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Abstract

To perform goal-oriented hand movement humans combine multiple sensory signals
(e.g. vision and proprioception) that can be encoded in various reference frames (body-
centered and/or exo-centered). In a previous study we showed that when aligning a
hand to a remembered target orientation the brain encodes both target and response in
visual space when the target is sensed by one hand and the response is performed by
the other, even though both are sensed only through proprioception. Here we ask
whether such visual encoding is due i)to the necessity of transferring sensory
information across the brain hemispheres or ii) to the necessity, due to the arms’
anatomical mirror symmetry, of transforming the joint signals of one limb into the
reference frame of the other. To answer this question we asked subjects to perform
purely proprioceptive tasks in different conditions: Intra — the same arm sensing the
target and performing the movement; Inter/Parallel - one arm sensing the target and
the other reproducing its orientation; and Inter/Mirror — one arm sensing the target and
the other mirroring its orientation. Performance was very similar between Intra and
Inter/Mirror (conditions not requiring joint-signal transformations) while both differed
from Inter/Parallel. Manipulation of the visual scene in a virtual-reality paradigm
showed visual encoding of proprioceptive information only in the latter condition. These
results suggest that the visual encoding of purely proprioceptive tasks is not due to
inter-hemispheric transfer of the proprioceptive information per se, but to the necessity

of transforming joint signals between mirror-symmetric limbs.

New & Noteworthy

Why does the brain encode goal-oriented, inter-manual tasks in a visual space, even in

the absence of visual feedback about the target and the hand? We show that the visual
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encoding is not due to the transfer of proprioceptive signals between brain hemispheres
per se, but to the need, due to the mirror symmetry of the two limbs, of transforming

joint angle signals of one arm in different joint signals of the other.

Introduction

To plan and control movements the brain can potentially use multiple sources of
sensory information. For instance, visual signals inform the brain about the
environment and the body’s relative position in space, while proprioception, i.e. the
ensemble of skin, muscle and joint signals, provide information about the position,
movement and exerted efforts of the body segments (Proske and Gandevia 2012).
Several studies have shown that when performing goal oriented hand movements the
brain uses such sources of information in a statistically optimal fashion (Van Beers et al.
1996,1999, Ghahramani et al. 1997, Kording and Wolpert 2004, Bays and Wolpert 2007,
Faisal and Wolpert 2009, Sabes 2011, Fetsch et al. 2012, Rohe and Noppeney 2016). For
instance, it has been demonstrated experimentally and theoretically that to control hand
movements the brain privileges direct comparisons between the information concerning
the moving hand and the target position/orientation (Sober and Sabes 2005, Sarlegna
and Sainburg 2007, Tagliabue McIntyre 2011, Blouin et al. 2014). As a consequence, if
the hand and target position can be sensed through the same sensory modality, the
brain would tend to avoid using other signals requiring sensory transformations. Thus,
if reaching to a visual target with the hand in view, the task will be represented in visual
coordinates, while blindly moving the hand to a remembered position (e.g. reaching for
your car’s stick shift while keeping your eyes on the road) would be carried out in
proprioceptive reference frame. Other studies, however, have shown evidence for the

use of visual encoding of reaching task even when both target and hand position could
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be sensed only through proprioception (Pouget et al. 2002, Sober and Sabes 2005,
Sarlegna and Sainburg 2007, McGuire and Sabes 2009, Jones et al. 2010). How to

reconcile these different observations remains an open question.

We tackled this apparent contradiction in a specific experiment in which the subjects
had to sense a hand orientation, remember it, and later reproduce that same orientation
without visual feedback of the hand (Tagliabue and McIntyre 2013). The subjects
performed the task in two different conditions. In the first condition, a replica of a
previous task in which we observed a purely proprioceptive encoding (Tagliabue and
McIntyre 2011), the subject used the same hand to sense and then reproduce the
orientation. In the second condition subjects had to reproduce with one hand the
remembered orientation that was sensed with the other. This latter task is typical of
other paradigms for which a visual encoding has previously been observed (Pouget et al.
2002, Sober and Sabes 2005, Sarlegna and Sainburg 2007, McGuire and Sabes 2009,
Jones et al. 2010). Our result showed that the apparently contradicting results found in
the literature could be reconciled by the asserting that it is the use of two different
hands to sense and reach the target that induces a visual encoding of the available
proprioceptive information. Supported by the results of a statistical optimization model,
we concluded that the necessity of performing inter-limb transformations induces a
visual representation of otherwise purely proprioceptive tasks, ostensibly because this
improves movement precision. The rationale for this conclusion stems from the fact that
sensorimotor transformations add variability to the intrinsic noise of the visual or
proprioceptive sensors. According to principles of maximum likelihood, when multiple
channels of noisy information are combined in an optimal fashion, the resulting signal is

less noisy than any of the component channels, provided that the noise in the different
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channels are statistically independent from each other. Thus, if there exists multiple,
parallel pathways that allow one to compare target to hand, it makes sense to use all of
them so that the effects of noise introduced by each individual pathway can be reduced.
On the other hand, comparing the posture of the hand to the remembered posture of the
same hand does not, a priori, require any transformations to compare target with
response. In this case, the central nervous system (CNS) achieves the theoretical
optimum by avoiding sensorimotor transformations altogether, carrying out the task
entirely in the intrinsic frame of the proprioceptive sensors themselves (Tagliabue and

McIntyre 2013).

