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Abstract
Little is known about the neural correlates of lower limbs position sense, despite the impact that

proprioceptive deficits have on everyday life activities, such as posture and gait control. We used

fMRI to investigate in 30 healthy right-handed and right-footed subjects the regional distribution

of brain activity during position matching tasks performed with the right dominant and the left

nondominant foot. Along with the brain activation, we assessed the performance during both ipsi-

lateral and contralateral matching tasks. Subjects had lower errors when matching was performed

by the left nondominant foot. The fMRI analysis suggested that the significant regions responsible

for position sense are in the right parietal and frontal cortex, providing a first characterization of

the neural correlates of foot position matching.
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1 | INTRODUCTION

The perception of the body in space (Bastian, 1887; Sherrington, 1907)

plays a crucial role in the interaction with the external world by guiding

movements planning and by constantly updating the central nervous

system on limb and joint positions (van Beers, Sittig, & van Der Gon,

1999; Sober & Sabes, 2003).

Despite the impact of position sense on everyday life activities

such as posture control and walking (Bloem, Allum, Carpenter, Ver-

schuuren, & Honegger, 2002; Lajoie et al., 1996; Lord, Clark, &

Webster, 1991), the neural correlates of lower limb proprioception

have received little attention. To date, only few studies (Goble et al.,

2011, 2012; Naito et al., 2007) have investigated the neural basis of

lower limbs proprioception by focusing on proprioceptive-related activ-

ity elicited by vibro-tactile stimulation. However, this stimulus elicits an

illusion of movement, likely due to activation of the muscle spindles,

without any actual limb motion and therefore the intensity of the pro-

prioceptive sensation is not referrable to a real and measurable limb

position (Han, Waddington, Adams, Anson, & Liu, 2016; Kenzie, Ben-

Shabat, Lamp, Dukelow, & Carey, 2017). Conversely, limb matching

tasks provide a validated and efficient method to assess position sense

(Goble, 2010). Hence, we chose to study lower limb position senseMaura Casadio and Matilde Inglese contributed equally to this manuscript.
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using both ipsilateral and concurrent contralateral matching tasks. The

difference between the two proposed matching tasks is that while the

concurrent contralateral tasks involve interhemispheric transfer of

information, the ipsilateral tasks are memory-based (Elangovan, Herr-

mann, & Konczak, 2014; Goble, 2010). Two studies have investigated

the neural basis of position sense in the upper limbs using matching

tasks (Ben-Shabat, Matyas, Pell, Brodtmann, & Carey, 2015; Findlater

et al., 2016) and have identified a distributed neural network responsi-

ble for its processing. However, only the first study employed fMRI

and was performed in a small number (12) of healthy subjects and three

stroke survivors (Ben-Shabat et al., 2015). The second study, albeit

including a larger sample of patients with stroke, did not employ fMRI

sequences and, therefore, did not provide information about the neural

activity during task performance (Findlater et al., 2016). Moreover, in

both works, the authors investigated position sense during contralat-

eral matching tasks (wrist or hand). Therefore, there is a gap in our

knowledge about the neural correlates of ipsilateral matching task.

With regard to behavioral outcomes, contralateral matching tasks

have shown higher matching error magnitude with respect to ipsilateral

tasks both for the upper (Goble, 2010; Goble & Brown, 2008) and

lower (Forestier & Bonnetblanc, 2006; Mildren & Bent, 2016; Yasuda,

Sato, Iimura, & Iwata, 2014) limbs.

Other behavioral studies focused on the upper limb have demon-

strated a left dominance in position sense processing during ipsilateral

and contralateral matching tasks (Goble, Lewis, & Brown, 2006; Goble

& Brown, 2008) and this proprioceptive asymmetry was associated

with differences in performance and control strategies between the

two arms (Sainburg, 2002; Sainburg & Schaefer, 2004).

Han, Anson, Waddington, and Adams (2013) and Symes, Wadding-

ton, and Adams (2010) have suggested a better proprioceptive acuity

on the nonpreferred side across different joints and anatomical regions

for both upper and lower limb. However, the correlation between left

nondominant and right dominant limb proprioceptive performance was

explored only in ipsilateral tasks involving active movements toward

physical stops and with a limited number of subjects. Therefore, the

side effects during matching tasks are not yet fully explored.

