the brain can learn from signals and become more optimal (van Beers et al., 2013). The noisier the signal, the more experience is required. It is possible that, at a certain noise level, the time to reach the required experience becomes infinite. If this were the case, prediction errors would be perceived as noise in the system and adaptation would stall. This would also explain why more variable participants of this study were likely to adapt less than participants with a lower variability.

Additionally it has been shown that the learning rate during prism adaptation (Kitazawa et al., 1995; Tanaka et al., 2011) and visuomotor rotation adaptation (Honda et al., 2012) is affected by delayed temporal feedback. This finding provides further evidence that measurement noise is higher when sensory feedback is delayed. Interestingly, Honda et al. (2012) found that the adverse effect of the delay on the learning rate was alleviated when adaptation to the delay took place before the adaptation to the visuomotor rotation. This might be due to a possible effect of causal binding on the measurement noise. Causal binding refers to the observation that delays between an action and its sensory consequence can cause a recalibration of the perceived timing of the consequence (Stetson et al., 2006; Buehner, 2012). When exposed to a delay, the temporally conflicting signals from action and consequence start to be perceived as more simultaneous. Removing the delay causes an after-affect in which the previously delayed sensory consequence is perceived to lead the timing of the action. The brain constantly needs to estimate the uncertainty of different signals (Knill and Pouget, 2004). As causal binding is responsible for decreasing the perceived size of the sensory conflict, it could have a similar effect on the estimated measurement uncertainty. Conversely, Tanaka et al. (2011) did not find an increased learning rate after an adaptation period, even though the subjective delay was decreased. The main difference between the studies of Tanaka et al. (2011) and Honda et al. (2012) is the type of feedback provided (final movement error and continuous movement error respectively). It has been previously shown that the type of feedback provided affects the adaptation (de la Malla et al., 2012). Final movement feedback provides a lower error signal-to-noise ratio, regardless of the delay. The decrease of the perceived measurement noise due to causal binding might be minimal in more noisy signals. Similarly, studies in delay detection have shown experiments that only provide final movement error show larger benefits of multimodel feedback than studies that provide continuous movement feedback (van Kemenade et al., 2016). These differences might also be attributed to signal-to-noise differences, giving a higher benefit of multisensory feedback in tasks with more noisy feedback types.

The present study explored possible adaptation differences due to discrepancies in uncertainty between unisensory and multisensory delayed feedback. The cerebellum has generally been proposed as the brain area that is involved in computing the internal forward model (Miall et al., 1993; Wolpert and Miall, 1996; Wolpert et al., 1998; Bastian, 2006; Tseng et al., 2007), comparing forward predictions with sensory feedback (Blakemore et al., 1998, 1999; van Kemenade et al., 2018). A recent study on unisensory vs multisensory differences in a delay detection task suggests that the angular and middle temporal gyrus are involved in detecting cross-sensory prediction errors (van Kemenade et al., 2018). These areas, connected to the cerebellum, are a likely candidate for the benefit of multisensory over unisensory temporal signals, though further examination is desirable. Further research into the effects of unisensory and multisensory feedback on brain processes will benefit our knowledge on how prediction errors are processed and how the brain deals with sensory noise during adaptation.

A limitation of our study is the absence of a unisensory auditory condition. The inclusion of this condition would have shed some light on how noise in auditory feedback is affected by delays. However, previous research has shown that multisensory feedback affects the reliability of the estimates (Ernst and Banks, 2002; Bresciani et al., 2005), and therefore we do not expect any effect of this limitation on the interpretation of our study.

In this study we focused mainly on the effect of temporal perturbations on the estimated measurement noise. However, an effect of spatial perturbations on the estimated measurement noise can be expected as well. Spatial perturbations often create discrepancies between different types of sensory information, impeding integration. Our study shows that these perturbation paradigms we use to study motor learning lead to increased measurement noise. It is important to keep this in mind when interpreting the results of perturbed actions during a sensorimotor tasks. Most importantly, we have shown these increases in measurement noise can account for a lack of adaptation to perturbation paradigms.

DATA AVAILABILITY

Data is freely available at https://osf.io/tjkby/.

AUTHOR CONTRIBUTIONS

EK and JL-M contributed to the conception of the work, data analysis, and results interpretation. EK wrote the manuscript and both authors contributed to the revision and approval of the submitted version.

FUNDING

This work is part of the PACE project (itn-pace.eu), which received funding from the European Union's Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement No 642961. We also received funding from grant PSI2017-83493-R of AEI/FEDER, UE.

