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Abstract

Juggling is a very complex activity requiring motor, visual and coordination skills. Expert jug-
glers experience a “third eye” monitoring leftward and rightward ball zenith positions alter-
nately, in the upper visual fields, while maintaining their gaze straight-ahead. This “third eye”
reduces their motor noise (improved body stability and decrease in hand movement variabil-
ity) as it avoids the numerous head and eye movements that add noise into the system and
make trajectories more uncertain. Neuroimaging studies have shown that learning to juggle
induces white and grey matter hypertrophy at the posterior intraparietal sulcus. Damage to
this brain region leads to optic ataxia, a clinical condition characterised by peripheral point-
ing bias toward gaze position. We predicted that expert jugglers would, conversely, present
better accuracy in a peripheral pointing task. The mean pointing accuracy of expert jugglers
was better for peripheral pointing within the upper visual field, compatible with their subjec-
tive experience of the “third eye”. Further analyses showed that experts exhibited much less
between-subject variability than beginners, reinforcing the interpretation of a vertically
asymmetrical calibration of peripheral space, characteristic of juggling and homogenous in
the expert group. On the contrary, individual pointing variability did not differ between groups
neither globally nor in any sector of space, showing that the reduced motor noise of experts
in juggling did not transfer to pointing. It is concluded that the plasticity of the posterior intra-
parietal sulcus related to juggling expertise does not consist of globally improved visual-to-
motor ability. It rather consists of peripheral space calibration by practicing horizontal covert
shifts of the attentional spotlight within the upper visual field, between left and right ball
zenith positions.

PLOS ONE | https://doi.org/10.1371/journal.pone.0306630 July 12, 2024

1/12


https://orcid.org/0009-0002-6272-3944
https://doi.org/10.1371/journal.pone.0306630
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0306630&domain=pdf&date_stamp=2024-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0306630&domain=pdf&date_stamp=2024-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0306630&domain=pdf&date_stamp=2024-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0306630&domain=pdf&date_stamp=2024-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0306630&domain=pdf&date_stamp=2024-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0306630&domain=pdf&date_stamp=2024-07-12
https://doi.org/10.1371/journal.pone.0306630
https://doi.org/10.1371/journal.pone.0306630
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Effect of juggling expertise on pointing performance in peripheral vision

Competing interests: This research did not receive
any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Catching

Introduction

Juggling is a very complex activity requiring motor, visual, tactile, kinaesthetic, postural, as
well as motion perception and between arm coordination skills. Visually, it implies being able
to monitor the trajectory of several balls simultaneously which requires covert attention in
peripheral vision. In line with the subjective jugglers’ experience of a “third eye”, a constant
position is fixated ahead but the attentional spotlight monitors the upper visual fields, leftward
and rightward alternately, to determine when the ball is at zenith position (Fig 1) to throw the
next ball. This would avoid the numerous head and eye movements of beginning jugglers that
make trajectories more uncertain [1, 2].

Learning to juggle is accompanied by plastic changes in brain structure. During the learn-
ing, plasticity has been evidenced as a gain in the grey matter volume in the visual area V5/
MT, which is the perceptive area of motion (medial temporal area), in a majority of studies
involving either whole-brain analysis or specific focus on this region of interest [4-8]. Two of
these studies [6, 8] have also assessed specifically and highlighted a grey matter volume gain in
the posterior part of the intraparietal sulcus (IPS), which pertains to the network of the poste-
rior parietal cortex (PPC) specific for reaching to peripheral targets [9]. An increase of the frac-
tional anisotropy in the white matter under the posterior IPS has also been observed [10].
These studies suggest that learning to juggle strengthens the white and grey matter of the dor-
sal visual stream, which conducts visual information from occipital to PPC for action [11, 12]
and is also involved in the perception of peripheral visual space [13, 14]. Our hypothesis is that
juggling expertise improves peripheral vision and therefore a good juggler would perform bet-
ter than a beginner in other activities that involve peripheral vision.