In summary, brain activations associated with proprioception were

investigated only at the wrist/arm level during contralateral matching

tasks or by using vibration induced illusions rather than position match-

ing methods. Limited attention was also devoted to understand at both

the behavioral and the neural level how and to what extent the asym-

metries between the proprioceptive performances of the two sides of

the body were influenced by task requirements.

We believe that a comprehensive study of foot position matching

including, at the same time, its neural and behavioral correlates during

both ipsilateral and contralateral matching tasks is needed to better

understand how the brain processes the lower limbs position sense

information in different matching tasks and if there are differences

with respect to the upper limbs.

Therefore, the aim of our study is to investigate the behavioral and

neural correlates of proprioceptive position sense using ipsilateral and

contralateral matching tasks during fMRI. To the best of our knowl-

edge, this is the first study characterizing the brain activations during

ipsilateral matching tasks and the first investigation of the neural corre-

lates of lower limb position matching.

2 | MATERIALS AND METHODS

2.1 | Participants

Thirty healthy subjects (17 females, 13 males; mean age 29.264.59

years) were recruited. To be included, all subjects had to be (a) right-

handed and right-footed according to the Edinburgh (R. C. Oldfield,

1971) and Waterloo (Elias, Bryden, & Bulman-Fleming, 1998) inventory

(Edinburgh: 84.6615.9 SD, Waterloo: 11.364.6 SD, respectively); (b)

without neurologic or psychiatric illness; (c) without any previous lower

limb muscolo-skeletal injuries; (d) not practicing at a professional level

sports (like soccer, basketball, volleyball, tennis) or playing musical

instruments (like drum, piano) that extensively involve the use of the

lower limbs.

The study conforms to the standard of the declaration of Helsinki

and was approved by the institutional ethical committee. All subjects

provided written informed consent prior to participation into the study.

2.2 | Experimental setup

All the tasks were performed with a custom-made MR-compatible pas-

sive device (Fig. 1A, B) allowing for independent movements of each

foot in the sagittal plane, while preventing the transmission of signifi-

cant motion to the head (Iandolo et al., 2015). The subject laid down

supine in the magnet: the thighs were supported by a platform with

adjustable inclination and the feet secured to two independent mobile

platforms. These three platforms allowed the motion of the lower limb

joints only in the sagittal plane. While the thighs platform was kept

fixed in the most comfortable position for the subjects, the foot plat-

forms could rotate. The axis of rotation of each platform was posi-

tioned under the foot at the ankle level. Each platform rotation angle

was sampled at 100 Hz using custom-built incremental optical

encoders. The accuracy of the encoders was 0.258. The two foot plat-

forms and the thigh support could slide on four rails, allowing adjust-

ments with respect to different subjects’ anthropometries.

All subjects were positioned in the device with the foot oriented at

908 with respect to the legs (Fig. 1C, REF position). In this way, the

upward rotation of the platform with respect to this reference position

required the ankle dorsiflexion while the downward rotations required

the ankle plantar-flexion.

The foot platforms could be locked at four predefined positions,

each separated by 78 from the nearest positions (Fig. 1C): the REF posi-

tion, DF7 with the foot platform rotated by 78 in the dorsiflexion range,

PF7 and PF14 with the foot platform rotated of 78 and 148, respectively,

in the plantar-flexion range. We tested two positions in the plantar-

flexion range because the plantar-flexion range of motion is larger than

the dorsi-flexion (Grimston, Nigg, Hanley, & Engsberg, 1993).

Each trial started with both feet in a baseline resting position

(baseline, BAS). The range spanned between the BAS position and the

furthest position in the dorsi-flexion range (DF7) was 358.
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2.3 | Experimental design: Motor and matching tasks

To investigate the neural basis of position sense, we asked the subject

to perform ipsilateral and contralateral matching tasks during fMRI. In

addition, subjects performed unilateral and bilateral active motor tasks

involving the same movements needed to complete the matching tasks.