ACKNOWLEDGMENTS

The authors thank Paula Andrea Alvarez Peña for her help conducting the experiments.

REFERENCES

 Bastian, A. J. (2006). Learning to predict the future: the cerebellum adapts feedforward movement control. Curr. Opin. Neurobiol. 16, 645–649. doi: 10.1016/j.conb.2006.08.016

 Blakemore, S. J., Wolpert, D. M., and Frith, C. D. (1998). Central cancellation of self-produced tickle sensation. Nat. Neurosci. 1, 635–640. doi: 10.1038/2870

 Blakemore, S. J., Wolpert, D. M., and Frith, C. D. (1999). The cerebellum contributes to somatosensory cortical activity during self-produced tactile stimulation. Neuroimage 10, 448–459.

 Bresciani, J. P., Ernst, M. O., Drewing, K., Bouyer, G., Maury, V., and Kheddar, A. (2005). Feeling what you hear: auditory signals can modulate tactile tap perception. Exp. Brain Res. 162, 172–180. doi: 10.1007/s00221-004-2128-2

 Buehner, M. J. (2012). Understanding the past, predicting the future: causation, not intentional action, is the root of temporal binding. Psychol. Sci. 23, 1490–1497. doi: 10.1177/0956797612444612

 Burge, J., Ernst, M. O., and Banks, M. S. (2008). The statistical determinants of adaptation rate in human reaching. J. Vis. 8, 20.1–19. doi: 10.1167/8.4.20

 Cheng, S., and Sabes, P. N. (2006). Modeling sensorimotor learning with linear dynamical systems. Neural Comput. 18, 760–793. doi: 10.1162/089976606775774651

 Churchland, M. M., Afshar, A., and Shenoy, K. V. (2006a). A central source of movement variability. Neuron 52, 1085–96. doi: 10.1016/j.neuron.2006.10.034

 Churchland, M. M., Yu, B. M., Ryu, S. I., Santhanam, G., and Shenoy, K. V. (2006b). Neural variability in premotor cortex provides a signature of motor preparation. J. Neurosci. 26, 3697–3712. doi: 10.1523/JNEUROSCI.3762-05.2006

 Cunningham, D. W., Billock, V. A., and Tsou, B. H. (2001). Sensorimotor adaptation to violations of temporal contiguity. Psychol. Sci. 12, 532–535. doi: 10.1111/1467-9280.d01-17

 Cunningham, H. A. (1989). Aiming error under transformed spatial mappings suggests a structure for visual-motor maps. J. Exp. Psychol. Hum. Percept. Perform. 15, 493–506.

 Davidson, P. R., and Wolpert, D. M. (2004). Scaling down motor memories: de-adaptation after motor learning. Neurosci. Lett. 370, 102–107. doi: 10.1016/j.neulet.2004.08.003

 de la Malla, C., López-Moliner, J., and Brenner, E. (2012). Seeing the last part of a hitting movement is enough to adapt to a temporal delay. J. Vis. 12, 1–15. doi: 10.1167/12.10.4

 de la Malla, C., López-Moliner, J., and Brenner, E. (2014). Dealing with delays does not transfer across sensorimotor tasks. J. Vis. 14:8. doi: 10.1167/14.12.8

 Donchin, O., Francis, J. T., and Shadmehr, R. (2003). Quantifying generalization from trial-by-trial behavior of adaptive systems that learn with basis functions: theory and experiments in human motor control. J. Neurosci. 23, 9032–9045. doi: 10.1523/JNEUROSCI.23-27-09032.2003

 Ebbinghaus, H. (2013). Memory: a contribution to experimental psychology. Ann. Neurosci. 20, 155–156. doi: 10.5214/ans.0972.7531.200408

 Ernst, M. O., and Banks, M. S. (2002). Humans integrate visual and haptic information in a statistically optimal fashion. Nature 415, 429–433. doi: 10.1038/415429a

 Ernst, M. O., and Bülthoff, H. H. (2004). Merging the senses into a robust percept. Trends Cogn. Sci. 8, 162–169. doi: 10.1016/j.tics.2004.02.002

 Faisal, A. A., Selen, L. P., and Wolpert, D. M. (2008). Noise in the nervous system. Nat. Rev. Neurosci. 9:292–303. doi: 10.1038/nrn2258

 Galea, J. M., Vazquez, A., Pasricha, N., de Xivry, J. J., and Celnik, P. (2011). Dissociating the roles of the cerebellum and motor cortex during adaptive learning: the motor cortex retains what the cerebellum learns. Cereb. Cortex 21, 1761–1770. doi: 10.1093/cercor/bhq246

 Gibbon, J. (1977). Scalar expectancy theory and weber's law in animal timing. Psychol. Rev. 84:279.

