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Highlights
e Motor learning generalizes across limbs and movement directions
e Proprioception is supposedly critical for the learning and control of limb dynamics

e The role of proprioception can be assessed by testing subjects deprived of

proprioceptive afferences
e Intermanual transfer can be observed in two deafferented patients

e The loss of proprioception does not preclude generalization of motor learning

Abstract

Humans have the remarkable ability to adapt their motor behavior to changes in body
properties and/or environmental conditions, based on sensory feedback such as vision and
proprioception. The role of proprioception has been highlighted for the adaptation to new
upper-limb dynamics, which is known to generalize to the opposite, non-adapted limb in
healthy individuals. Such interlimb transfer seems to depend on sensory feedback, and the
present study assessed whether the chronic loss of proprioception precludes interlimb
transfer of dynamic adaptation by testing two well-characterized proprioceptively-
deafferented subjects. These had to reach toward visual targets with vision of the limb. For
both deafferented subjects, we observed adaptation of the dominant arm to Coriolis forces
and after-effects on non-dominant arm movements in different movement directions, thus
indicating interlimb transfer. Overall, our findings show that motor learning can generalize

across limbs and movement directions despite the loss of proprioceptive afferents.

Keywords: Vision — Proprioception — Deafferentation — Coriolis force adaptation -

Intermanual transfer — Human motor learning



1. Introduction

The properties of the body and the environment change from time to time but sensory
feedback such as vision and proprioception help minimizing motor errors via iterative, trial-
by-trial corrective mechanisms. A common example is that humans, who wear prisms for
instance, can adapt to the novel relationship between a visual input (e.g. an object on a
table) and the motor output[1-5]. When specifically considering voluntary arm movements,
it is well known that humans can restore accurate reaching despite changes in limb dynamics
[6-8].

The adaptive control of limb dynamics has been suggested to critically depend on
proprioception [4,9]. Studies of subjects deprived of proprioceptive afferents showed that
proprioception is critical for the coordination of daily actions such as walking or arm reaching
[9-11]. Ghez and Sainburg [9] suggested that proprioceptive information is required to
update the internal representation of limb dynamic properties. Moreover, studies on healthy
subjects deprived of vision showed that proprioception is sufficient to adapt to new limb
dynamics [6,12] and that adaptation to a novel force field is similar with or without vision
[7,8,13] . Nevertheless, it has recently been shown that proprioceptively-deafferented
subjects could adapt, with visual feedback, to new dynamics of the dominant arm [14,15].
Both studies thus provided experimental evidence that dynamic adaptation is possible
without proprioception as its permanent loss can be compensated by vision. However, it
remains unknown whether such adaptation, without proprioception, can generalize to
movements that have not been experienced previously. For instance, adaptation of arm
movements in a single direction can generalize to movements of the same arm in
neighboring directions [3,13]. Adaptation of one arm can also benefit movements of the

opposite arm [13,16—18] although such interlimb transfer is generally limited [19-21] and
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sometimes is not observed [22]. In fact, it remains unclear which factors influence how we
transfer what we have learned from one limb to the other.

Cohen [2] proposed that interlimb transfer of sensorimotor adaptation depends on
sensory feedback, since transfer of prism adaptation was only observed when vision of the
moving limb was precluded, i.e. when peripheral feedback control relies only on
proprioception. Here we directly tested the hypothesis that proprioception is important for
the interlimb transfer of sensorimotor adaptation [23]: specifically, we examined the motor
behaviour of two well-characterized deafferented individuals [10,14] to assess interlimb
transfer of adaptation to new Coriolis forces in the absence of limb proprioception. As in
similar studies [6,13] , we hypothesized that interlimb transfer would result in a deviation of
the first reaching movement of the non-dominant arm after adaptation of the dominant

arm.

2. Methods

2.1 Subjects

Two subjects deprived of body proprioception (GL and IW, [10,24]) participated in the
experiment. GL and IW suffered an acute sensory neuronopathy (when they were 31 and 19
years old, respectively) which resulted in the specific loss of large-diameter, AB myelinated
afferent fibers: both individuals have thus lost kinesthesia, tendon reflexes, touch, vibration,
pressure, as well as position and movement sense of all body parts, from nose down for GL
(trigeminal division 3) and from neck down for IW (C3 root level). Both individuals perceive
pain and temperature, suggesting that small fibers are intact, as confirmed by a biopsy for GL

[24]. Examination by an ophthalmologist revealed no visual deficit in either patient.
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Examination of GL by specialists of the vestibular system revealed no deficit, in line with
previous examination [25]. No vestibular deficits have been found for IW [26].