In both the active motor tasks and matching tasks, we used a block

fMRI design with 4 blocks of rest (30 s each) alternated with 4 blocks

of foot movements for the motor task and 6 blocks of rest alternated

with 6 blocks of position matching for the proprioception task. All sub-

jects performed the following tasks (Fig. 1D):

a Unilateral and bilateral active motor tasks. Subjects actively moved

in the sagittal plane the right dominant foot (ACTIVE UNILAT) or

both feet in phase (ACTIVE BILAT), by synchronizing with a metro-

nome set at 1 Hz. Thus, subjects performed about 30 dorsi-plantar

flexion movements in the sagittal plane during each block. The

auditory cues were delivered by using MR compatible pneumatic

headphones (Stereo Builders Kit, Scan Sound Inc., Florida, USA).

We did not impose any range of motion but we asked subjects to

reach the maximum dorsi-plantar-flexion movement they could

achieve comfortably while following the metronome rate.

b Ipsilateral matching task (IMA). The operator passively moved the

right dominant (IMA-R) or the left non-dominant (IMA-L) foot

from the starting position (Fig. 1C, BAS) to one of the four target

positions described above in Section 2.2. After the operator repo-

sitioned the foot in the BAS position, subjects had to match the

previous position with the same foot and to go back in to the BAS

position. In each of the six blocks of this task (30 s), the operator

presented three target positions, thus subjects performed 18 ipsi-

lateral matching (3 targets 3 6 blocks). Each target position was

reached at least 4 times and the order of the targets’ presentation

was pseudo-random. The task was performed with both the right

dominant and the left nondominant foot.

c Contralateral matching task (CMA). An operator moved a foot to

one of the same four positions as in IMA task. The subject had to

reach the selected position with the contralateral foot. When the

subject reached the position, both feet were repositioned in the

BAS location, than the operator moved the foot to another inclina-

tion value. With CMA-R, we indicated the contralateral matching

task with the right dominant foot actively moved and with CMA-L,

the contralateral task with the left nondominant foot actively

moved.

For all the matching tasks, we asked the subjects to perform the match-

ing trial with a single movement, that is, without corrections while

approaching the target. Once the participants reached the intended

matching position, we asked them to maintain it for 1 s before coming

back to the baseline position. Subjects were required to keep their

FIGURE 1 (a) Custom-made MR compatible passive device used during the fMRI experimental protocol. The numbers indicate (1) the
adjustable thigh platform; (2) the foot platforms that allow for each foot independent one degree-of-freedom movement in the sagittal
plane; (3) the two rails (two per each side) that allow the thigh platform and the foot platforms to slide relative to one another in order to
fit different subjects’ anthropometries; (4) the MR compatible optical encoder was attached to each platform axis of rotation. (b) An over-
view of the subject’ positioning while performing a task outside the MR environment. The thighs and the feet were firmly strapped to the
corresponding platform with velcro straps. (c) The four presented platform positions (PF14, PF7, REF, and DF7) that the subjects were
required to match during each proprioceptive task. The gap among the four positions is 78. These four presented positions were defined in
relation to the anatomical REF position where the legs are 908 oriented with respect to the foot. The angle values on the right show the
rotation values of the platform with respect to the BAS position. BAS refers to the starting position from which each trial started. BAS was
also used as starting position for the two active motor tasks. (d) Task-fMRI protocols during motor and matching tasks. Rest and block dura-
tion were 30 s each. Tasks were randomized across subjects
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eyes closed. The order of presentation of the tasks was randomized

across the subject population to minimize potential order effects.

The number of times each target was presented was the same in

contralateral and ipsilateral matching tasks and was set to keep the

duration of the entire experimental session tolerable for the subjects.

Matching tasks were two minutes longer than the motor tasks. With 6

min block-design, four repetitions per target position were possible.

Indeed, during the matching tasks, three targets were presented in

each of the six blocks. Thus, we could present subjects with the mini-

mum number of target repetitions needed to compute the variable

error (Section 2.4). Subjects did not receive any feedback of their per-

formance. The entire MRI experimental session lasted about 50 min.

To familiarize with the experiment, all subjects performed the

motor and matching tasks within 2 days before MRI acquisition. The

entire experimental session was performed outside the MR room with

the same setup used in the MRI setting. During this familiarization ses-

sion, we collected bilaterally the surface electromyographic activity

(EMG) from the tibialis anterior to verify the absence of voluntary con-

tractions during the passive movements of the matching tasks (see

Supporting Information for further details about the EMG analysis and

the related results).