The posterior parietal network specific for reaching to peripheral targets [9], and more pre-
cisely the posterior IPS at the parieto-occipital junction, has been identified as the critical

Zenith

Catching

position . 7 Throwing I\ W . | position

positions

Fig 1. Cascade juggling scheme (adapted from Huys and Beek 2002 [3]). The blue dots correspond to the ball’s average throwing
positions, the green dots to the ball’s average catching positions and the red dots to the ball’s average zenith positions. The comparative
volumes of the spheres are representative of the maximal variation of ball positions retained to categorize expert jugglers (see Method).

https://doi.org/10.1371/journal.pone.0306630.9001
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lesion site of optic ataxia [15], a neurological condition characterized by imprecise reaching
movements in peripheral vision [16-19]. Patients’ pointing errors in the contralesional visual
field consist of hypometria toward gaze position, increasing with visual target eccentricity [17,
18, 20]. A modeling of these hypometric errors revealed a logarithmic underestimation of
visual target eccentricities similar to the equation modeling the central vision magnification
and the compression of peripheral space characteristic of most subcortical and cortical visual
areas [18]. Central vision is indeed over-represented in the superior colliculus, the primary
visual area and the visual areas of the ventral visual stream at the expense of peripheral vision
[21-25]. In contrast, peripheral vision is fairly represented in the dorsal visual stream [26], as if
one of its functional roles was to actively compensate for the under-representation of periph-
eral vision [18] for accurate perceptual metrics (« Where ») and interaction with environmen-
tal space (« How »). This functional role would be evidenced by optic ataxia deficits [18]
caused by posterior IPS damage, or by its hypertrophy reflecting the intensive practice of
peripheral vision as investigated in the present paper for juggling. To test whether juggling
improves peripheral vision, especially in the upper visual field in line with the subjective expe-
rience of jugglers’ third eye, we compared peripheral pointing performance between beginner
and expert jugglers. Such behavioural difference would fit the reported hypertrophy of the pos-
terior IPS in expert jugglers [8]). The secondary question deals with whether such pointing
performance improvement would be related to better motor ability or to better perceptual
localisation of the peripheral visual targets.

Material and method
Experimental design

To test our hypothesis, we recruited expert (mostly professionals or non-professional advanced
jugglers with decades of regular practice) and beginner jugglers for a prospective monocentric
study (between March 22, 2019 and January 31, 2020). Sixteen subjects volunteered for this
experiment which was run at the Movement and Handicap motion analysis facilities (https://
www.chu-lyon.fr/plateforme-mouvement-et-handicap). Mean participants age was 28.7 + 6.9
years (ranging from 20 to 40 years). For this study, written consent was obtained from each
participant in accordance with the Ethics Evaluation Committee of Inserm (EECI) 2019
approval n° 19-569.

Subjects started with a pointing task toward targets presented in peripheral vision and then
a juggling task. Movements were recorded using an optoelectronic system (3D Motion Analy-
sis®). This device was composed of 7 cameras with infrared emitters connected to a central
processing unit. This system allowed recording the three-dimensional displacement of passive
sensors stuck on the subject or on objects in a space. The sensors were spheres of 5 to 14 mm
in diameter covered with an adhesive called "scotch light". This adhesive reflected the infrared
emitted by the optoelectronic cameras (passive sensors). For the pointing task, subjects had a 5
mm diameter sensor stuck on their right index finger to record the hand movement. For the
juggling task, passive sensors were stuck on subjects’ shoulders and elbows, and the juggling
balls were entirely covered with reflective tape to record their trajectories.

During juggling, the position of the individual’s center of gravity was recorded in order to
determine the effect of juggling on the subject’s posture. A 6-axis force platform of dimensions
60*40cm was used. It was used to record the forces (N) and moments (N*m) applied to it. This
made it possible to calculate the instantaneous projection of the person’s center of gravity on
the platform, and to track its displacements.

For the pointing task, subjects were placed 30 cm in front of a vertical frontal pointing
screen on which visual targets were randomly presented with a laser device. When both the

PLOS ONE | https://doi.org/10.1371/journal.pone.0306630 July 12, 2024 3/12


https://www.chu-lyon.fr/plateforme-mouvement-et-handicap
https://www.chu-lyon.fr/plateforme-mouvement-et-handicap
https://doi.org/10.1371/journal.pone.0306630

PLOS ONE

Effect of juggling expertise on pointing performance in peripheral vision

Pointing matrix

................... .
F50
O ——
o
s .
< ...
.......... e E50 .
F40 .
O I .
il 3
. E40 .
F30 - )
‘o -
o E30 . .
. , D40
= D30:
5 .
o = :
é C30 5 . :Target
§ b : 2 e
: - ' - ;" fixation
s = B30, cs0s
S A3Q . :
....... by B4Q,,.' ¥
(o il ..
o
...........
8 =
8 A50,
0 100 200 300 400 500

Horizontal axis (mm)