The necessity, or not, of performing transformations appears, therefore, to be a key
factor in determining when the CNS will carry out sensorimotor tasks in one set of
coordinate frames or another. This theoretical framework adequately predicts the
empirical results from our previous comparison of an inter- versus intra-manual task
described above, because the former required transformations while the latter did not.
But this reasoning does not provide the full story. In our previous inter-manual task,
subjects not only had to transfer the proprioceptive signals between brain hemispheres,
For instance, a target inclination, sensed through a left hand supination had to be
transformed into a right hand pronation to align the two hands in space, i.e. to make
them parallel as required by the task instructions. Therefore, to reproduce with one
hand the orientation of a target sensed with the other, subjects could not just reproduce
the intrinsic wrist, elbow and shoulder angles, as this would have let to a mirror
symmetric (i.e. non-parallel) hand orientation with respect to the subject’s sagittal

plane. Thus, our previous inter-manual orientation task differed from the intra-manual
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task in two fundamentally different ways: inter-hemispheric transfer of information and
inter-limb transformation of joint configurations. Further experiments were therefore

needed to disentangle these confounding factors.

Here we introduce a new task to our series of studies to address this open question.
Instead of matching the absolute orientation of the hands, as in both our previous intra-
manual task (which we will hereafter refer to as our Intra task) and our previous inter-
manual task (designated Inter/Parallel in the following), the new task consists of
mirroring with one hand the orientation of the target sensed with the other hand
(referred to as Inter/Mirror in the following). In terms used within the literature on
proprioceptive sense (c.f. Goble 2010), our Intra task corresponds to an “ipsilateral
matching task”, while our Inter/Mirror task involves “contralateral remembered
matching”. The latter requires inter-hemisphere transfer of proprioceptive information,
but still allows for direct comparison of joint-related proprioceptive signals. Our third
condition, i.e. Inter/Parallel, is distinct from the other two because direct comparison of
joint positions cannot be used to achieve the task, for the reasons described above, and
as such does not constitute a “joint position matching task” at all, although it certainly
does qualify as a proprioceptive matching task. All three tasks include a memory
interval, raising the possibility that factors arising from the internal storage of
proprioceptive information might come into play (Goble, 2010; McIntyre et al. 1998;
Carrozzo et al. 2002). They differ, therefore, primarily in the need for inter-hemispheric
transfer (Inter/Parallel and Inter/Mirror) or not (Intra) and the ability to directly
compare joint angles (Inter/Mirror and Intra), or not (Inter/Parallel), as summarized in
Figure 1. Comparison of the three conditions (Intra, Inter/Mirror and Inter/Parallel)

allows us to discriminate whether the visual encoding of purely proprioceptive tasks is
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induced by the inter-hemispheric sensory transfer per se, or by the necessity of
transforming intrinsic joint signals to another representation or reference frame to

achieve the task.

To test these alternative hypotheses we therefore performed two experiments using a
virtual reality setup. In a first experiment the subjects performed a purely
proprioceptive task consisting of reproducing a target orientation felt by a hidden hand
in the three different conditions described above: Intra, Inter/Mirror and Inter/Parallel
(see Figure 1A). In this experiment we also probed for the use of visual encoding by
simply observing the effect of adding or removing visual scene information (Figure 1B),
the rationale being that the presence of environmental visual information should
improve accuracy and precision in the conditions in which the brain uses a visual
encoding of the task, as shown in previous studies on reaching movements (Diedrichsen
et al. 2004, Obhi and Goodale 2005). A second experiment was performed to specifically
quantify the visual encoding of the proprioceptive information. To this end, we
compared the amplitude of the deviation of the subjects’ motor responses due to an
artificially imposed tilt of the visual scene in the Inter/Mirror and Inter/Parallel
conditions. Here, the tilt of the visual information should affect more the subject motor
responses in the task where the sensory weighing of the visual information is greater
(Whitney et al. 2003, Sober and Sabes 2005, Sarlegna and Sainburg 2007, Tagliabue and

McIntyre 2011).

(Figure 1 about here)
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Methods

Ethics Statement

The experimental protocol was approved by the Internal Review Board of University
Paris Descartes (Comité de Personnes Ile-de-France II, IRB registration number
00001073, protocol number 20121300001072) and all participants gave written

informed consent in line with the Declaration of Helsinki.

Experimental Setup

For the present experiments we used the same experimental setup employed in our
previous work investigating the differences between intra-manual and inter-manual
proprioceptive tasks (Tagliabue and McIntyre 2013). The system consisted of several
components: an active-marker motion-analysis system (CODAmotion; Charnwood
Dynamics) used for real-time recording of the three-dimensional position of 27 infrared
LEDs (sub-millimeter accuracy, 200Hz sampling frequency). Eight markers were
distributed ~10 cm apart on the surface of stereo virtual-reality goggles (nVisor sx60,
NVIS) worn by the subjects, eight on the surface of tools (350 g, isotropic inertial
moment around the roll axis) that were attached to each of the subjects’ hands and three

attached to a fixed reference frame placed in the laboratory.

The 3D position of the infrared markers was used to estimate in real-time the position
and the orientation of the subject’s viewpoint and hands and thus to update accordingly
the images shown to him/her in the virtual reality goggles. The virtual environment
shown to the subjects through the goggles consisted of a cylindrical horizontal tunnel
(Figure 1B). Longitudinal marks parallel to the tunnel axis could be added on the walls

to help the subjects to perceive their own spatial orientation in the virtual word. The fact
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that the marks went from white in the ceiling to black on the floor facilitated the

identification of the visual vertical.

Experiment 1 (Intra — Inter/Mirror — Inter/Parallel)

Experimental procedure

The subject was seated comfortably in a chair with the head upright and the arms
resting alongside the body. At the beginning of each trial, the main phases of which are
depicted in Figure 2A, an auditory command asked the subject to raise a hand (the left
for the intermanual tasks and the right for the intramanual one) and the color of virtual
environment changed depending on the hand prono-supination angle. The color
changed from red to green as the hand approached the orientation that had to be
memorized (target). After 2.5 sec during which he/she actively explored the desired
orientation (memorization time), the color of the virtual environment became no longer
sensitive to the hand orientation and the subject was instructed to lower the hand along
his/her body. After a 5-sec delay, an audio instruction was given to the subject to raise
the right hand and align it to the target orientation. Once the subject was satisfied with
his/her motor response, he/she validated the trial by pressing a foot-pedal. Since the
orientation of the hand was never rendered in the virtual reality goggles, subjects could
use only proprioceptive information for both target memorization and to control the

hand movement. For this reason the task is defined as purely proprioceptive.