2.4 | Behavioral data analysis

The matching performance inside the MRI scanner was assessed with

the following parameters (Forestier & Bonnetblanc 2006; Boisgontier

& Nougier 2013; Mildren & Bent 2016):

� Constant error (CE). The difference between the target position and

the position reached by the matching foot, both measured in terms

of angular rotations of the foot platforms. The obtained values were

averaged across the repetitions (four for each target) and across the

four target positions to compute an indicator of the overall perform-

ance per each subject. The CE represents the systematic error. A

negative value resulted in undershooting of the target position, a

positive value in an overshoot. If the CE is null there is no systematic

error.

� Variable error (VE). The standard deviation of the matching positions

per each of the four targets was computed. Then, the obtained val-

ues were averaged across the four targets to obtain a single metric

per each subject. This indicator explains the trial-by-trial variability.

The effect of the body side, that is, the actively moving foot (left

nondominant vs right dominant), the task (ipsilateral vs contralateral),

and the four different foot positions (7DF, REF, 7PF, 14PF) were

tested on both parameters (CE and VE) with repeated measures

ANOVAs (2x2x4). Then, a Tukey’s HSD post-hoc test was imple-

mented to further investigate significant differences among the four

target positions. Prior to statistical testing, the normality, the homo-

scedasticity and the sphericity of the populations were checked with

Kolmogorov–Smirnov, Levene and Mauchly’s test, respectively. The

hypothesis of normality and homoscedasticity were verified for both

the CE (Kolmogorov–Smirnov test p> .05; Levene test p> .05) and

VE (Kolmogorov–Smirnov test p> .05; Levene test p> .05). The

sphericity assumption, instead, was verified for both the CE and VE

(p> .05) for all the within-subjects factors (side, task, and position),

with the exception of the position factor for the CE (v2(2)548.1,

p< .0001). For the latter case, we adopted the Greenhouse–Geisser

correction (E50.57).

Finally, to further investigate the relationship between the per-

formance of right dominant and left nondominant foot (in terms of CE

and VE) during IMA and CMA tasks, we used Pearson correlation. We

applied Bonferroni correction for multiple comparisons p< .0125 was

considered significant following the correction.

2.5 | MRI acquisitions

All subjects underwent MRI at 1.5 T Signa Excite (Signa Excitep Gen-

eral Electric Healthcare, WI, USA) with 8-channels phased-array head

coil. The MRI protocol included a high-resolution (voxel size:

1 3 1 3 1 mm3) Fast Spoiled Gradient Echo (FGPR) 3-D T1-weighted

sequence for the assessment of brain anatomical structures and a

single-shot echo-planar imaging (EPI) sequence for fMRI during flexion-

extension and matching tasks. The EPI parameters were TR/

TE53000/60 ms, matrix size564 3 64, FOV5240 mm2, slice

thickness54 mm, pixel size53.75 mm2.

2.6 | fMRI data preprocessing

Initial preprocessing step of despiking (detection and reduction of

extreme time series outliers by fitting a smooth curve insensitive to

extreme outliers to the data) were performed in AFNI (https://afni.

nimh.nih.gov) (Cox, 1996). Nonbrain removal was performed with

FreeSurfer skull stripping (S�egonne et al., 2004). All other prepro-

cessing steps were performed using FSL (FMRIB’s Software Library,

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki) (Jenkinson, Beckmann, Behrens,

Woolrich, & Smith, 2012; Smith et al., 2004) as implemented in

FEAT (Woolrich, Ripley, Brady, & Smith, 2001; Woolrich et al.,

2009), including removal of the first 3 volumes, motion correction

using MCFLIRT (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MCFLIRT) (Jen-

kinson, Bannister, Brady, & Smith, 2002), slice-timing correction for

regular ascending acquisition (using Fourier-space time series phase-

shifting), spatial smoothing (Gaussian kernel, FWHM56 mm), grand-

mean intensity normalization of all volumes by a single multiplicative

factor, and high-pass temporal filtering (Gaussian-weighted least-

squares straight line fitting, sigma530 s). To investigate the possible

presence of unexpected artifacts an ICA-based exploratory data

analysis was carried out using MELODIC (https://fsl.fmrib.ox.ac.uk/

fsl/fslwiki/MELODIC) (Beckmann & Smith, 2004). Nuisance signal

from white matter (WM) and cerebrospinal fluid (CSF) was calcu-

lated by segmenting T1-weighted images with FAST (Zhang, Brady,

& Smith, 2001), then registering the resulting WM and CSF masks

to functional space and averaging the raw time series within each

mask (Saiote et al., 2016). Additional information regarding the esti-

mation of subjects’ head motion during the fMRI experimental ses-

sions can be found in the Supporting Information.
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2.7 | fMRI analysis

