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LONG-TERM RETENTION OF PROPRIOCEPTIVE RECALIBRATION

Abstract

Proprioception is recalibrated following reaches with misaligned visual feedback of the
hand, such that one’s sense of felt hand position is shifted in the direction of the visual feedback
provided (Cressman & Henriques 2009). In the current experiment, we examined the ability of
proprioceptive recalibration to be retained over an extended period of time (i.e. 4 days), and the
benefits of additional training on retention in the form of recall and savings (i.e. faster re-
learning on subsequent testing days). Twenty-four participants trained to reach to a target while
seeing a cursor that was rotated 30° clockwise relative to their hand on an initial day of testing.
Half of the participants then completed additional reach training trials on 4 subsequent testing
days (Training group), whereas the second half of participants did not complete additional
training (Non-Training group). Participants provided estimates of their felt hand position on all 5
testing days to establish retention of proprioceptive recalibration. Results revealed that
proprioceptive recalibration was recalled 24 hours after initial training and that there was no
benefit of additional training. Retention in the form of savings was observed on all days for the
Training group and on Day 5 in the Non-Training group. These results reveal that proprioceptive
recalibration does not benefit from additional training but is retained in the form of recall and
savings. Taken together, results from the two groups of participants showed that the sensory
system’s ability to change over time appeared to saturate early on, within two days of training.
Moreover, the different time scales (i.e. 1 day for recall versus 4 days for savings), suggested that

distinct processes may underlie recall and savings of proprioceptive recalibration.
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Chapter I: Literature Review
1. General Introduction

Humans interact with a constantly changing environment Thus, we need to learn new
movement skills and adapt learned ones in order to account for changing conditions. Motor
learning encompasses both skill acquisition and motor adaptation and is defined as the process of
improving one’s performance, leading to enduring changes in the motor system, when
encountering novel task demands or novel environments (Wolpert et al. 2001). One approach to
studying motor adaptation in the laboratory is to have individuals reach to targets while
providing altered visual feedback of their hand by way of a misaligned cursor onscreen and
determining how they adapt their movements (Cressman & Henriques, 2009; Henriques &
Cressman, 2012; Krakauer et al. 2000; Zbib et al. 2016). Reaching with altered visual feedback
has been shown to lead to rapid adaptation of one’s reaches so that reaching errors are reduced
and the cursor is brought back to the target (Cressman & Henriques, 2009; Krakauer et al. 2000,
2009; Zbib et al. 2016). After adapting their movements, individuals continue to reach with the
newly acquired movement pattern, even after the feedback is removed. These reach errors they
exhibit, known as aftereffects, are evidence that persistent changes have occurred in the motor
system (i.e. motor adaptation) (Baraduc & Wolpert 2000; Buch et al. 2003; Cressman &
Henriques 2009, 2010; Cressman et al. 2010; Krakauer et al. 1999, 2000; Martin et al. 1996;
Zbib et al. 2016). These changes in the motor system are robust in that they have been shown to
be recalled up to 12 months following initial training (Kitazawa and Yin 2001; Nourouzpour et
al. 2015; Yamamoto et al. 2006). In addition, evidence of retention of visuomotor adaptation can

be seen in faster relearning (i.e. savings) when participants are exposed to the same novel
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environment after a prolonged time interval (one week to month(s)) (Krakauer et al. 2005;
Krakauer, 2009).

In addition to changes in the motor system, the sensory system has been shown to adapt
following reaches with misaligned visual feedback of the hand. Specifically, participants
recalibrate their sense of felt hand position (i.e. proprioceptive recalibration), such that they feel
their hand is shifted in the direction of the visual feedback provided (Cressman & Henriques
2009; Zbib et al. 2016). There has been limited work looking at the long term retention of
proprioceptive recalibration. In fact, changes in the sensory system have only been tested 24
hours after initial training, where evidence of retention was observed (Nourouzpour et al. 2015;
Ostry et al. 2010). As well, there has been no previous work looking at retention of
proprioceptive recalibration by assessing savings. The present experiment looks to determine the
ability proprioceptive recalibration to be retained over a long period of time (i.e. 4 days) by
measuring retention before (i.e. recall) and while the cursor perturbation is re-introduced (i.e.
savings). As well, we ask if additional training benefits short-term retention of proprioceptive
recalibration (i.e. 24 hours).