Fig 2. Pointing task matrix: targets were presented at 30°, 40° and 50° of visual eccentricities relative to central
ocular fixation dot (red dot) and along three directional axes in the lower visual field (A, B and C) and in the
upper visual field (D, E et F). Directional axes corresponded to angles of -67.5° (Axis A), -45° (Axis B), -22.5° (Axis
C), +22.5° (Axis D), +45° (Axis E) and +67.5° (Axis F) relative to the horizontal axis comprising the ocular fixation
dot.

https://doi.org/10.1371/journal.pone.0306630.9002

laser was activated by the examiner and the patient pressed the start button, the light of the tar-
get was projected on the pointing screen. As soon as the patient released the button to point
toward the peripheral visual stimulus, the target disappeared. The position of the eyes was
monitored with a custom electro-oculogram to ensure that participants maintain central ocu-
lar fixation and that the targets were presented at the correct eccentricity. Three visual eccen-
tricities were tested on six axes in the upper and the lower visual field (for a total of eighteen
targets locations) (Fig 2). Each target was tested at least 6 times (108 trials per subject). As soon
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Table 1. Juggling parameter averages by group.

Volume at catching
position (dm®)

Experts | Mean 4,09
SD 2,68
Beginners | Mean 32,75
SD 51,74

https://doi.org/10.1371/journal.pone.0306630.t001

Volume at zenith Volume at throwing Area of the center of Elbow/shoulder
position (dm®) position (dm®) pressure (cm?) amplitude ratio
1,48 1,04 25,14 2,85
0,68 0,87 14,36 1,62
10,43 5,89 87,75 1,47
20,43 4,99 103,76 0,79

as one target was not perceived by participant (missing data), a 7th repetition was performed
(126 trials). Missing data corresponded to an average of 1.55 + 1.42% of trials for the experts
(between 0 and 3.17%; i.e. 4/126 trials for the maximum) and to an average of 2.56 + 2.44% of
trials (between 0 and 7.14%; i.e. a maximum of 7/126 trials) for beginners. The final pointing
positions were extracted from the Motion Analysis 3D®) recording and compared with the
target position (pointed in free viewing condition at the end by each subject) to obtain point-
ing errors in mm in the screen plane (2D).

Participants

Inclusion criteria were to be able to juggle in a cascade with three balls for at least 15 seconds.
The only exclusion criterion was the presence of a motor or visual impairment that could
influence juggling.

To be considered as an expert, subjects had to meet a majority of the following five expertise
criteria:

o Elbow/shoulder amplitude ratio >1,5; with expertise, there is a decrease in the maximum
angle reached by the shoulder and an increase in the angle reached by the elbow [27].

« Area of the center of pressure during the juggling task <40cm?; with expertise, improved
body stability and decrease in hand movement variability is observed [2, 28, 29].

o Volume of the position of the balls < 1,5dm? at zenith, <1,5dm? at throwing and <3,75dm’
at catching positions); with expertise, there is a reduced variability of ball positions [27]. The
volume considered for the catching position is 2.5 times more important than those of zenith
and throwing positions (Fig 1), whatever the level of expertise.

Following this analysis, nine participants were assigned to the Beginner group and seven to
the Expert juggler group (Table 1).

Statistical analysis of peripheral pointing performance

We used Statistica V14.0.0.15 software for Windows (StatSoft, Inc.). Descriptive statistics
(mean and standard deviation) of participants’ pointing errors were computed along X and Y
dimensions separately, for each of the three visual target eccentricities and each of the three
axes of the lower and upper visual fields (Fig 3). Pointing errors were signed negative in case of
a bias toward the gaze fixation point, i.e. gaze-centred hypometria.

We then ran repeated measure ANOVAs on individual pointing error mean and standard
deviation (SD), reflecting pointing accuracy and intra-individual variability, respectively, in X
and Y dimensions, with Visual field (lower vs upper), Eccentricity (30°, 40°, 50°) and Group
(beginners vs experts) as main factors.