To detect task-related activity, one explanatory variable (EV) was

defined to model the On–Off periods of the task for each run (ACTIVE

UNILAT and ACTIVE BILAT motor tasks, IMA-R, IMA-L, CMA-R, CMA-

L) and convolved with the hemodynamic response function (HRF). The

24 motion parameters calculated during motion correction were added

as confound EVs. Mean CSF and WM signals were added to the gen-

eral linear model (GLM) as covariates of no interest.

Boundary-based registration BBR (Greve & Fischl, 2009) was used

to register each individual functional data to the corresponding T1-

weighted brain image. Then, linear affine 12 degree of freedom regis-

tration was performed to register each subject’s T1-weighted brain to

the standard space (MNI152 brain template, voxel size: 2 mm3) (Jenkin-

son et al., 2002).

To model group mean activation one-sample t-test was used per

each task (6 group mean activation in total, one per each of the task

performed, 2 motor and 4 matching tasks).

To investigate differences in the neural correlates of the matching

tasks, we compared the tasks performed with the left nondominant

and right dominant foot using two-sample paired t tests (IMA-R vs

IMA-L, CMA-R vs CMA-L). To strictly investigate position sense-

related activity, we further chose to contrast the matching tasks neural

response with the purely active motor neural response, using two-

sample t tests (IMA-R>ACTIVE UNILAT, CMA-R>ACTIVE BILAT,

and CMA-L>ACTIVE BILAT). Results were converted to Z values and

then thresholded at Z�3.1 for cluster formation, followed by with a

significance threshold of p5 .0001 (cluster corrected using Gaussian

Random Field Theory). In all the different group level analysis, we

added sex and age as covariates.

These threshold and p value were used to control for the spread of

false-positive rate (Eklund, Nichols, & Knutsson, 2016; Woo, Krishnan,

& Wager, 2014). Peaks of activation showed in the tables were com-

puted with the SPM anatomical toolbox (Eickhoff et al., 2005, 2007).

The correlations between brain activations resulting from the

matching tasks and the behavioral measures CE and VE were modeled

separately, with age and sex as covariates. Z-maps were thresholded at

Z�3.1 for cluster formation, followed by with a significance threshold

of p5 .0001 (cluster corrected using Gaussian Random Field Theory).

To better characterize the correlation between brain activity

and behavioral metrics, CE and VE values were correlated with the

mean Percent Signal Change (PSC) averaged within regions of inter-

est (ROIs) such as right SMG (supramargynal gyrus), S1 (primary

somatosensory cortex), and SPL (superior parietal lobe) whose acti-

vation has been associated with matching tasks, both in the litera-

ture (Ben-Shabat et al., 2015) and in our study. The ROIs were

created from the FSL’s Juelich histological atlas. The Featquery soft-

ware (as part of FSL) was used to register the ROIs in each subject’s

native space and to calculate the mean PSC in the significant

regions (Goble et al., 2011; Mather, Lighthall, Nga, & Gorlick, 2010).

Then, for each subject, the association between the mean PSC and

the behavioral metrics (CE and VE) was calculated using Pearson

correlation’s coefficient.

2.8 | Laterality index

To assess the potential hemispheric dominance for the lower limb posi-

tion sense during contralateral matching tasks, the laterality index (LI)

was computed accordingly to the method described for the upper limbs

position sense brain dominance (Ben-Shabat et al., 2015). The contrast

of CMA and ACTIVE BILAT motor task resulted in two clusters of sig-

nificant activation in the right hemisphere (different areas of the parie-

tal lobe and the frontal gyri, see Section 3). First, these areas were

mirrored on the opposite hemisphere. Then, per each subject and

region of interest, a mean maximum activation value was computed

(the mean of the 5% of voxels showing the highest level of activation

in the ROI). Finally, a threshold defined as 50% of this mean value was

calculated and only voxels that exceeded this threshold were used for

the LI calculation with the following formula, as defined in Fern�andez

et al. (2001):

LI5

P
VXl2

P
VXrP

VXl1
P

VXr

where V is the set of activated voxels in the region of interest, Xl and

Xr are the t values for the suprathreshold left and right hemisphere

voxels. As defined in Jansen et al. (2006), an LI value 0.2 indicates a left

hemispheric dominance while lower than 20.2 a right hemispheric

dominance.