(Figure 2 about here)

The three experimental conditions (Intra, Inter/Mirror and Inter/Parallel) represented
in Figure 1 were tested in distinct blocks of trials. All three conditions were also tested

in two different visual environments with the aim of detecting the effects of external
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visual references in each condition. In one condition no visual landmarks were provided,

whilst in the other visual landmarks were shown to the subject (see Figure 1B).

For each experimental condition and visual environment the subjects performed 21
trials: three for each of the seven target orientations (-45°, -30°, -15°, 0°, +15°, +30°,

+45°), for a total of 126 trials.

Participants

Twenty-four volunteers (12 males, 12 females) participated in this experiment, age
27+8 (mean #* standard deviation). All subjects performed the task in all three
experimental conditions, with and without visual landmarks. We compensated for
possible order effects for task condition and visual environment by randomizing among
subjects the order of the 3 experimental conditions (6 possible combinations) and of the

2 visual environments.

Data Analysis

Figure 3 shows simulated data of typical responses provided by a subject in one
condition, to illustrate the analysis methods. Responses to each target are plotted
against the target’s orientation and the dashed line shows the best-fit linear regression
through the ensemble of individual responses. Responses were analyzed in terms of
global bias, accuracy, precision and contraction of the responses around the vertical

(McIntyre and Liptshits, 2008, Tagliabue and MclIntyre, 2011), as detailed below.

Bias quantifies whether the subject’ responses were, on average, globally rotated
clockwise or counterclockwise and it is computed as it follows. First, as shown in Figure

3A, for each of the seven targets (©;) the mean (8,), of the three corresponding

10
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responses, 8, ; , was computed, as well as the corresponding mean response error A6,

often referred to as the signed constant error.

0— — Zl'3=1 Ht,i

‘ 3
Et = Q_t - @t
(Figure 3 about here)

Then the average global Bias was computed as the algebraic mean across targets of

signed constant errors:

7
. _,40
Bias = £t=12%

In Figure 3, one can see that the mean response errors for positive and negative targets
tended to compensate each other in this example, resulting in a small global Bias of the

responses.

We characterized the overall accuracy (Accu) by computing the average magnitude of

the constant error Et across the seven targets:

2=1|A0;|

Accu =
ccu 7

In the example reported in Figure 34, although the global rotational Bias across all

targets is small, the amplitude of target-specific errors is significant.

Orientation reproduction tasks are typically affected by responses’ attraction to, or
repulsion from specific axes (McIntyre and Lipshits 2008, Tagliabue and McIntyre
2011), notably the vertical axis. This phenomenon can be characterized by the term
“local distortion” (McIntyre et al. 1998; McIntyre and Lipshits 2008), which is a measure

of whether responses to nearby targets are spaced closer together (contraction) or

11
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farther apart (expansion) compared to the distance between the targets themselves. In
the specific case here, contraction around the vertical axis can also be measured by how
much responses to targets on either side of zero orientation were deviated towards
zero, i.e. in the positive direction for negative targets and vice versa. Thus, to quantify
the local distortion around zero, we computed the response contraction (Contr), as we
did in our previous publications (Tagliabue and McIntyre 2011):

7., (88, -sign(0,)
7

Contr = —

where sign(0,) = 1, for ©, > 0; sign(0,) = —1, for 0, < 0; and sign(0®,;) = 0, for ©, = 0.
In the example of Figure 3 the responses are characterized by an attraction toward the

vertical and thus a positive value of Contr.

To quantify the responses’ precision (Prec), for each subject we computed the root mean
square of the residuals (res) around the best-fit regression line passing through the

points (see Fig. 3):

\/ZZ=1 Z?:1 restz,i
2

Prec =
rec 1

This technique allowed for a robust estimation of the variability despite the fact that for
each target orientation the subject provided only three responses. As shown in the
example of Figure 3, this procedure allowed us to obtain an estimation of precision that
is independent of the global bias and the contraction/expansion of the responses,
because those two characteristics are captured by the regression line, yet uses all 21
data points. Note that systematic patterns of errors that vary non-linearly with target
orientation could potentially affect this quantification of precision, because they would

not be captured by the linear regression. In order to show that Prec was not affected by

12
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such patterns of errors, we verified the lack of significant effects of the target orientation

on the residuals (res) from the regression.

Statistical Analyses

An ANOVA for repeated measures was performed on the four parameters (Bias, Accu,
Contr, Prec). The ANOVA model used the task type (Intra, Inter/Mirror or Inter/Parallel)
and visual scene condition (no visual landmarks, visual landmarks) as independent
within-subject factors. Newman-Keuls post-hoc tests were performed to assess
differences between two specific conditions whenever the ANOVA showed significant

effects or interactions between independent factors’.

Experiment 2 (Sensory Weighting quantification — Inter/Mirror vs Inter/Parallel)

Experimental procedure

To quantify the importance given to environmental visual information as a function of
task, we performed an additional experiment to compare the reliance on the visual field

in the Inter/Mirror versus Inter/Parallel conditions.

Procedurally, the only difference for the subject with respect to Experiment 1 was that
during the 5-s delay period after memorization he or she had to perform a controlled
15° lateral head tilt to the right or to the left, depending on the trial (Figure 2B). To
guide subjects to the desired inclination of the head, audio feedback was provided: a
sound with a left-right balance corresponding to the direction of the desired head
inclination decreased in volume as the head approached 15°. If the subject could not
extinguish the sound within 5 s, the trial was interrupted and was repeated later on.
Once he/she reached the desired head inclination, after the 5 sec delay period (including

the head roll movement) an auditory signal was given to the subject to raise the right

13
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hand to respond. The Inter/Parallel condition replicates the "INTER-manual" condition

presented in our previous study (Tagliabue and McIntyre 2013).