 Haith, A., Jackson, C., Miall, C., and Vijayakumar, S. (2008). “Unifying the sensory and motor components of sensorimotor adaptation,” in Neural Information Processing Systems (Vancouver, BC).

 Harris, C. M., and Wolpert, D. M. (1998). Signal-dependent noise determines motor planning. Nature 394, 780–784.

 He, K., Liang, Y., Abdollahi, F., Fisher Bittmann, M., Kording, K., and Wei, K. (2016). The statistical determinants of the speed of motor learning. PLoS Comput. Biol. 12:e1005023. doi: 10.1371/journal.pcbi.1005023

 Honda, T., Hirashima, M., and Nozaki, D. (2012). Adaptation to visual feedback delay influences visuomotor learning. PLoS ONE 7:e37900. doi: 10.1371/journal.pone.0037900

 Huang, V. S., Haith, A., Mazzoni, P., and Krakauer, J. W. (2011). Rethinking motor learning and savings in adaptation paradigms: model-free memory for successful actions combines with internal models. Neuron 70, 787–801. doi: 10.1016/j.neuron.2011.04.012

 Jansen-Osmann, P., Richter, S., Konczak, J., and Kalveram, K. T. (2002). Force adaptation transfers to untrained workspace regions in children: evidence for developing inverse dynamic motor models. Exp. Brain Res. 143, 212–220. doi: 10.1007/s00221-001-0982-8

 Jazayeri, M., and Shadlen, M. N. (2010). Temporal context calibrates interval timing. Nat. Neurosci. 13, 1020–1026. doi: 10.1038/nn.2590

 Jones, K. E., Hamilton, A. F., and Wolpert, D. M. (2002). Sources of signal-dependent noise during isometric force production. J. Neurophysiol. 88, 1533–1544. doi: 10.1152/jn.2002.88.3.1533

 Jordan, M. I., and Rumelhart, D. E. (1992). Forward models: supervised learning with a distal teacher. Cogn. Sci. 16, 307–354.

 Kalman, R. E. (1960). A new approach to linear filtering and prediction problems. J. Basic Eng. 82, 35–45.

 Kitazawa, S., Kohno, T., and Uka, T. (1995). Effects of delayed visual information on the rate and amount of prism adaptation in the human. J. Neurosci. 15, 7644–7652.

 Knill, D. C., and Pouget, A. (2004). The bayesian brain: the role of uncertainty in neural coding and computation. Trends Neurosci. 27, 712–719. doi: 10.1016/j.tins.2004.10.007

 Kojima, Y., Iwamoto, Y., and Yoshida, K. (2004). Memory of learning facilitates saccadic adaptation in the monkey. J. Neurosci. 24, 7531–7539. doi: 10.1523/JNEUROSCI.1741-04.2004

 Körding, K. P., and Wolpert, D. M. (2004). Bayesian integration in sensorimotor learning. Nature 427, 244–247. doi: 10.1038/nature02169

 Korenberg, A. T., and Ghahramani, Z. (2002). A bayesian view of motor adaptation. Curr. Psychol. Cogn. 21, 537–564.

 Krakauer, J. W., Mazzoni, P., Ghazizadeh, A., Ravindran, R., and Shadmehr, R. (2006). Generalization of motor learning depends on the history of prior action. PLoS Biol. 4:e316. doi: 10.1371/journal.pbio.0040316

 Luethi, D., Erb, P., and Otziger, S. (2018). FKF: Fast Kalman Filter. R Package Version 0.1.5. Available online at: https://CRAN.R-project.org/package=FKF

 Miall, R. C., Weir, D. J., Wolpert, D. M., and Stein, J. F. (1993). Is the cerebellum a smith predictor? J. Mot. Behav. 25, 203–216. doi: 10.1080/00222895.1993.9942050

 Narain, D., van Beers, R. J., Smeets, J. B., and Brenner, E. (2013). Sensorimotor priors in nonstationary environments. J. Neurophysiol. 109, 1259–1267. doi: 10.1152/jn.00605.2012

 Osborne, L. C., Lisberger, S. G., and Bialek, W. (2005). A sensory source for motor variation. Nature 437, 412–416. doi: 10.1038/nature03961