3 | RESULTS

All subjects performed the following tasks: (i) unilateral (right dominant

foot only) and bilateral active motor task; (ii) ipsilateral matching tasks,

where the subjects had to remember the foot position to match; (iii)

contralateral matching tasks, where subjects had to concurrently match

with one foot the position of the other one. The matching tasks were

performed with both right dominant and left nondominant foot.

3.1 | Behavioral assessment

As for the CE (Fig. 2A), the 3-way repeated measures ANOVA high-

lighted a significant difference for all factors, task, body side, and target

position. Subjects tended to overshoot the target positions (i.e., the CE

was positive, see Fig. 2A). Most subjects exhibited a greater CE (F

(1,29)57.41; p5 .011) while performing the tasks with the active

motion of the right dominant foot (8.1163.278 SD) compared to the

left nondominant foot (6.7863.468 SD).

Target overshooting was larger (F(1,29)518.54; p< .001) during

contralateral tasks (8.3963.308 SD) than during ipsilateral tasks

(6.5063.398 SD). The CE was significantly different across the four dif-

ferent target positions (F(1.7,49.5)54.61; p5 .019; E50.57, Green-

house–Geisser corrected). Specifically, the error at position PF14 was

greater than at the positions REF and DF7 (see post-hoc analysis in

Table 1).

As for the VE (Fig. 2B), there was no significant effect of the task

(p5 .981) and of the body side (p5 .220). The position factor was sig-

nificant (F(3,87)56.06; p< .001), that is, the VE was lower for the DF7

position than for the other three target positions (see post-hoc analysis
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in Table 1). No significant interaction effects among the factors were

found (p> .05) for both CE and VE indicators. Our subjects’ population

overshot the target position in almost all matching trials. Therefore, the

signed measures of the error performance, the absolute error (AE), and

the constant error (CE) led to the same result and they contained the

same information about hemispheric lateralization (see Supporting

Information for additional details about the AE and for a further

description on how the CE values could change in relation to the envi-

ronment, to different subjects’ body position and to a temporal con-

straint induced during matching task performance).

We further investigated the side-effect observed in these match-

ing tasks by looking at the correlation of the performance of the domi-

nant and nondominant foot (see Fig.2C,D). The analysis for the CE

parameter revealed a significant correlation (r5 .73, p< .0001)

between the performance of the left nondominant and the right domi-

nant matching foot in the IMA tasks, but not in the CMA (r5 .30,

p5 .11). As for the VE, there are no significant relationships either for

IMA-R and IMA-L (r50.22, p5 .24) or for CMA-R and CMA-L

(r50.12, p50.52).

3.2 | Brain activations during matching and motor

tasks

The active movement of the right dominant foot in the sagittal plane

resulted in significant activations in the contralateral left primary motor

cortex (M1), premotor cortex (PMC), putamen (PUT), insula (INS), S1,

FIGURE 2 (a,b) Constant error (CE) and variable error (VE) for the four target angular positions (DF7, REF, PF14, and PF7) presented
during the matching tasks. Error bars represent the standard error (mean6 SE). (c,d) The scatterplots show the CE during IMA-L versus
IMA-R (left panel) and CMA-R versus CMA-L (right panel), respectively. The black solid lines are regression lines with their 95% confidence
interval. The dotted gray lines indicate equal performance in the two conditions

TABLE 1 Post-hoc analysis (Tukey’s HSD test) on the position factor

P values

DF7 vs REF DF7 vs PF7 DF7 vs PF14 PF7 vs REF PF14 vs REF PF14 vs PF7

CE 0.987 0.132 0.011 0.254 0.027 0.753

VE 0.005 0.002 0.009 0.991 0.998 0.966
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TABLE 2 Peaks of activation during matching tasks