Sensory Conflict During Tilting of the Head:

Unbeknownst to the subject, however, these trials also differed from Experiment 1 by
the introduction of artificially induced conflict between visual and proprioceptive
information about the head tilt. Tracking the virtual-reality goggles was normally used
to hold the visual scene stable with respect to the real world during movements of the
head. But in 50% of the trials we generated a gradual, imperceptible conflict such that
when the head rotates, the subject received visual information corresponding to a larger
tilt. The amplitude of the angle between the visual vertical and gravity varied
proportionally (by a factor of 0.6) with the actual head tilt with respect to gravity, so
that when the head was straight there was no conflict, and when the head was tilted to
15°, the conflict was 9° (see fig 2B). At the end of the session the experimenter explicitly
interviewed the subjects about the conflict perception. None of the subjects in this

experiment reported to have noticed the tilt of the visual scene.

Participants

Twenty subjects participated in this study: 10 male and 10 female, age 24+3 years
(mean * standard deviation). All subjects performed both experimental conditions and
to compensate for possible order effects, half of them started with the Inter/Mirror
condition and the other half with the Inter/Parallel condition. For each of the two
experimental conditions the subjects performed 56 trials: two for each combination of
seven target orientations (-45°, -30°, -15°, 0°, +15°, +30°, +45°), two head inclinations

(¥15°), and two levels of conflict (with and without conflict).

14
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Data Analysis

As in Tagliabue and McIntyre (2013), the recorded subjects’ responses, § were analyzed
in terms of errors (Err) made in reproducing the memorized target orientations, ©. So
that for the ithresponse to a target, t, the error Erry; = 6,i - O In order to focus the
analyses on the effect of the sensory conflict, we first corrected for any global rotation of
responses that might occur due to possible Muller or Aubert effects (for review see
Howard 1982), independent from the tilt of the visual scene in the conflict situation. To
this end, we subtracted the global response Bias after left head tilts without sensory
conflict, from all Err values for trials performed with the head tilted to the left (with and
without conflict) and the same was done for the trials with right head tilts, on a subject-
by-subject basis. By subtracting the potential response biases associated to the head
tilts, we were able to analyze together the results of the trials with right and left tilt of
the head. Then we subtracted the mean of all responses without conflict from each Err
associated to each specific trial with conflict and we normalized this difference by the

actual rotation of the visual scene.

ET‘Tt — mean (Errwithoutconﬂ)

V t € trialyithconn deV: =

—head_angle; - 0.6 )

Next, the mean value of these normalized deviations was computed, for each subject and

for each condition.

3
dev — M . 100

)8 (2)

The average deviation dev corresponds to the percentage weight given to the visual

information versus other sources of information.
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We also evaluated the subjects’ precision, Prec. To this end, we employed for the trials
without conflict of this set of data the same linear regression technique used for
Experiment 1, with the only difference being that, before combining the responses
following right and left head tilts, we subtracted the respective global Bias in order to
compensate for possible Muller or Aubert effects induced by head tilts with respect to
gravity. For sake of simplicity we have restricted the analyses of this second experiment
to the parameters directly comparable with the results previously obtained in Tagliabue

and McIntyre (2013), i.e. dev and Precision.

Statistical Analyses

A t-test for repeated measures was performed on the average response deviations
dev and on the response precision, Prec. The t-test model used the task type
(Inter/Mirror or Inter/Parallel) as the single independent within-subject factor. To test
whether the response deviations due the scene tilt were significantly greater than zero,

according to our a priori hypothesis, one-tailed Student’s t-tests were performed.

Results

Experiment 1 (Intra — Inter/Mirror — Inter/Parallel)

Figure 4 shows the motor responses for individual subjects for each of the three
experimental conditions without visual landmarks. Although errors were non-negligible
for individual targets, the subject globally succeeded in performing the task.
Qualitatively, the Inter/Parallel condition seems characterized by larger errors with

respect to the other two conditions.

(Figure 4 about here)
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Accuracy: As shown in Figure 5A, subjects were most accurate (smaller values of Accu)
in the Intra-manual condition, less so in the Inter/Mirror condition and significantly
worse in the Inter/Parallel condition. Accu was indeed clearly affected by the
experimental condition (F(246=27.74, p<10-°), with a level of accuracy significantly
different between each conditions. The effect sizes for each condition are reported in
Table 1. The presence of visual landmarks did not seem to affect the absolute error
made by the subjects (F(1,23=0.12, p=0.73) and no statistically significant interaction
between the effect of the experimental condition and the visual landmarks was observed

(F2,46)=1.02, p=0.37).

(Figure 5 about here)

(Table 1 about here)

Bias: In Figure 5B the global deviation of the subjects’ responses appears very similar in
the Intra and Inter/Mirror conditions and larger, and in the opposite direction, in the
Inter/Parallel condition. This latter difference, however, was not statistically significant,
because no clear effect of the experimental condition resulted from the ANOVA test
(F246)=2.76, p=0.07). As for the Accuracy, no significant effect of the visual landmarks

on Bias was detected (F1,23)=1.15, p=0.29).

Contraction: The deviation of the subjects’ responses toward or away from the vertical
was affected by the experimental condition (F(2,46=9.07, p<0.001). Responses in the
Inter/Parallel condition were attracted toward the vertical (t-test Contr >0 : F(23)=2.42,
p=0.01) and this pattern of errors significantly differed from the one seen in both Intra
and Inter/Mirror conditions (post-hoc tests p<0.001, effect sizes in Table 1), where the
responses tended to be slightly repelled by the vertical instead (t-test Contr <0:

F23)=-3.24, p=0.002 and F(23)=-1.74, p=0.05 for Intra and Inter/Mirror respectivelly).