To address these questions, we first established the time course of proprioceptive
recalibration on an initial day of testing. We then looked at the ability of proprioceptive
recalibration to be retained across four consecutive days, by testing immediate recall and
examining savings when the perturbation was reintroduced. The methods were similar to the
experiment by Zbib et al. (2016); however, the timeframe of testing was extended to 5
consecutive days. Research in this area is invaluable to improving the development of

rehabilitation programs for individuals with sensorimotor dysfunctions, as the results of this
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experiment will provide understanding of the potential of rehabilitation techniques to improve or
restore sensorimotor function through sensory recalibration during long-term programs.

This literature review will provide the background necessary to understand the specific
objectives of the current experiment. To begin, we establish the time course of visuomotor
adaptation observed during reach training with distorted visual feedback of the hand. The
processes underlying visuomotor adaptation are then explained. Afterwards, retention in the
motor system, including how it is measured and related findings are outlined. Finally, we discuss
the concept of savings based on findings in current literature. Following our discussion of
visuomotor adaptation, we turn our attention to proprioceptive recalibration and the processes
that underlie the observed changes. Specifically, we outline the time course of proprioceptive
recalibration and retention in the form of recall. The literature review concludes with a
discussion of the robustness of sensory changes.

2. Goal-Directed Movements

Goal directed movements allow us to interact with various objects, within countless
differing environments (Wolpert & Kawato, 1998). In order to execute goal-directed reaches, a
series of sensory to motor transformations need to occur. These transformations are proposed to
occur within an internal model framework. The internal model includes two components: an
inverse model, which determines the motor commands necessary to produce the desired limb
movement, and a forward model, which predicts the sensory consequences of that movement
given the current position of the limb and the motor command (Wolpert et al. 2001; Wolpert &
Kawato 1998). Errors predicted by the forward model (i.e. differences between the limb’s
predicted and actual or desired position) can be utilized by the inverse model to update a motor

command (Jeannerod, 2003; Wolpert et al, 1995a).
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3. Visuomotor Adaptation

If an individual reaches and their hand does not achieve the desired target, for example if
the provided visual feedback of their actual hand position is altered, the motor plan is no longer
suitable. Thus, the internal model representing the movement needs to change to adapt to the
altered visual feedback. The reduction of systemic reach errors in order to return to a previous
(or baseline) level of performance is known as visuomotor adaptation; a common form of motor
learning (Krakauer et al. 2009). Visuomotor adaptation has previously been examined in the
laboratory by having participants reach to targets when sensory feedback is manipulated. For
example, visual feedback of one’s hand position can be manipulated by having participants wear
laterally displacing prism goggles or reach in a virtual reality setting where a cursor mis-
represents their actual hand position on a screen (Cressman & Henriques, 2009; Harris, 1963,
1965; Krakauer, 2009; Redding & Wallace, 1993, 1997b, 2002, 2003; Sainburg & Wang, 2002).
Also, adaptation of movement dynamics has been examined by having participants reach within
a velocity-dependent force-field, where velocity dependent loads are applied to the reaching limb
and push the hand off-course (Mattar et al. 2011, 2013; Ostry et al. 2010; Shadmehr & Mussa-
Ivaldi, 1994). In order to examine changes in the motor system, these paradigms typically
include three testing stages: (1) a baseline stage (or pre-test), in which participants reach in the
absence of a perturbation and visual feedback, (2) an adaptation stage, in which participants
reach while the perturbation is present and (3) a post-test stage, which is similar to the baseline
stage. In general, results indicate that participants tend to produce reaching errors in the post-test
stage that are similar to the adapted movements acquired in the adaptation stage, such that they
continue to reach as if they were still influenced by the perturbation (Cressman & Henriques,

2009; Krakauer, 2009; Sainburg & Wang, 2002; Wolpert et al. 1995b). These changes in reaches
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in the post-test relative to the pre-test are known as aftereffects and indicate that participants
have adapted their movements, meaning that a persistent change has occurred in the motor
system (i.e. visuomotor adaptation).