 Parise, C. V., Spence, C., and Ernst, M. O. (2012). When correlation implies causation in multisensory integration. Curr. Biol. 22, 46–49. doi: 10.1016/j.cub.2011.11.039

 R Core Team (2013). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

 Rohde, M., and Ernst, M. O. (2016). Time, agency, and sensory feedback delays during action. Curr. Opin. Behav. Sci. 8, 193–199. doi: 10.1016/j.cobeha.2016.02.029

 Rohde, M., van Dam, L. C., and Ernst, M. O. (2014). Predictability is necessary for closed-loop visual feedback delay adaptation. J. Vis. 14:4. doi: 10.1167/14.3.4

 Shadmehr, R., and Mussa-Ivaldi, F. A. (1994). Adaptive representation of dynamics during learning of a motor task. J. Neurosci. 14(5 Pt 2), 3208–3224.

 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

 Sing, G. C., and Smith, M. A. (2010). Reduction in learning rates associated with anterograde interference results from interactions between different timescales in motor adaptation. PLoS Comput. Biol. 6:e1000893. doi: 10.1371/journal.pcbi.1000893

 Smith, M. A., Ghazizadeh, A., and Shadmehr, R. (2006). Interacting adaptive processes with different timescales underlie short-term motor learning. PLoS Biol. 4:e179. doi: 10.1371/journal.pbio.0040179

 Stein, B. E., and Meredith, M. A. (1993). The Merging of the Senses. Boston, MA: The MIT Press.

 Stetson, C., Cui, X., Montague, P. R., and Eagleman, D. M. (2006). Motor-sensory recalibration leads to an illusory reversal of action and sensation. Neuron 51, 651–659. doi: 10.1016/j.neuron.2006.08.006

 Straube, B., van Kemenade, B. M., Arikan, B. E., Fiehler, K., Leube, D. T., Harris, L. R., et al. (2017). Predicting the multisensory consequences of one's own action: bold suppression in auditory and visual cortices. PLoS ONE 12:e0169131. doi: 10.1371/journal.pone.0169131

 Tan, H., Wade, C., and Brown, P. (2016). Post-movement beta activity in sensorimotor cortex indexes confidence in the estimations from internal models. J. Neurosci. 36, 1516–1528. doi: 10.1523/JNEUROSCI.3204-15.2016

 Tanaka, H., Homma, K., and Imamizu, H. (2011). Physical delay but not subjective delay determines learning rate in prism adaptation. Exp. Brain Res. 208, 257–268. doi: 10.1007/s00221-010-2476-z

 Thoroughman, K. A., and Shadmehr, R. (2000). Learning of action through adaptive combination of motor primitives. Nature 407, 742–747. doi: 10.1038/35037588

 Todorov, E., and Jordan, M. I. (2002). Optimal feedback control as a theory of motor coordination. Nat. Neurosci. 5, 1226–1235. doi: 10.1038/nn963

 Tseng, Y. W., Diedrichsen, J., Krakauer, J. W., Shadmehr, R., and Bastian, A. J. (2007). Sensory prediction errors drive cerebellum-dependent adaptation of reaching. J. Neurophysiol. 98, 54–62. doi: 10.1152/jn.00266.2007

 van Beers, R. J. (2009). Motor learning is optimally tuned to the properties of motor noise. Neuron 63, 406–417. doi: 10.1016/j.neuron.2009.06.025

 van Beers, R. J., Haggard, P., and Wolpert, D. M. (2004). The role of execution noise in movement variability. J. Neurophysiol. 91, 1050–1063. doi: 10.1152/jn.00652.2003

 van Beers, R. J., van der Meer, Y., and Veerman, R. M. (2013). What autocorrelation tells us about motor variability: insights from dart throwing. PLoS ONE 8:e64332. doi: 10.1371/journal.pone.0064332

 van der Groen, O., Tang, M. F., Wenderoth, N., and Mattingley, J. B. (2018). Stochastic resonance enhances the rate of evidence accumulation during combined brain stimulation and perceptual decision-making. PLoS Comput. Biol. 14:e1006301. doi: 10.1371/journal.pcbi.1006301

 van der Kooij, K., Overvliet, K. E., and Smeets, J. B. (2016). Temporally stable adaptation is robust, incomplete and specific. Eur. J. Neurosci. 44, 2708–2715. doi: 10.1111/ejn.13355