17
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The visual landmarks appear to have had no significant effect on contraction of
responses toward the vertical (F(1,23)=0.41, p=0.53) and no interaction between the

experimental condition and visual landmarks was observed (F(2,46)=1.28, p=0.29).

Precision: The residuals around the regression line were not significantly affected by
target orientation (F(6,138)=1.41, p=0.21), thus the Prec parameter appears to well
represents the within-subject response variability. Prec was significantly modulated by
the experimental condition (F(246=41.12, p<10-5), with a significantly larger variable
error in the Inter/Parallel, than in either the Intra and Inter/Mirror conditions (post-hoc
comparisons : p<0.001). Effect sizes of the condition factor are reported in Table 1.
Visual landmarks did not appear to affect response precision (F(1,23)=1.15, p=0.29) nor
did they significantly interact with the effect of the experimental condition (F(2,46)=0.66,

p=0.52).

Overall, this first experiment allows for an evaluation of the new Inter/Mirror procedure
compared to the Intra and the Inter/Parallel conditions. While the Inter/Mirror
paradigm appears intermediate in term of accuracy, all other parameters (Bias; Contr;
Prec) were similar to the Intra condition and differed significantly from the

Inter/Parallel condition.

Experiment 2 (Sensory Weighting - Inter/Mirror vs Inter/Parallel)

In this experiment, a sensory conflict was used in order to dissociate the visual and the
gravitational verticals (see Figure 2 and procedures) and thus estimate the reliance on a
visual representation of the task. Because all the methodologies are similar to the one

previously used, results of the present Inter/Mirror Vs Inter/Parallel experiment can be
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directly compared to the results obtained in our previous Intra Vs Inter experiment

(Tagliabue and McIntyre 2013).

The effect of tilting the visual scene in each of the experimental conditions is
qualitatively represented in Figure 6. In the Inter/Mirror condition the conflict appears
to have had no clear effect on the subjects’ responses, as was the case in the Intra-
manual condition from our previous study (Figure 4 and 5A in Tagliabue and McIntyre,
2013). On the other hand, in the Inter/Parallel condition the hand of the subjects
deviated significantly in the direction of the scene rotation, reproducing the same effect

that we observed in the “/NTER-manual” condition of Tagliabue and McIntyre (2013).
(Figure 6 about here)

Statistical analyses of the average responses’ deviation, dev, (see Figure 7A) fully
support this qualitative observation. The t-test shows that dev, was strongly affected by
the experimental condition (F(1,19)=14.25, p=0.001, effect size: 22%). Figure 7A allows
one to appreciate how such modulation between the Inter/Mirror and Inter/Parallel
conditions was very similar to what we previously obtained with a statistically

significant effect between the Intra- and Inter-manual conditions.

Modulation of Precision shown in figure 7B is consistent with the statistically significant
modulation that we observed between the analogous two conditions in the Experiment
1 and it is also very similar to the precision modulation between the Intra- and Inter-
manual conditions observed in our previously work (Tagliabue and McIntyre 2013). The
within-subject variability indeed increased significantly between the Inter/Mirror and

Inter/Parallel condition (F(1,19)=5.30, p=0.03, effect size: 1.6°).

(Figure 7 about here)
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Overall, these results confirm and extend our previous findings by demonstrating that
the increased sensory weighting of the visual scene observed during the Inter/Parallel
task does not depend on the use of both limbs per se. These results are further discussed

below.

Discussion

The present experiments aimed at better understanding which factors lead the brain to
visually encode goal-oriented motor tasks in which both target and movement are
sensed using proprioceptive information only. We recently demonstrated that
sensorimotor tasks in which the subjects have to sense the target with one hand and
reach/point it with the other hand result in a partial representation of the task in visual
frame, based on an observed reliance on the orientation of the visual scene. Conversely,
when this inter-limb transfer of information is not required, the brain appears to avoid
using visual encoding of the task (Tagliabue and McIntyre 2011, 2013). These
experimental observations are consistent with the theoretical predictions that the visual
reconstruction of the purely proprioceptive task can statistically improve the
sensorimotor precision only when the necessity of transferring the proprioceptive
signals between the two limbs prevents direct comparison between the target and hand
information. Our previous study, however, did not allow us to disentangle whether the
direct comparison between the target and hand information was prevented by the
necessity of transferring the proprioceptive information between hemispheres per se or
by the necessity of transforming the joint angles of one arm into different angles of the
other arm so as to match the orientation of the hand. Here we have presented the results

of two experiments allowing us to answer to this question.
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Experiment 1

In the first experiment we directly compared different quantitative assessments of
alignment errors (bias, accuracy, contraction and precision) of subjects performing
tasks requiring: neither inter-hemispheric transfer nor joint-signal transformations
(Intra), inter-hemispheric transfer but not joint-signal transformations (Inter/Mirror)
and both inter-hemispheric transfers and joint-signal transformations (Inter/Parallel).
Although some differences were observed between the analyzed parameters, the
sensorimotor errors in the two conditions not requiring joint-signal transformations
(Intra and Inter/Mirror) tended to be similar, and both appeared smaller than the
Inter/Parallel condition that requires transformations of the joint angles. These results
suggest that sensory signals are processed in a similar way when comparing intrinsic
joint configurations, despite the fact that one task is intra-hemispheric and the other is
inter-hemispheric. Only in the condition where the proprioceptive joint signals needed
to be transformed did the information appear to be processed in a different way. In
particular, lower accuracy and precision in the Inter/Parallel condition than in the other
two conditions is consistent with the hypothesis that a more complex processing of the
sensory information is necessary in the Inter/Parallel condition. The fact that both the
Intra and Inter/Mirror conditions were characterized by a slight repulsion from the
vertical, which was previously shown for a purely proprioceptive task (Tagliabue and
MclIntyre, 2011), and which differs from the slight attraction toward the vertical
observed in the Inter/Parallel condition and other multimodal tasks (Tagliabue and

McIntyre, 2011), is also consistent with our hypothesis and provides a first clue that
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both Intra and Inter/Mirror tasks are encoded in a purely proprioceptive reference

frame, whilst the Inter/Parallel task entails the integration of other sensory signals.