3.1 Time Course of Visuomotor Adaptation

Changes in reaches in response to altered visual feedback have been shown to arise
quickly. For example, reaches were shown to return to baseline levels of performance (i.e.
participants reached so that their hand correctly acquired the target) after completing just 15
reach training trials while wearing laterally displacing prisms (Redding & Wallace 1993, 2000).
Similarly, performance has been shown to return to near-baseline levels when reaching with a
cursor that is rotated from one’s actual hand position in a virtual reality environment after
approximately 20 trials; specifically, when reaching to a single target with a 30° cursor rotation
(Krakauer et al. 2000). Yamamoto et al. (2006) have also shown quick changes in reaches with
distorted visual feedback of the hand, such that performance returned to near-baseline levels after
30 trials of training with a 40° cursor rotation. Finally, visuomotor adaptation has been observed
within 20 trials of reaching in a velocity-dependent force (Mattar et al. 2011, 2013; Ostry et al.
2010). Notably, these experiments assessed performance changes during training trials where the
perturbation was still present. These observed changes in reaches may not necessarily be the best
indication of visuomotor adaptation (Pisella et al. 2004), as participants could potentially use
strategic processes that lead to rapid reductions in error, instead of using adapted motor
commands indicative of long-term motor changes (Pisella et al. 2004; Redding et al. 2005;
Taylor & Ivry 2011; Taylor et al. 2014; Weiner et al. 1983).

A few experiments have examined visuomotor adaptation by using a post-test with no-

cursor reaching trials as the primary assessment tool instead of performance changes during
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training (e.g. Baraduc & Wolpert 2000; Buch et al. 2003; Cressman & Henriques 2009, 2010;
Cressman et al. 2010; Krakauer et al. 1999, 2000; Martin et al. 1996; Zbib et al. 2016). For
example, Cressman & Henriques (2009) found that immediately after training with a 30°
clockwise (CW) rotation, participants produced aftereffects of about 18° counter-clockwise
(CCW, in the direction opposite the distortion), or about 60-70% of the distortion initially
introduced, indicating that their reaches had been adapted. Furthermore, in an experiment by
Zbib et al. (2016), motor changes arose quickly with a significant change in no-cursor reaching
trials occurring after only 5 reach training trials. These quickly arising aftereffects do not appear
to benefit from additional reach training. Indeed, Salomonczyk et al. (2011) showed that
prolonged reach training with a 30° CW rotation did not provide additional benefits. In fact,
participants maintained an adaptation level of 61% of the visuomotor distortion across 3 testing
blocks of 99 trials, indicating motor changes saturated quickly in the first block of training,
Moreover, extending the training trials across days does not appear to benefit aftereffects.
Specifically, Wong and Henriques (2009) showed that additional training across 5 days did not
benefit retention as there were no differences between aftereffect trials across the 5 days. Taken
together, the results in these experiments indicate that aftereffects arise and saturate quickly,
demonstrating (short-term) persistent changes in the motor system that do not benefit from
additional training.

3.2 Processes Underlying Visuomotor Adaptation

In order to explain the rapid changes observed in the motor system during reach training
and the persistent changes (i.e. aftereffects) seen following training, it has been suggested that
visuomotor adaptation arises as a result of two processes. Early on, work by Redding and

colleagues (Redding & Wallace 1996, 2002, 2003; Redding et al. 2005) suggested adaptation



LONG-TERM RETENTION OF PROPRIOCEPTIVE RECALIBRATION

observed in prism literature arose first due to strategic control and then spatial realignment.
Strategic control is the quick improvement of performance through reduction of movement errors
and spatial realignment refers to slower adjustments made as a result of misalignments between
previous and new sensory states of limb position (without vs. with prism goggles), leading to
remapping of the sensorimotor system. It is spatial realignment that is proposed to give rise to
aftereffects following prism training. Recently, Taylor and Ivry (2011) have also proposed that
visuomotor adaptation arises due to two processes in response to reaching with altered visual
feedback of one’s hand in a virtual reality environment: an explicit and implicit process. Explicit
learning, driven by target error, is due to initially large followed by smaller explorations of
aiming direction towards the correct solution, whereas implicit learning, driven by sensory-
prediction error, is slow and monotonic. Specifically, participants (explicitly) correct their
reaching movements initially in reach training trials so that the cursor achieves the target, while
implicit processes are involved in error-based updating of the internal forward model (McDougle
et al. 2016; Taylor & Ivry 2011; Taylor et al. 2014). A similar two-stage model has also been put
forward based on results achieved using a force-field adaptation paradigm. For example, Smith
et al. (2006) proposed that adaptation is driven by a fast process that has a poor retention rate and
leads to the rapid reduction of errors to quickly improves one’s performance, and a slow process
that retains information well and responds slower to errors throughout training trials. For that
reason, the slow process is suggested to be linked with long-term motor changes (Smith et al.
2006). While these three models use different terminology to describe the processes underlying
motor adaptation, the models are similar in that there is (1) an initial fast process, potentially
involving an explicit mechanism, that leads to quick decreases in error when the perturbation is

present and (2) a slower process, potentially involving an implicit mechanism, which leads to
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adaptation in the motor system as observed through aftereffects (Redding & Wallace 1996, 2002,
2003; Redding et al. 2005; Smith et al. 2006; Taylor & Ivry 2011; Taylor et al. 2014).