We also performed ANOVA with targets of the matrix as repeated measures testing the
effect of Visual field and Group on the within-group variability of mean pointing accuracy.
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Fig 3. Individual pointing performance on each target of the matrix—Illustration of intra-individual pointing
variability (confidence ellipses surface) and averaged pointing error (center of ellipses to be compared to target
positions materialised by black dots) for beginners (in green) and experts (in red) jugglers. Darker colours were
used for endpoints corresponding to the less and the most eccentric targets. Confidence ellipse axes are standard
deviations along X and Y dimensions for each individual and each target of the matrix.

https://doi.org/10.1371/journal.pone.0306630.9003

Results

Intra-individual pointing variability across groups, visual fields and
eccentricities

Since experts have been selected based on their smaller motor noise in juggling, attested by
their elbow/shoulder amplitude ratio, their smaller area of center of pressure, and their smaller
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volume of ball positions (Table 1), we first assessed whether they also exhibited smaller intra-
individual variability than beginners in (untrained) peripheral pointing task. Repeated mea-
sure ANOVA Group comparison (beginners/experts) of intra-individual endpoints variability
(SD) along the X dimension with Visual field (upper/lower) and Eccentricities (30°, 40° and
50°) factors showed a main effect of Eccentricity (F(2,28) = 157.7, p<0.01, 1*=0.92) and a sig-
nificant interaction between Visual field and Eccentricity (F(2,28) = 5.14, p<0.05, = 0.27).
Importantly, there were no main effect of Group (F(1,14) = 0.7, p = 0.43, 1* = 0.047) and no
significant interaction involving the group (all p>0.05, all F< 0.7, all n?<0.048). This means
that, similarly in the two groups, the pointing standard deviation increases more with target
eccentricity in the upper visual field (Fig 3).

A similar ANOVA was computed for the Y dimension. We found the same main effect of
Eccentricity (F(2, 28) = 58.28, p<0.01, n* = 0.81), endpoint variability increasing when target
eccentricity increases. We also found a main effect of Visual field (F(1, 14) = 30.99, p<0.01, W
= 0.69) with higher variability in the upper visual field. There was no interaction between
Visual field and Eccentricity (F(2, 28) = 2,31, p = 0.12, n2 = 0.14). Importantly again, there was
no main effect of Group (F(1, 14) = 1,52, p = 0.24,° = 0.098) and no significant interaction
involving the group (all p>0.05, all F<4.32, all n* = 0.24). This means that, in spite of their
smaller motor noise in juggling (Table 1), expert individuals did not exhibit smaller pointing
variability.

Averaged pointing error across groups, visual fields and eccentricities

Pointing errors along X and Y dimensions were most often negative, revealing an overall
pointing bias toward the gaze fixation point (Fig 3).

Repeated measure ANOVA Group comparison (beginners/experts) of individual endpoints
means with Visual field (upper/lower) and Eccentricities (30°, 40° and 50°) factors showed a
significant main effect of Eccentricity along X (F(2,28) = 68.57, p<0.001, n*=0.83)and Y (F
(2,28) = 27.80, p<0.001, n*> = 0.67) dimensions; which means that, in both groups, the gaze-
centred hypometria increased when the eccentricity of targets increased.

There was also a significant interaction between Visual field and Group (F(1,14) = 6.42,

p =0.024, W =0.31) along the X dimension (this was not the case along the Y dimension: F
(1,14) = 1.27, p = 0.28, 1* = 0.083), reflecting that the horizontal pointing bias was smaller for
the experts compared to the beginners jugglers but only within the upper visual field.

Comparison of inter-individual variability of pointing accuracy across
groups and visual fields

In order to assess whether the better pointing accuracy of the expert group in the upper visual
field, specific to the horizontal dimension, was a homogenous characteristic among the
experts, we compared the inter-individual behavioural homogeneity within groups. This anal-
ysis revealed that experts exhibited much less between-subject variability than beginners (see
Fig 4). To evaluate this effect, the different targets were used to run a repeated measure ANO-
VAs on the inter-individual standard deviation along the X and the Y dimensions, with Group
(beginners/experts) and Visual field (upper/lower) as factors. We found a significant main
effect of Group along the X dimension (F(1, 16) = 34.27, p<0.001, 1 = 0.68) and the Y dimen-
sion (F(1, 16) = 21.04, p<0.001, 1% = 0.57). There was no main effect of Visual field (X dimen-
sion: F(1, 16) = 0.43, p = 0.52, 1> = 0.026 and Y dimension F(1, 16) = 1.20, p = 0.29, n* = 0.070)
and no interaction (X dimension: F(1, 16) = 1,10, p = 0.31, 1* = 0.064 and Y dimension F(1,
16) = 1.33, p = 0.27, 1> = 0.077).
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Fig 4. Mean pointing error per target and group (green dot for beginners and red dot for experts) and inter-
individual variability (green ellipse for beginners and red ellipse for experts). The black arrows drawn from the
mean endpoints of beginners to those of experts show a pointing accuracy gain toward the targets (black dots) for
juggling experts in the upper visual field.

https://doi.org/10.1371/journal.pone.0306630.g004
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This substantial decrease of inter-individual standard deviation among the experts com-
pared to the beginners suggested that the individuals of the experts group had a more homoge-
nous peripheral pointing accuracy across visual fields.