The greater accuracy and precision in the Inter/Mirror than in the Inter/Parallel
condition observed here appears to be highly consistent with the similar findings on
bimanual tracking tasks reported by Alaerts et al. (2007) and of Boisgontier et al.
(2014). The results of the present study seem, nonetheless, to contrast with the finding
of Iandolo et al. (2015), who showed that blindfolded subjects tend to perform better
when reproducing the spatial location of the contralateral hand (extrinsic condition)
than when mirroring it with respect to their sagittal plane (intrinsic condition). These
apparently contradicting results can be reconciled, however, by the fact that an imposed
10-cm height difference between the two hands (for hands placed on average at a 6.5cm
horizontal distance) actually prevented the mirroring of the hand positions by simply
reproducing the same joint angles in the two arms. As a consequence, and in contrast to
our experiment, the subjects in that experiment most likely had to perform a sensory

transformation in both intrinsic and extrinsic conditions.

To understand whether the differences observed here actually correspond to the
reconstruction of a visual representation of the task, we investigated whether adding, or
removing environmental visual landmarks would affect the motor errors made by the
subjects; the rationale being that, the additional visual environmental information
should improve the performance mainly in the conditions where a visual encoding is
used. The addition of visual landmarks in the virtual environment did not, however,
produce clear improvement in the response accuracy and precision. Although, we
cannot exclude, of course, the possibility that visual information was not used at all in

this first experiment, we believe that the lack of the effect of the landmarks could be due
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to an insufficient sensitivity of this experimental technique to modulations of the
contribution of the visual information. Indeed, we note that all components of the
reaching error tended to be reduced, although not significantly, by the presence of the
visual landmarks only in the Inter/Parallel condition. This qualitative observation
appears to support the hypothesis that visual information might have been used in this
condition, but that its effect wasn’t large enough to be quantified by our experimental

paradigm. Experiment 2 was more effective in this regard (see below).

Experiment 2

To investigate modulations in the use of a visual representation of our proprioceptive
task, we performed a second experiment in which we compared the two Inter-limb
conditions (Inter/Mirror and Inter/Parallel), which differ by the necessity, or not, of
transforming intrinsic joint angle signals. In this experiment we measured the deviation
of the motor responses generated by an imperceptible deviation of the visual
environment in order to quantify the relative weight given by the brain to the visual and
proprioceptive representations of the task, respectively. This technique, which we
extensively used in the past to show modulations of multisensory weighting (Tagliabue
and McIntyre 2011, 2012, 2013, 2014, Tagliabue et al 2013), allowed us to quantify the
difference between the Inter/Mirror and Inter/Parallel conditions in terms of the
importance given by the brain to the visual environment. This difference between
conditions appears very similar to what we observed between the Intra and
Inter/Parallel conditions in Tagliabue and McIntyre (2013) (see Figure 7). More
specifically, in the Inter/Mirror condition subjects appeared to neglect the visual scene,

as we previously observed in the Intra condition, whilst in the Inter/Parallel condition
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the relative weight given to the visual representation rose to nearly 30%. This latter
result is fully consistent with what we observed in our previous study (Tagliabue and
McIntyre 2013) for the Inter condition, of which the present Inter/Parallel condition is a

replica.

The here-observed modulation of the sensory weighting, and its strong similarity with
the modulation between intra-manual and inter-manual task shown in Tagliabue and
McIntyre (2013), confirms that the reconstruction of the visual representation of purely
proprioceptive tasks is not due to the inter-hemispheric transfer of the proprioceptive
information per se, as the results of our previous work could have suggested. This
modulation appears to be related rather to the necessity of transforming the
proprioceptive signals relative to the intrinsic joint angles of one arm into different

angles for the other arm.

If these findings are interpreted in the frame of our modular sensory-integration model
(Tagliabue and MclIntyre 2011, 2013, 2014), more detailed conclusions can be drawn.
Our model predicts that the brain does not reconstruct representations of the movement
in additional sensory modalities when a direct, uni-modal comparison between the
sensory information related to the target and to the moving hand is possible. It follows
that the very similar results observed in the Intra and Inter/Mirror conditions, both in
terms of errors patterns and sensory weighting, would mean that the brain can directly
match proprioceptive signals from the two different hemispheres with almost no
additional processing, as if they came from the same receptors, provided that they come
from homologous sensors (see Figure 8). This conclusion could have a neural correlate
in the finding of Diedrichsen and colleagues (2012), showing that, during uni-manual

finger movement, patterns of activity identical to those generated by contralateral
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mirror-symmetric movement can be observed on the ipsilateral hemisphere S1 and M1.
One could indeed think that this kind of mirror-symmetric ‘resonance’ between
hemispheres could reflect privileged connections between inter-hemispheric

homologous hand proprioceptive receptors and actuators.
(Figure 8 about here)

On the other hand, the clear difference between the Inter/Parallel and the Inter/Mirror
conditions both in terms of errors (Experiment 1) and in terms of visual encoding
(Experiment 2) is consistent with the prediction of our model for conditions in which a
direct comparison between the target and response sensory signal is not possible. In our
previous works (Tagliabue and McIntyre 2013-2014) we have shown that in this
situation the statistically optimal solution (maximum likelihood principle) consists of
transforming the proprioceptive signals to encode them in multiple reference frames,
including, in some cases, a visual representation (Tagliabue and McIntyre, 2013). Such
use of the sensory signals provides, indeed, partially independent representations of the
task, whose combination reduces the task-execution variability compared to what would
be obtained by encoding the task in any single reference frame. The less-than-full
deviation of the responses due to the tilt of the visual scene observed in the
Inter/Parallel condition hence reflects the encoding of the proprioceptive signals into a
visual reference frame that is combined with the encoding of the same information in
other reference frames that are not affected by the tilt of the visual scene. Among these
latter reference frames there are probably egocentric (for instance trunk- or head-
centered) encodings as well as external encodings using gravitational information
(Tagliabue and McIntyre 2012). Such multiple encoding of the information is