3.3 Recall of Visuomotor Adaptation

Having established that motor changes can be observed within and immediately following
reach training, we will now discuss the ability of the motor system to use this this information
over longer periods of time. Typically, retention is determined by assessing performance in a
post-test stage during a second testing session, completed a couple of hours to days or weeks
after the initial training session. Retention of visuomotor adaptation has been observed (24 and
48 hours) following prism adaptation (Yin & Kitazawa 2001) and at varying times (24 hours, 1-2
week(s) and 12 months) after training with a visuomotor rotation (Nourouzpour et al. 2015;
Yamamoto et al. 2006). In the experiment by Yin and Kitazawa (2001), they observed that a
monkey was able to adapt his or her reaches while wearing laterally-displacing prism goggles
such that aftereffects greater than 50% of the prism displacement were seen up to 72 hours after
completing 500 training trials; these aftereffects were also noticed immediately after completing
only 50 training trials. Retention of visuomotor adaptation has also been observed following
reach training with a 40° CW visuomotor rotation, such that Nourouzpour et al. (2015) found
that immediate aftereffects were not different from those measured 24 hours later. Moreover, an
experiment by Yamamoto et al. (2006), looked to determine the ability of the motor system to
recall information over a longer period of time (1-2 week(s) & >1 year). They had both rhesus
monkeys and human participants learn to use a joystick to move a cursor that was gradually
rotated 40° CCW relative to the hand across trials. In their experiment, aftereffects were
measured immediately following training and then re-tested again on a later date. Yamamoto et

al. (2006) showed that participants (monkey and human) continued to show aftereffects after the
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initial training day. In fact, the monkey recalled 81.6% of its adapted movements, while humans
recalled 81.2% of their adapted movements following a gap of one week between post-tests and
retention tests. In humans specifically, similar levels of recall were also found after a lengthy gap
in performance (384-418 days). These results show significant long-lasting changes in motor
performance and suggest that even relatively short-term reach training with distorted visual
feedback (e.g. 120 trials for humans & 150 trials for monkeys) leads to long-term changes in the
motor system.

3.4 Savings of Visuomotor Adaptation

The discussion so far has focused on experiments examining motor retention by way of no-
cursor reaching trials (i.e. aftereffects trials). Notably, the majority of previous experiments
examining motor retention have compared participants’ performances during training trials
across days while the perturbation was still present. In these experiments, researchers examined
the rate at which participants re-learned the task. Thus, the focus was on retention in the form of
savings, which is defined as faster relearning when training in a previously experienced
environment compared to performance during initial training (Krakauer et al. 2005; Krakauer,
2009).

Savings has been examined in paradigms which include a washout task (Krakauer et al.
2005). In the experiments by Krakauer and colleagues, the paradigm is divided into 3 stages.
First, a participant is exposed to a perturbation (e.g. a cursor rotation), to which they adapt.
Afterwards, the adapted movements are washed out by having participants perform trials with a
counter-rotation. The counter-rotation may be imposed immediately following initial reach
training or following a break ranging from 2 to 24 hours. Thus, participants unlearn their adapted

reach responses and the stimulus they adapted to no longer evokes the learned response (i.e.
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there is no more evidence of aftereffects; Krakauer et al. 2005; Smith et al. 2006). The third stage
of the paradigm involves re-introducing participants to the perturbation initially introduced. If re-
adaptation occurs more quickly in this third stage compared to the initial stage, then savings are
present. In contrast to the savings experiments mentioned in the previous paradigm, this
paradigm has the advantage of not requiring an extended break between testing sessions. Results
revealed that a small amount of savings occurred after washout was introduced only 5 minutes
after the original rotation and at 24 hours; however, it was noted that the washout blocks reduced
the maximal amount of savings that were observed as compared to when there was no washout.
Other studies examining savings have given participants a break between training sessions.
For example, Klassen et al. (2005) looked at savings 24 hours after participants trained to reach
with a cursor that was gradually or abruptly rotated 30° CCW relative to the hand. Participants
showed similar learning curves on Day 2, regardless of how the distortion was introduced, such
that there was an evident increase in the rate of re-learning on Day 2 compared to Day 1.
Moreover, in an experiment by Caithness et al. (2004), participants demonstrated savings after
performing a reaching task with a 30° CCW visuomotor rotation, where participants performed
the same reaching task 48 hours later during a second testing session. Specifically, initial
reaching errors were approximately 5.5° in the second session compared to 23.2° in the first
session, suggesting faster re-learning upon re-exposure to the rotation (Caithness et al. 2004).
Krakauer et al. (2005) extended the time between testing sessions to 1 week. Interestingly, they
found that while savings were evident from groups with break periods of 24 and 48 hours
between testing sessions, the greatest savings were observed for participants in which the testing
sessions were separated by a 1 week break period. Together, these experiments demonstrate that

retention can be evident in the form of savings with an extended break up to 1 week.
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4. Processes Underlying Motor Recall and Savings