GL, a right-handed woman, was 66 year old at the time of the experiment, and IW, a left-
handed man, was 61. The Edinburgh Inventory (10-item version, [27]) revealed a Laterality
Quotient of +77% for GL and -100% for IW. Both subjects were naive to the purpose of the
experiment. They gave their informed consent prior to the study, which was approved by the
institutional review board of the Institute of Movement Sciences and performed in

accordance with the ethical standards of the Declaration of Helsinki.

2.2 Experimental set-up

Subjects sat at the center of a motorized platform (Figure 1A)which could rotate and thus
generate a Coriolis, velocity-dependent force field on the moving limb [6,25]. A bucket seat
and a headrest were used to restrain trunk and head motion. On a horizontal board, at waist
level, a visual landmark indicated the starting hand position and visual targets were
displayed using low-intensity red light-emitting diodes (3 mm in diameter). Three targets
were positioned on a 37 cm radius circular array at 0° (straight-ahead), 20° (to the right) and
-20°. Full vision of the upper limb and the workspace was available throughout the
experiment. The positions of infrared active markers taped on the right and left index
fingertips were sampled at 350 Hz using an optical motion tracking system (Codamotion cx1

and MiniHub, Charnwood Dynamics Ltd, Leicestershire, UK).

2.3 Procedure

Methods were similar in a previous study [13]. Subjects had to position their hand at the

starting location (Figure 1A) and to perform unconstrained, forward reaching movements as
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fast and accurately as possible toward the visual target which was illuminated for 0.3 s. No
explicit instructions were given with respect to hand movement except ‘reach in one
movement’ and ‘avoid correcting after the finger contacted the board’. A 100-ms tone
informed subjects, 1.6s after trial onset, to go back slowly to the starting location. A 600-ms
tone signalled trial end 7.4 s after trial onset. Peak velocity of the reach was ~10 times
greater than that of the backward movement toward the start position. Subjects were
familiarized with the taskbefore starting the experimental session, which consisted of 3

phases (Figure 1B):

. PRE-rotation test: 30 reaching movements with the dominant arm (DA) then with
the non-dominant arm (NDA) toward one of three targets (10 trials per target for each
hand, in a pseudorandom order which was similar for both subjects) while the platform
remained stationary, providing baseline performance. After the PRE-rotation test, the
rotating platform was accelerated in 80s up to a constant velocity of 120 °/s (20rpm).
. PER-rotation phase: 100 movements with the DA to the central target. For the right-
handed subject GL, the platform rotated counterclockwise at 120°/s, generating tangential
clockwise Coriolis forces on the moving limb. For the left-handed subject IW, a clockwise
rotation was used to match the biomechanical consequences of the perturbation on the
dominant arm [13]. After the PER-rotation phase, the rotating platform decelerated to a
stop in 80 s.
. POST-rotation test: similar to the PRE-rotation test except that the NDA was tested
before the DA. The first presented target was the central one (then left, right...).

A 60s delay between the end of the platform’s acceleration and deceleration phases and

the ensuing reach allowed the vestibular semi-circular canals to return to their resting



discharge frequency [28]. Subjects were instructed not to move their opposite arm and

their head during the experiment.

2.4 Data analysis

Data were analysed with Matlab (Mathworks, Natick, MA, USA). Position data from the
markers on the right and left index fingertips were low-pass filtered with a dual-pass, no-lag
Butterworth (cut-off frequency: 8Hz; order: 2). Movement onset and end were defined as

the first time tangential hand velocity reached above and below 3cm/s.

Initial direction was computed as the angle between the vector start position-target
position and the vector start position-hand position at 150ms after movement onset. This
early assessment precluded most visuomotor corrections [29]. For all measures, we
assigned positive values to rightward deviations and vice-versa.