simplistically represented in Figure 8.
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The differences reported here between the Mirror and Parallel inter-manual tasks and
our interpretation of this finding in terms of different information processing appear
consistent with the results of several other brain imaging studies. Parallel tasks (often
referred to as “anti-phase tasks” for repetitive movements) appear to activate additional
brain areas (SMA, S1, M1, CMA and PM) with respect to Mirror (in-phase) tasks (Sadato
et al 1997, Goerres et al. 1998, Stephan et al. 1999a-b, Immisch et al. 2001). One could
speculate that these brain areas could be involved in encoding the task in additional
reference frames. However, the activation of any ‘visual’ areas, which would even better
match our prediction, has not been detected. This could be due to the fact that no
“useful” visual information were provided to the subject and that fast rhythmic
movements tested in these previous studies could lend themselves less easily to a visual
representation with respect to the slow goal-oriented motor task we tested. Although
the encoding of the proprioceptive information in multiple reference frames and their
optimal combination correspond to the best sensorimotor performance, this is by
definition still noisier than the direct comparison of the proprioceptive signals, such as
those used in the Intra and Inter/Mirror conditions (Tagliabue and McIntyre 2013). This
model prediction perfectly matches the observed increase in variability between the

Inter/Parallel and the other two experimental conditions.

Inter-manual coordination

The present findings not only provide a clear answer to our initial question about the
visual encoding of purely proprioceptive tasks, but could also contribute to a better
understanding of the neural mechanisms underlying the coordination of bimanual cyclic

movements (for review see Swinnen 2002, Swinnen and Wenderoth 2004). Specifically,
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the results from our experiments show that “parallel” matching tasks tend to show
higher variability than “mirror” matching tasks. Although one might question whether
the quasi-static matching tasks performed here can directly speak to mechanisms of
rhythmic movements, the legitimacy of transposing the present findings from discrete to
rhythmic movements is supported by the fact that theoretically both movement
categories can be generated by the same sensorimotor control mechanisms (Ronsee et
al. 2009). Our observations about the noisiness of parallel versus mirror tasks, applied
cautiously, gives rise to new perspectives on the phenomena observed in more dynamic

tasks, as we describe below.

Several studies have shown that in-phase (Mirror) rhythmic movements of the hands
are significantly more stable than anti-phase (Parallel) movements, so that subjects
asked to perform rapid anti-phase cyclic moments show sudden abrupt transitions to
the in-phase movements; and once this transition occurred they do not go back to the
anti-phase mode (Yamanishi et al. 1980, Kelso 1984, Carson 1995, Semjen et al. 1995,
Swinnen et al 1997-1998). Interestingly, these phenomena appear to have more
sensorial than motor origins (Mechsner et al 2001, Weigelt and Cardoso de Oliveira

2003, Ronsse et al. 2009), although the debate is not settled yet (Swinnen et al. 2003).

Several studies successfully modeled this phenomenon by describing the system as non-
linear oscillators with potential functions as represented in Figure 9A. In these models
in-phase movements correspond to a deep global minimum and the anti-phase
movements correspond to a smaller local minimum, which disappear at high
frequencies (Haken et al. 1985, Schoner et al. 1986, Beek et al. 2002). Abrupt transitions
from the anti-phase to the in-phase movement can be described as a ball falling from the

local minimum to the global minimum, due to modification of the potential curve profile
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and to some random noise/perturbation (represented as arrows in Figure 9). Whilst in
the original model this noise was considered independent from the phase between the
hands, here we have shown that the noise of the sensory system is actually greater in the
Parallel than in the Mirror condition. This suggests that different levels of noise may
characterize the in- and anti- phase bimanual movements. If this noise modulation is
taken into account, then our results lead to an alternative system representation
characterized by a potential curve with two similar minima for the in- and anti-phase
movements (Figure 9B). In this case the ball would tend to move from the anti-phase to
the in-phase condition, and not vice-versa, because in the former, but not in the latter, a
large noise would tend to push it outside the local minimum. Further experiments will
be needed to specifically investigate this alternative interpretation of instability

phenomena during bi-manual cyclic movements.

(Figure 9 about here)

Conclusions

The present findings suggest that the inter-hemispheric transfer of the information
necessary in the task of mirroring one hand with the other does not increase
sensorimotor errors per se. This suggests that the brain can directly compare the
sensory signals coming from homologous muscles/receptor in the same way as signals
coming from the same receptors. Moreover, we were able to show that, in agreement
with the idea of optimal multi-sensory integration, the brain tends to build up multiple
representations of a purely proprioceptive sensorimotor task (both target sensing and
movement control only through proprioceptive information), including a visual
representation, but only when a noisy transformation of the joint signals is necessary,

and not simply when an inter-hemispheric transfer is involved in the task execution.
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Interestingly, the present findings could also contribute to a better understanding of the
inter-manual coordination by suggesting an important role of the sensory noise in the

instability of anti-phase with respect to in-phase movements.
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TABLES

Table 1: Size of the condition effects for the response Accuracy
(Acc), global Bias, Contraction (Contr) and Precision (Prec)
expressed as the average difference between the three
experimental conditions.

Accu _ Bias Contr _ Prec
Inter/Mirr.-Intra 1.8° -0.6° -0.1° 0.2°
Inter/Parall.-Intra 4.4° 2.7° 29° 23
Inter/Parall.-Inter/Mirr. | 2.7°  3.2° 3.00 21

FIGURES

Figure 1: Experimental conditions.