Two types of models have been used to explain savings in motor adaptation: a linear time-
variant (LTI) (two- or multi-state) model and a non-linear model. Specifically, Smith et al.
(2006) has extended their linear model outlined on Page 9 in the Time Course of Visuomotor
Adaptation Section, to suggest that savings arises due to the interaction of the fast and slow
processes (Smith et al. 2006). According to Smith, re-learning occurs more rapidly than initial
learning due to the fact that when participants are reintroduced to the perturbation, the slow
process retains information and can contribute to initial changes in reaches (Kojima et al. 2004;
Smith et al. 2006). This model has been further extended by Lee and Schweighofer (2009), to
include a single fast process and multiple slow processes organized in parallel. Each process is
proposed to have its own learning and forgetting rates and states (i.e. the limbs and muscles
controlled by the CNS and their positions and velocities) receive contextual cues, which have
two roles: to select the appropriate state(s) to be calculated for the total output and to allow the
selected state(s) to be updated based on the motor errors. Recently, Berniker and Kording (2011)
have suggested that the sources of potential error (be they arising from the body or the
environment) and their relevance are considered during initial adaptation and savings. Together,
these models suggest that of the two processes (fast and slow processes), the slow process retains
information better during reach training and thus drives savings, even in the long-term.

Recently, it has also been proposed that the formation of long-term motor memories in the
form of recall and savings are driven by two distinct neural networks. Most previous adaptation
experiments have examined the formation of motor memories by using a reaching paradigm
(Krakaeur et al. 2005; Smith et al. 2006), however these motor memories have also been

examined by way of locomotor adaptation (Malone et al. 2011; Mawase et al. 2014, 2016, 2017).
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Initially, an experiment by Malone et al. (2011), suggested the possibility that cerebellar activity
could be important for strengthening motor re-learning during locomotor adaptation. This was
further examined in a locomotion adaptation experiment by Mawase et al. (2017), which
examined the neural correlates of locomotor adaptation and retention (in the form of recall and
savings) over two days by having participants complete a resting state fMRI after baseline
walking on a tied treadmill on Day 1 (i.e. belts moving symmetrically at 0.7m/s) and then
following locomotor adaptation on Day 2 (i.e. belts moving asymmetrically at 0.7m/s and
1.4m/s). During training, participants were found to adapt their walking patterns at a behavioural
level, which was associated with connectivity changes in the cerebellar—thalamic—cortical
network (Mawase et al. 2017). Furthermore, their results suggest that recall and savings are
associated with two separate neural networks (Mawase et al. 2017).
5. Proprioceptive Recalibration

Changes in the sensory system have been shown to accompany changes in the motor
system. In fact, previous research has suggested that reach adaptation in response to altered
visual feedback of the hand may arise due to changes in perceived felt hand position that occur in
order to re-align one’s felt hand position with the distorted visual feedback provided (Cressman
& Henriques 2010; Harris 1963, 1965; Redding & Wallace 1988, 2002, 2003, 2006;
Salomonczyk et al. 2011). Shifts in felt hand position have been shown to arise after reach
training with prisms and a visuomotor rotation (Cressman & Henriques, 2009, 2010; Harris
1963, 1965; Zbib et al. 2016). Moreover, shifts in felt hand motion are observed after reaching in
a velocity-dependent force-field (Ostry et al. 2010).