Discussion

Neuroimaging studies have shown that learning to juggle induces white and grey matter
hypertrophy at the posterior IPS [6-8, 10]. Damage to the posterior IPS leads to optic ataxia
(OA), a clinical condition typically affecting reaching in peripheral vision while fixating
straight-ahead [15, 17, 18, 30, 31]. More precisely, OA patients display an increase in mean
accuracy bias in the contralesional visual field with more pointing variability when they use
their contralesional hand [17, 18]. Increased motor variability is frequent in clinical conditions
for movements made by the contralesional limb irrespective of lesion localization. It is there-
fore assumed that this parameter reflects a general motor noise non-specific to OA. In con-
trast, gaze-related peripheral pointing bias appeared specific to posterior IPS lesion and optic
ataxia [17, 18, 31]. We, therefore, predicted that expert jugglers would present a smaller point-
ing bias, i.e. a better accuracy in a peripheral pointing task, specifically in the upper visual
field. As a matter of facts, this localization corresponds to their trained experience of tracking
the balls’ trajectory zenith positions while fixating straight-ahead.

Our experiment yielded three main results. First, the individual pointing variability did not
differ between experts and beginners, neither globally nor in any sector of space. Second, and
in contrast, the mean pointing accuracy was better for expert jugglers for peripheral pointing
within the upper visual field (Fig 3). Third, further analyses showed that individuals of the
expert group also point more homogeneously than beginners: inter-individual variability of
pointing accuracy was smaller across both the lower and upper visual fields in the expert
group. Altogether, these results support the idea of a specific pointing pattern in expert jugglers
whose characteristic is to be asymmetrical with a better accuracy in the upper visual field than
in the lower. Our interpretation of this vertically-asymmetrical pattern is that their ability of
positional encoding in peripheral space has been calibrated by practicing the “third eye” moni-
toring of balls zenith positions during juggling.

The posterior IPS pertains to the dorsal visual stream, whose functional role in spatial
representation/attention (« Where »: spatial perception) versus action programming/intention
(« How »: visual-to-motor transformation) remains debated [13, 32-36]. We can speculate
that if, according to Milner & Goodale [11, 12] theoretical dual-stream model, the dorsal visual
stream is dedicated to action, then the posterior IPS-based juggling expertise would corre-
spond to their smaller motor noise in juggling (attested by the elbow/shoulder amplitude ratio,
the smaller area of center of pressure, and the smaller volume of ball positions) that would
have transferred to pointing. In contrast, experts exhibited pointing variability similar to
beginners. Alternatively, the dorsal visual stream has been more recently proposed to crucially
improve pointing accuracy in peripheral vision via a representation of space that compensates
for its under-representation in other visual areas [18]. Such improvement of spatial resolution
in visual periphery is observed with covert attention [37], also relying on the IPS (dorsal atten-
tional network [38]), and could be beneficial for both for vision-for-action and vision-for-per-
ception. In line with this interpretation of the dorsal visual stream dedicated to spatial
processing, posterior IPS-based juggling expertise would correspond to a better accuracy of
perceptual localization [39] at peripheral positions monitored in the upper visual field while
juggling. Accordingly, the present study suggested that peripheral space processing is cali-
brated by juggling expertise, as attested by its asymmetry in favor of the upper visual field that
is transferred to (untrained) pointing task.
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Spatial accuracy in peripheral vision, both in motor or perceptual contexts, may depend on
the ability to covertly shift attention to the target area. Indeed, the IPS lesion is responsible for
reaching impairment in the contralesional visual field as well as for impaired detection [30, 40,
41] and discrimination [42, 43] of contralesional visual targets in covert orienting tasks. The
homogenous improvement of the mean pointing performance of expert jugglers along the hor-
izontal dimension could result from their trained capacity to shift attention laterally to balls’
left and right zenith positions. Adding the expertise argument to the former lesion argument,
we therefore conclude that the present study adds evidence for the involvement of the dorsal
visual stream in visuo-spatial encoding [19, 35, 39, 44-47], via its role in spatial attention
[48, 49].
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