A) In the Intra condition the subject senses with the right hand the target orientation and after a delay
(during which the hand is lowered) he/she reproduces the orientation with the same hand. In the
Inter/Mirror condition the subject senses the target orientation with the left hand and after a delay he/she
mirrors the memorized orientation with the right hand.

In the Inter/Parallel condition the target is sensed with the left hand and its orientation is reproduced
with the right hand.

On the right part of the figure a table reports whether each of the experimental conditions requires an
inter-hemispheric transfer of the proprioceptive information and/or the transformation of the joint
signals.

B) The visual environment shown to the subject in the head mounted display consisted in a cylindrical
tunnel. During half of the experiment the tunnel walls had no landmarks (left image), whilst in the other
half visual landmarks were added (right image).

Figure 2: Experimental paradigms for Experiments 1 and 2. For both experiments the condition
Inter/Parallel is used as an example. In this graphical representation the images displayed to the subject
through the virtual reality goggles are represented in a square placed in front of the avatar shown in the
figures. Note that for illustrative purpose, the hand was drawn, however the subject’s hand was never
rendered in the VR goggles and the head mounted display prevented direct visual observation of the
hand’s orientation in space.

A) Experiment 1. During the memorization phase the subject rotated his/her hand in front of him/her and
the virtual environment changed color as function of the hand prono-supination. The subject had to
memorize the hand orientation corresponding to the green color. After memorization the subject was
asked to lower the arm and wait for 5s. After the delay, the subject had to raise his/her hand and
reproduce the memorized orientation.

B) Experiment 2. The paradigm was the same as in Experiment 1, but during the 5s delay after
memorization the subject performed an audio-controlled 15° head rotation and responded while keeping
the head tilted. In 50% of the trials a gradual, imperceptible conflict was applied: the visual scene was
tilted with respect to gravity by an angle equal to -0.6 times the head inclination, so that the visual and
gravitational verticals no longer matched.

Figure 3: Data analyses. Simulated data showing typical data for a single subject’s responses, 6, to
different target orientation, ©. For each target three responses were provided by the subject. For each
target the mean response, 8, is represented (squares). 8 was then used to compute the global response
Bias (small in this example), the average response accuracy, Accu, as well as the response contraction,
Contr, toward the vertical. To estimate response precision (variability) the linear regression of all 21
responses is performed (dashed line), then for each response the residual, res, from the regression line is
computed. The response precision is associated to the response dispersion around the regression line:
root mean squared residual.

Figure 4: Orientation of the subjects’ hand as function of the target inclination, in the three experimental
conditions. Each line represents data from a single subject and each point represent the average of the
three responses made by a given subject for one target orientation. Black points show what would be the
responses corresponding to null error.
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Figure 5: Quantification of subjects’ average performance in the three experimental conditions, in terms
of accuracy (Accu), total average shift of the responses (Bias), contraction of the responses toward the
vertical (Contr) and variability of the responses (Prec). Vertical whiskers represent the 0.95 confidence
intervals. Stars represent the results of the Newman-Keuls post-hoc tests. (*** p<0.001; ** p<0.01).

Figure 6: Subject responses to each target orientation in the Inter/Mirror and Inter/Parallel conditions.
The responses for the trials with and without conflict are represented separately. Thick lines are the
average responses (transparent areas’ width represent the standard error) of all subjects, combining
trials with left and right head tilt. Green arrows represent the measured responses’ deviations due to the
tilt of the visual scene.

Figure 7: Results of the present Inter/Mirror Vs Inter/Parallel experiment (black) compared with the
results obtained in our previous Intra- Vs Inter- manual experiment (light gray) (Tagliabue and McIntyre
2013). A) Deviations induced by an imperceptible tilt of the visual scene. The results are expressed as a
percentage of the theoretical deviation expected if subjects aligned the response with respect to the visual
scene. B) Response precision, Prec. Vertical whiskers represent the 0.95 confidence intervals. Stars
represent the results of the t-test comparison with the nominal 0% value and of the t-test analyses testing
the differences between the two experimental conditions. (** p<0.01; * p<0.05).

Figure 8: Simplified graphical representation of putative sensory information flow during the following
three different experimental conditions.

Intra: The proprioceptive signals coming from the right hand supinator (Sup) and pronator (Pron)
muscles during the target memorization can be directly compared with the proprioceptive signals coming
from the same muscles during the response phase. In order to achieve the task’s goal the brain modifies
the hand orientation to minimize the difference between the corresponding target and response signals.
Inter/Mirror: The proprioceptive signals coming from the left hand supinator (Sup) and pronator (Pron)
muscles during the target memorization can be directly compared with the proprioceptive signals coming
from the homologous muscles of the right hand during the response phase. The task can be therefore
achieved as in the Intra condition.

Inter/Parallel: The task cannot be achieved by simply matching the proprioceptive signals from the
homologous muscles of the left and right arm. The brain has to combine the supinator and pronator signal
to build a representation of the right and left hand orientation than can be indirectly compared. Such
reconstruction of the hands’ orientation can take advantage of using additional sensory signals such of
proprioceptive signals coming from other parts of the body, gravitational signal and visual scene
information, effectively performing the comparison in multiple reference frames.

The red color represents the elements affected by the tilt of the visual scene. Blue and black colors
represent the proprioceptive and gravitational signals, which are supposedly not affected by the sensory
conflict.

Figure 9: A) Potential curve, V, function of the phase angle between the two hands, ¢, proposed by Haken,
Kelso and Bunz (1985) to represent spontaneous transitions from anti-phase (¢p=n) to in-phase (¢p=0)
rhythmic movements. The state of the system can be described as a ball rolling along this curve. The
arrows represent intrinsic noise of the system, which tend to perturb the system. In the HKB model the
noise did not vary as a function of ¢.

B) Example of an alternative representation of rhythmic movements dynamics. As an extreme case, the in-
and anti-phase movements correspond to similar minima of the potential function. The system noise is
function of ¢ and more precisely it is larger for the anti-phase than for the in-phase movements.
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