Changes in the sensory system were initially studied following reach training while

wearing laterally displacing prisms (Craske & Gregg, 1966; Harris 1963, 1965; Hay & Pick,
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1966; Redding & Wallace, 1998, 1993, 1996, 1997a, 1997b, 2001, 2002). In said experiments,
participants were blindfolded following prism training and instructed to reach to a proprioceptive
target that was defined as the participants’ unadapted hand (Craske & Gregg, 1966; Harris, 1965)
or body midline (Harris, 1963; Hay & Pick, 1966). Overall, participants felt their reaching hand
had shifted position, such that the felt hand positions of participants who performed training with
prisms were farther apart in comparison to those who performed reaches without prisms (Harris
1963, 1965). This led to the idea that changes in felt hand position arose following prism reaches
such that proprioception was recalibrated. In more recent experiments, alignment tasks were used
to measure sensory recalibration after having participants reach with a cursor that was translated
from their actual hand position in a virtual reality environment (Simani et al. 2007; van Beers et
al. 2002). Specifically, participants were instructed to align the fingertip of their unseen hand
either with a visual target or with the other unseen hand (proprioceptive target) before and after
reach training trials. They found changes in reaches to the proprioceptive target, indicating that
proprioception had been recalibrated (Simani et al. 2007).

Recently, researchers stopped having participants make movements to assess changes in
the sensory system, to ensure that these changes do not reflect motor adaptation. For example,
Cressman and colleagues (2009, 2010) used a two-joint robot manipulandum to guide a
participant’s hand to different locations in the workspace. Participants were then asked to
indicate the position of their hand (right or left) relative to a visual or proprioceptive marker (i.e.
body midline) (Cressman & Henriques, 2009, 2010; Zbib et al. 2016). The marker only appeared
after the hand had been moved into position, thus ensuring that participants could not use the

marker as a “reaching” target. A similar method was adopted by Ostry and colleagues to assess
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changes in hand motion following reaching in a velocity-dependent force field (Ostry et al. 2010;
Mattar et al 2011, 2013).

The first experiment by Cressman and Henriques (2009) using this method to examine
changes in felt hand position found a 6° change in participants’ estimates of felt hand position in
the direction of the visual feedback provided. Notably, participants in the experiment were
trained to reach with a gradually introduced cursor rotation of 30° CW relative to their actual
hand position. As well, similar shifts in felt hand position have been shown to occur when the
visuomotor distortion is introduced abruptly (Salomonczyk et al. 2012; Zbib et al. 2016),
suggesting that the magnitude of the initial reach errors experienced does not influence
proprioceptive recalibration. Finally, Salomonczyk et al. (2011) have shown that additional reach
training trials within a single testing session (i.e. 3 blocks of 99 reach training trials) did not lead
to increased proprioceptive recalibration. In fact, Zbib and colleagues (2016) have shown that
proprioceptive recalibration does not increase significantly after 70 reach training trials.

5.1 Time Course of Proprioceptive Recalibration

Limited experiments have looked at the time course of sensory changes following reach
training with a visuomotor distortion or in a velocity dependent force-field. Recently, Mattar et
al. (2013) looked to determine when sensory changes, along with motor changes, arise following
reaches in a velocity-dependent force field paradigm. They found that while motor changes
occurred early (within 20 trials), sensory changes were slower to appear (appearing after 100
trials of force-field training). In a similar experiment by Zbib et al. (2016), the time course of
sensory changes was also examined, but this time while training to reach with a visuomotor
distortion, specifically a cursor that was rotated 30° CW relative to their hand. Reach errors and

proprioceptive estimates of felt hand position were assessed at seven different times during 150
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rotated reach training trials. The results revealed a gradual shift in proprioceptive estimates
throughout the rotated reach training trials, such that a significant change in estimates from
baseline was not observed until after 70 reach training trials. The shift in proprioceptive
recalibration was slower to arise compared to visuomotor adaptation, which arose quickly after 5
trials of training with the rotated cursor. Notably, Ruttle et al. (2016) observed early initial
sensory changes after 6 rotated reach training trials. Interestingly, these sensory changes did not
increase after the initial recalibration observed and were still small in magnitude compared to the
motor changes observed during the reaching task. In conclusion, in both force-field and
visuomotor distortion paradigms, proprioceptive changes appear to arise slowly during reach
adaptation and follow a slowly increasing exponential curve (Matter et al. 2013; Zbib et al.
2016).

5.2 Recall of Proprioceptive Recalibration

As mentioned, experiments examining retention have shown long-term changes in the
motor system; however, a similar investigation has not been done into potentially long-term
changes in the sensory system. More specifically, it is important to highlight that changes in
sense of felt limb motion or position have for the most part only been assessed 24 hours
following initial training (Nourouzpour et al. 2015; Ostry et al. 2010). For example, Ostry et al.
(2010) showed that changes in participants’ sense of limb motion persisted 24 hours after
reaching in a velocity dependent force-field. As well, Nourouzpour et al. (2015) recently found
that changes in felt hand position persisted 24 hours after adapting to a gradually introduced
visuomotor distortion, such that participants who showed proprioceptive recalibration

immediately following training also showed significant retention of sensory changes (72% of
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initial shift in hand position). From these experiments, it is evident that sensory changes are
present up to at least 24 hours following training.