We mostly used t-tests comparisons of a single value to a sample [14,30] with a
conservative significance threshold of 0.01 (thus corresponding to a 99% confidence interval)
to minimize type | errors. For instance, to assess adaptation, we compared for each subject
the DA initial direction of the first movement in the POST-rotation test to the corresponding
10 trials (DA movements toward the central target) from the PRE-rotation test. To assess
interlimb transfer, we compared the NDA initial direction in the first trial of the POST-

rotation phase to the corresponding trials in the PRE-rotation test.

The magnitude of the perturbation (of the PER-rotation phase) as well as the after-effects

X; —
SE;

(DA) and the transfer value (NDA) were defined by using the formula: t; = , Where, for

each subject i, X was the initial direction of the given trial (i.e. first trial of the PER or POST-



rotation phase), Wi the initial direction averaged across the movements of the corresponding

trials in the PRE-rotation test and SE the standard error of the PRE-rotation test .

3. Results
3.1 Adaptation of deafferented subjects’ dominant arm (DA) to a novel force field

DA movements of both subjects were fast in PRE-, PER- and POST-rotation phases. On
average across these 3 phases, IW and GL's mean peak velocity (¥SD) was 2.8+0.3 and
2.3+0.3m/s, respectively. IW and GL’s overall movement duration was 4474164 and 600163
ms while time-to-peak-velocity was 161120 and 173+35ms, respectively. As in previous work
[14], we observed during the PRE-rotation test that DA movements with visual feedback but
without proprioception were generally accurate in term of endpoint error but were also
quite variable, especially when considering movement trajectory (Figure 1C-D).

The initial direction of the first movement of the PER-rotation phase was substantially
shifted by the Coriolis force relative to the PRE-rotation test (GL: +12.7°, t(9)=6.8; IW: +12.1°,
t(9)=5.1; p<0.001 for both; Figure 2A). For both, such shift was similar to that of the healthy
subjects in our previous study [13] (GL: t(19)=0.5, p=0.6 ; IW: t(19)=-1.8, p=0.09). Debriefing
at the end of the experiment revealed that IW noticed unusual trajectory errors in the first
PER-rotation trials while GL did not consciously perceive that movement trajectory differed
from usual.

Analyses of hand path and initial direction during the PER- and POST-rotation trials
indicate that both GL and IW adapted to the novel force field (Figure 2), which also highlights

the variability in initial direction across the adaptation phase (mean initial direction across



100 trials: GL=-3.6%+6°; IW=-7.945.6°). GL adapted in 3 trials and IW in 2 trials, as the healthy
subjects from our previous experiment [13]. GL’s and IW’s variability of initial direction was
higher at the beginning (10 first trials) than at the end (10 last trials) of the PER-rotation
phase (IW: first SD=6, last SD=3.7; GL: first SD= 7.3, last SD=4.3). In the first trial of the POST-
rotation test with the DA (performed after the POST-test with the NDA), substantial after-
effects were observed in IW (mean shift relative to baseline=-10.2°, t(9)=-3.6, p<0.01) and GL
(shift=-4.7°, t(9)=-2.8, p=0.02 ). Such after-effects were smaller than that of the healthy
subjects in our previous study [13] (GL: t(19)=6; IW: t(19)=5.6; p<0.001 for both).

We tested different target directions in PRE- and POST-rotation tests to assess whether
the force-field adaptation of DA movements toward the central target generalized to DA
movements performed in other directions (+20° and -20°). We observed generalization for
IW as the initial direction of the first movement toward the left and right targets was shifted
compared to the corresponding trials (left target: mean PRE-rotation test=-2.3+3.3° vs. first
POST-rotation trial=-11.8°, t(9)=-9.2, p<0.001; right target: mean PRE-rotation test=-
11.348.2° vs. first POST-rotation trial=-1.3°, t(9)=-3.9, p<0.01). For GL, generalization across
movement direction was marginally significant for the first DA movement of the POST-
rotation test toward the right target (mean PRE-rotation test=-8.0+5.2° vs. first POST-
rotation trial=-12.5°,t(9)=-2.7, p=0.02) but not for the left target (mean PRE-rotation test=-

3.0%4.6° vs. first POST-rotation trial=-5.0°; t(9)=-1.4, p=0.2).