 van Kemenade, B. M., Arikan, B. E., Kircher, T., and Straube, B. (2016). Predicting the sensory consequences of one's own action: first evidence for multisensory facilitation. Atten. Percept. Psychophys. 78, 2515–2526. doi: 10.3758/s13414-016-1189-1

 van Kemenade, B. M., Arikan, B. E., Kircher, T., and Straube, B. (2017). The angular gyrus is a supramodal comparator area in action-outcome monitoring. Brain Struct. Funct. 222, 3691–3703. doi: 10.1007/s00429-017-1428-9

 van Kemenade, B. M., Arikan, B. E., Podranski, K., Steinsträter, O., Kircher, T., and Straube, B. (2018). Distinct roles for the cerebellum, angular gyrus, and middle temporal gyrus in action-feedback monitoring. Cereb. Cortex. doi: 10.1093/cercor/bhy048. [Epub ahead of print].

 Vaswani, P. A., Shmuelof, L., Haith, A. M., Delnicki, R. J., Huang, V. S., Mazzoni, P., et al. (2015). Persistent residual errors in motor adaptation tasks: reversion to baseline and exploratory escape. J. Neurosci. 35, 6969–6977. doi: 10.1523/JNEUROSCI.2656-14.2015

 Vercher, J. L., and Gauthier, G. M. (1992). Oculo-manual coordination control: ocular and manual tracking of visual targets with delayed visual feedback of the hand motion. Exp. Brain Res. 90, 599–609.

 Wearden, J. H., and Lejeune, H. (2008). Scalar properties in human timing: conformity and violations. Q. J. Exp. Psychol. 61, 569–587. doi: 10.1080/17470210701282576

 Wei, K., and Körding, K. (2009). Relevance of error: what drives motor adaptation? J. Neurophysiol. 101, 655–664. doi: 10.1152/jn.90545.2008

 Wei, K., and Körding, K. (2010). Uncertainty of feedback and state estimation determines the speed of motor adaptation. Front. Comput. Neurosci. 4:11. doi: 10.3389/fncom.2010.00011

 Wolpert, D. M., and Miall, R. C. (1996). Forward models for physiological motor control. Neural Netw. 9, 1265–1279.

 Wolpert, D. M., Miall, R. C., and Kawato, M. (1998). Internal models in the cerebellum. Trends Cogn. Sci. 2, 338–347.

 Zhou, S., Carey, M. F., Snow, R. J., Lawson, D. L., and Morrison, W. E. (1998). Effects of muscle fatigue and temperature on electromechanical delay. Electromyogr. Clin. Neurophysiol. 38, 67–73.

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 © 2019 Knelange and López-Moliner. 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) and the copyright owner(s) 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/inline_16.gif
(o) =410°





OPS/images/inline_15.gif





OPS/images/math_8.gif
(oM =(op)? +A™?+D, (9





OPS/images/inline_18.gif
(o





OPS/images/inline_17.gif





OPS/images/math_5.gif
R =X KX -X )





OPS/images/math_4.gif
@

ey

@





OPS/images/inline_14.gif
2y





OPS/images/math_7.gif
@M= @





OPS/images/inline_13.gif
(o





OPS/images/math_6.gif
(o) =(1-K)e;)*  (6)





OPS/images/cover.jpg
’ frontiers .
in Human Neuroscience

Decreased Temporal Sensorimotor
Adaptation Due to
Perturbation-Induced Measurement
Noise







OPS/images/math_2.gif






OPS/images/math_1.gif
=Asx +Bee, (D







OPS/images/math_3.gif
&)





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





OPS/images/fnhum-13-00046-g005.gif





OPS/images/inline_1.gif
[CAY





OPS/images/fnhum-13-00046-g003.gif
%

w






OPS/images/fnhum-13-00046-g004.gif





OPS/images/inline_12.gif
(o





OPS/images/inline_10.gif





OPS/images/inline_11.gif
(o





OPS/images/inline_7.gif





OPS/images/inline_6.gif





OPS/images/inline_9.gif
(o)





OPS/images/inline_8.gif
(o





OPS/images/fnhum-13-00046-g001.gif





OPS/images/inline_3.gif
(o)





OPS/images/fnhum-13-00046-g002.gif





OPS/images/inline_5.gif





OPS/images/inline_4.gif
(o}





OPS/images/inline_2.gif





OPS/images/inline_19.gif
(o





OPS/images/inline_21.gif
(o





OPS/images/inline_20.gif
(o