One experiment that investigated more long-term changes in the sensory system, is Hatada
et al. (2006), where participants were required to perform reaching tasks to proprioceptive
targets. Specifically, they showed that one session of prism adaptation training lasting 75
minutes generated long-lasting sensory changes. The sensory changes were assessed by having
participants point straight-ahead in the dark during recall (i.e. aftereffects) sessions on 7
consecutive days. Immediately following testing, participants sensed their hand was shifted
~34% of the distortion. This shift in hand position was absent 6 hours after reach training.
However, two days after completing the initial reach training (Day 3), shifts in felt hand position
were again present and reached their maximum, peaking at 38% of the distortion. The increased
shift in felt hand position over subsequent days may stem from an adaptive component,
characterized by a slow remapping of the sensorimotor system, instead of a conscious strategic
adjustment component which quickly reduces errors (Hatada et al. 2006; Redding & Wallace
1996, 2005).

As highlighted at the beginning of this section, experiments examining sensory retention
following visuomotor adaptation are limited. However, there is evidence of long-term changes in
the sensory system with training, specifically with regards to topographic representations in the
primary somatosensory cortex (S1). For example, experiments have examined changes in the
topographic representations of the hand following extended training in a frequency-
discrimination task and after behaviourally controlled tactile stimulation (Jenkins et al. 1990;
Recanzone et al. 1992a; Recanzone et al. 1992b). Specifically, in the experiment by Recanzone

et al. (1992b), the responses of cortical neurons evoked by cutaneous stimulation in adult owl

16



LONG-TERM RETENTION OF PROPRIOCEPTIVE RECALIBRATION

monkeys following training in a tactile frequency-discrimination task were investigated. Animals
performed 500-700 trials per day, resulting in 15-22 minutes of tactile simulation per session,
with the number of sessions (1 per day) ranging from 58 — 131. Researchers found that cortical
representations of the trained hands, where large cutaneous receptive fields were stimulated,
were substantially more complex topographically than those of the unstimulated hand
(Recanzone et al. 1992a; Recanzone et al. 1992b). Similar results were observed when monkeys
were taught to regulate their contact pressure and duration with a rotating disk in order to receive
a food prize (Jenkins et al. 1990). Training lasted approximately 10 days with over 600 trials
occurring within a 24 hour training period. These experiments demonstrate that long-term
changes in the sensory system are possible with extended training.

6. Proposed Research and Hypotheses

The current research seeks to determine the ability of the sensory system to retain

information over a long period of time (i.e. 5 days) in the form of recall and savings. As well, we
ask whether additional training benefits short-term retention of proprioceptive recalibration (i.e.
24 hours). Two groups of participants adapted to a cursor rotated 30° CW relative to their hand
on an initial testing day. Testing then took place on 4 consecutive days (5 testing days in total).
Each day, participants completed no-cursor reaching trials to assess visuomotor adaptation and
proprioceptive estimates to assess proprioceptive recalibration, relative to baseline
measurements. Participants in the “Training group”, completed additional reach training trials on
each testing day. Participants in the “Non-Training group” did not complete these additional
trials. In general, changes in the motor and sensory systems were analyzed over time during the
first day of testing, while testing on days 2-5 included either testing for immediate retention in

the form of recall (Non-Training group) or for immediate recall and savings when the
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perturbation was reintroduced (Training group). We hypothesized that on Day 1, proprioceptive
estimates of hand position would be recalibrated following reach training trials with a rotated
cursor. This sensory change was expected to arise slowly compared to visuomotor adaptation.
We expected to observe recall of sensory (and motor) changes 24 hours after the initial training
day and hypothesized that additional training would lead to greater recall and savings on
subsequent testing days. These results would suggest that additional training, specifically on a
consistent basis, has the ability to maintain and improve sensory performance as training
progresses. For the Non-Training group, we expected that recall of proprioceptive recalibration
would decrease over subsequent testing days in the absence of additional training. Despite the
expected decrease in retention, we still expected to observe savings on Day 5 with respect to
proprioceptive recalibration. These results would suggest that sensory changes, while limited, are
still retained in the system even 5 days after initial training and imply that retention should be

assessed in the form of recall and savings.
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Abstract