3.2 Interlimb transfer of dynamic adaptation in deafferented subjects
For both subjects, NDA movements were fast in PRE- and POST-rotation phases. On
average across these 2 phases, IW and GL’s peak velocity was 2.7+0.3 and 2.2+0.4m/s,

movement duration was 460+60 and 705+90ms and time-to-peak-velocity was 160+10 and



207+56ms, respectively. Figure 1E-F shows that baseline NDA movements were fairly
accurate but movement trajectory was variable.

When we compared NDA initial direction in the first trial of the POST-rotation test to the
NDA initial direction in the 10 PRE-rotation movements toward the central target (Figure
2D), a substantial difference was found (GL=-13.3°, t(9)= -7.9; p<0.001; IW=-8.2°, t(9)=7;
p<0.001). This indicates that Coriolis-force adaptation transfers from the DA to NDA.

The transfer value of deafferented subjects was greater (GL: t(19)=6.01 ; IW: t(19)=5.2;
p<0.001 for both) than that of the 20 healthy right-handers tested in our previous study [13].
It is worth noting that healthy subjects had similar kinematics (mean peak
velocity=2.5+0.9m/s; mean movement duration=426+16ms; mean time-to-peak-
velocity=152+26ms) to those of GL and IW in the present study. In Lefumat et al. [13], we
found that interlimb transfer varied with individual characteristics such as laterality quotient
and movement kinematics. In particular, the transfer value increased with the laterality
guotient (mean=83.7+11%), the variability of initial direction across the last 10 trials of the
adaptation phase (mean=3.2+0.9°) and the peak velocity of movements across the PER-
rotation phase (mean=2.5+0.3m/s). A classification model using these 3 variables was trained
using the data from the 20 healthy right-handers [13] and then tested with the dataset from
the 2 deafferented subjects. Given that GL and IW were both well lateralized (+77 and -100%
respectively) and performed quite rapid DA movements across the PER-rotation phase (2.5
m/s for both subjects), with substantial variability in initial direction across the last 10
learning trials (GL: 5.1° IW: 3.5°), the model correctly predicted that interlimb transfer of
Coriolis force adaptation would be observed for GL and IW with a 99% probability for each.

Considering more quantitative aspects, we used the same 3 variables of the same healthy

subjects (n=20) to build a regression model with the transfer value as the dependent
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variable. First, the observed transfer value did not significantly differ from the predicted
value (GL: p=0.20; IW: p=0.15). Second, as some of these variables, in particular variability,
were greater for the deafferented subjects compared to the healthy subjects, a greater
transfer value was predicted for the deafferented subjects compared to the healthy subjects.

The NDA movements in PRE- and POST-rotation tests allowed us to determine whether
Coriolis force adaptation of DA movements toward the central target generalized to NDA
movements in other directions. Our findings revealed generalization across limbs and across
movement directions for IW as the first NDA movement toward the left target (initial
direction=-13°) differed from the PRE-rotation movements toward the left target (mean=-
4.048.0° t(9)=3.5, p<0.01). For IW, generalization was marginally significant for the right
target (mean PRE-rotation test=4.4+6.0° vs. first POST-rotation trial=0.2°; t(9)=-2.2, p=0.06).
For GL, DA adaptation of movements toward the central target generalized to the NDA
movements toward the right target (mean PRE-rotation test=-5.0%+7.6° vs. first POST-rotation
trial=-15.0°; t(9)=-4.1, p<0.01) and the left target (mean PRE-rotation test=4.8+5.7° vs. first

POST-rotation trial=-0.1°; t(9)=-2.7, p<0.01).

4, Discussion

Cohen [2] proposed that interlimb transfer of sensorimotor adaptation depends on
sensory feedback and the present study was designed to directly test the hypothesis that
proprioceptive feedback is critical for the interlimb transfer of force-field adaptation. We
asked two deafferented subjects to perform reaching movements with both arms, with
continuous visual feedback. For both subjects, we observed adaptation of the dominant arm

to Coriolis forces, after-effects on the dominant arm movements but also after-effects on the
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non-dominant arm movements, thus indicating interlimb transfer. Given that adaptation of
dominant arm movements influenced subsequent non-dominant arm movements in
different directions, this study shows that motor learning can generalize across limbs and
movement directions despite the loss of proprioceptive afferences.