Research has shown that reaching with altered visual feedback of the hand results in sensory
changes, such that proprioceptive estimates of hand position are shifted in the direction of the
visual feedback experienced (Cressman & Henriques 2009). This experiment examined the
ability of proprioceptive recalibration to be retained over an extended period of time (i.e. four
days), and the benefits of additional training on retention in the form of recall and savings (i.e.
faster re-learning on subsequent testing days). Twenty-four participants trained to reach to a
target while seeing a cursor that was rotated 30° clockwise relative to their hand on an initial day
of testing. Half of the participants then completed additional reach training trials on 4 subsequent
testing days (Training group), whereas the second half of participants did not complete additional
training (Non-Training group). Participants provided estimates of their felt hand position on all 5
testing days to establish retention of proprioceptive recalibration. Results revealed that
proprioceptive recalibration was recalled 24 hours after initial training and that there was no
benefit of additional training. Retention in the form of savings was observed on all days for the
Training group and on Day 5 in the Non-Training group. These results reveal that proprioceptive
recalibration does not benefit from additional training but is retained in the form of recall and
savings. Moreover, the different time scales (i.e. one day for recall versus four days for savings),

suggest that distinct processes may underlie recall and savings of proprioceptive recalibration.
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1. Introduction

When reaching to visual objects in one’s environment, a series of sensory to motor
transformations occurs in order to ensure that one successfully reaches to a desired object.
Specifically, visual information related to the hand and target position and proprioceptive
information regarding hand position are transformed into appropriate motor commands
(Desmurget et al. 1998; Flanders et al. 1992; Jeannerod 1988). When reaching in a virtual
reality environment with altered visual feedback of the hand, individuals use the altered visual
feedback to rapidly reduce their initial reach errors in order for the visual representation of their
hand to achieve the target; a process known as visuomotor adaptation (Cressman & Henriques,
2009; Krakauer et al. 1999, 2005; Simani et al. 2007). After adapting their movements,
individuals continue to reach with the updated movement pattern, even when visual feedback is
removed. These reach errors, known as aftereffects, are evidence that persistent changes have
occurred in the motor system (Baraduc & Wolpert 2000; Buch et al. 2003; Cressman &
Henriques 2009, 2010; Cressman et al. 2010; Krakauer et al. 1999, 2000; Martin et al. 1996;
Zbib et al. 2016).

In addition to changes in the motor system, proprioceptive recalibration has been shown to
occur following reach training with misaligned visual feedback of the hand. Specifically,
participants recalibrate their sense of felt hand position (i.e. proprioceptive recalibration), such
that they feel their hand is shifted in the direction of the visual feedback provided (Cressman &
Henriques 2009; Zbib et al. 2016). This proprioceptive recalibration has been assessed in tasks in
which the participant’s hand is guided out passively to different locations in the workspace by a
robot manipulandum and the participant indicates the position of their hand relative to a visual or

proprioceptive reference marker (Cressman & Henrigues 2009), as well as in tasks requiring
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participants to actively reach to a proprioceptive target (Ruttle et al. 2016; Simani et al. 2007,
van Beers et al. 2002).

Recently, Zbib and colleagues (2016) looked to determine how quickly proprioception was
recalibrated when training to reach with a cursor that was rotated 30° clockwise (CW) relative to
hand motion. They found that shifts in proprioceptive estimates took longer to arise in
comparison to visuomotor adaptation as assessed through aftereffect trials. Specifically, Zbib et
al. (2016) found that proprioception had shifted by 8.8° (~30% of the 30° cursor distortion)
relative to baseline after participants completed 70 rotated reach training trials, while the motor
system showed evidence of adaptation equivalent to 16.9° (~56% of the 30° distortion) after only
5 reach training trials. Moreover, the shifts in proprioception observed after 70 trials did not
increase significantly again with an additional 80 trials of training, such that proprioceptive
recalibration plateaued at 8.8° (or 30% of the 30° distortion). On the other hand, the early reach
errors observed plateaued after only 40 trials of training at 22.3° (or 74.3% of the 30° distortion).
A more recent experiment by Ruttle and colleagues (2016), also showed greater visuomotor
adaptation after only 6 reach training trials with visual feedback rotated relative to hand motion
(10.5° or 26.2% of the 40° visuomotor rotation distortion) compared to proprioceptive
recalibration following those same 6 training trials (5.2° or 13% of the 40° visuomotor rotation
distortion). Like Zbib et al. (2016), proprioceptive recalibration did not continue to significantly
increase over additional reach training trials, such that at the end of reach training, the extent of
proprioceptive rec