Our findings of two deafferented subjects adapting to a novel force field replicate and
extend those obtained in previous studies with GL [14] and IW [15]. The finding of
adaptation, interlimb transfer and generalization across movement directions in both
subjects highlights the sufficiency of vision to provide information for motor control and
learning [9]. The importance of vision in motor learning was also emphasized in other
studies which showed that viewing another person adapting to a novel force field can result
in improvements in reaching performance in the force field and even to some form of
interlimb transfer [31]. In the present study, comparing the motor commands to their visual
consequences was sufficient to result in sensorimotor adaptation, as in Bernier et al. [1], and
in generalization across limbs and movement directions.

In our recent study on healthy subjects [13], force-field adaptation was similar with or
without visual feedback, in line with previous studies [7,8,12]. Moreover, interlimb transfer
was similar with or without visual feedback: this could be seen as evidence that vision is not
necessary for force-field adaptation and interlimb transfer [6]. However, the present findings
would suggest that proprioception too is not necessary for force-field adaptation and
generalization. Altogether, these findings suggest that neither proprioception nor vision is
critical for sensorimotor adaptation and interlimb transfer, as long as one modality is
available [2,7,11,32].

In the present study and our previous study [13], we observed a shift in the initial
direction of the non-dominant arm after dominant arm adaptation. This shift was in the
opposite direction of the perturbation in Cartesian space, similar to that of the dominant
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arm: this is consistent with the idea of a central representation of limb dynamics in extrinsic
coordinates [6,16,17]. In our previous study [13], three main factors determined interlimb
transfer in healthy subjects: laterality quotient [27] as well as variability of initial direction
and peak velocity during the adaptation phase. Based on these data, we could make
gualitative and quantitative predictions of interlimb transfer: these were consistent with our
observations on two older subjects with the rare condition of selective proprioceptive
deafferentation. This seems to reinforce the general validity, and the predictive ability, of
our findings on interlimb transfer. Both deafferented subjects may have benefited from their
high motor variability in the adaptation phase, which could facilitate action exploration and
thus finding the most efficient movement strategy [33]. Whether this variability reflects a
cognitive strategy or results from difficulties to control limb dynamics after the
proprioceptive loss remains unclear and will require additional experiments.

Laterality quotient [27] has also been shown to influence interlimb transfer of
sensorimotor adaptation [34] and both deafferented subjects were strongly lateralized,
which in our task appears to facilitate interlimb transfer [13]. Such facilitation may reflect a
greater involvement of the dominant left hemisphere (in right handers) when using the right
or the left hand, given that the left hemisphere is specialized for the control of limb
dynamics [35], is activated when using either arm [36,37] and its damage can impair both
right and left hand movements [35]. Finally, the fact that deafferented subjects performed
their reaching movements with a high peak velocity was another factor presumably
facilitating interlimb transfer of force-field adaptation. Whether such movement kinematics
or laterality quotient influence interlimb transfer in other conditions needs to be tested.
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Figure legends

Figure 1. A, Experimental setup. B, lllustration of the experimental protocol. C-F, Top view of

dominant and non-dominant hand paths in the PRE-rotation test for deafferented subjects
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Figure 2. A, Top view of dominant arm (DA) hand paths for GL (left) and IW (right, with the
hand paths flipped into a ‘right arm’ coordinate system to facilitate understanding): one
representative trial of the PRE-rotation test (black line), the first trial of the PER-rotation
phase (pink line) and of the POST-rotation test (green line). Blue asterisks correspond to 150
ms after movement onset. B, Initial direction of the DA across the experiment for GL (orange
squares) and IW (blue circles). The inset focuses on the PRE-rotation test and the first 5 trials
of the PER-rotation phase. Error bars represent the 99% confidence interval. C, Top view of
non-dominant arm (NDA) hand paths: one representative trial of the PRE-rotation test (black
line) and the first trial of the POST-rotation test (green line) for GL (left) and IW (right, hand
paths flipped in a ‘right arm’ coordinate system). D, NDA initial direction (°) of both subjects
(GL left, IW right) in the PRE-rotation test (black) compared to the first trial of the POST-

rotation test. Error bars represent the 99% confidence interval.
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