MNI coordinates (mm)

Location Cytoarchitectonic location X Y Z Z score Side

Ipsilateral right

Paracentral lobule 4a 26 232 66 8.28 L

Posterior medial frontal 28 210 66 7.44 L

Posterior medial frontal 10 26 68 5.56 R

IFG (p. Opercularis) 48 10 12 7.32 R

Middle frontal gyrus 38 46 24 5.57 R

Supramargynal gyrus PFt/PFop (IPL) 56/60 230/224 38/26 6.74/6.25 R

Inferior parietal lobule hIP2 (IPS) 46 240 48 5.65 R

Superior parietal lobule 7A (SPL) 222 256 68 5.61 L

Precuneus 5l (SPL) 212 242 67 6.95 L

Cerebellum (lobule V) 16 238 222 7.16 R

Cerebellar vermis (4/5) 2 252 26 6.17

Cerebellum (lobule VI) 236 264 224 6.53 L

Ipsilateral left

Paracentral lobule 4a 8 228 72 8.30 R

Posterior medial frontal 4 220 70 7.78 R

Posterior medial frontal 210 26 72 4.99 L

Rolandic operculum OP1 248 230 20 5.86 L

IFG (p. Opercularis) 56 16 12 5.27 R

Middle frontal gyrus 40 36 26 4.12 R

Supramargynal gyrus Pfop/PFcm (IPL) 260/248 224/234 22/24 5.74/5.96 L

Inferior parietal lobe hlP3 (IPS) 40 244 48 5.60 R

Postcentral gyrus 4p 14 240 66 5.56 R

Superior parietal lobe 7A (SPL) 218 258 62 6.08 L

Superior parietal lobe 5l 20 248 68 6.25 R

Cerebellar vermis 0 252 26 5.40

Cerebellum (VI) 32 254 230 6.37 R

Contralateral right

Paracentral lobule 4a 24 222 72 7.66 L

Paracentral lobule 4a 6 230 72 7.42 R

Posterior-medial frontal 6 214 72 6.94 R

IFG (p. Opercolaris) Area 44 46 16 0 6.83 R

Middle frontal gyrus 34 46 24 4.45 R

Supramargynal gyrus PFop (IPL) 60 224 24 6.67 R

Supramargynal gyrus PFcm (IPL) 250 238 26 4.87 L

Inferior parietal lobe hlP2 (IPS) 44 240 52 5.27 R

Superior temporal gyrus OP 1 (SII) 250 230 20 5.91 L

Postcentral gyrus 3b 12 240 70 6.12 R

Postcentral gyrus 5l (SPL) 12 252 74 4.80 R

(Continues)
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and in the cerebellum. These results were in line with those reported in

the literature (Ciccarelli et al., 2005; Francis et al., 2009; Sahyoun,

Floyer-Lea, Johansen-Berg, & Matthews, 2004). The ACTIVE BILAT

motor task resulted in bilateral activations in M1, S1, PMC, PUT, sec-

ond somatosensory cortex (S2), and the cerebellum (Jaeger et al.,

2014).

The IMA-R task activated regions in contralateral M1, PMC bilater-

ally, inferior and middle frontal gyrus (IFG and MFG), right SMG and

intra parietal sulcus (IPS), left SPL and different cerebellar areas such as

vermis, lobule V (right), and VI (left). The IMA-L task activated regions

in contralateral M1, PMC, IFG and MFG, left SMG, right and left SPL,

right S1, right IPS, vermis, and lobule VI (right) (Table 2).

The contralateral matching tasks were associated with a wide-

spread cortical activation. In addition to typical motor control areas in

both hemispheres, activations were in frontal and parietal areas: IFG

and MFG, S1, IPS, SMG, SPL the superior temporal gyrus (STG) (Find-

later et al., 2016) and in the cerebellum (Table 2).

While the comparison between the two contralateral matching

tasks (CMA-R>CMA-L and CMA-L>CMA-R) did not show any signif-

icant difference in cortical activations, the comparison between ipsilat-

eral matching tasks (IMA-R> IMA-L; IMA-L> IMA-R) revealed

significant BOLD signal changes (Table 3A and Fig. 3). Specifically, the

comparison IMA-R> IMA-L showed higher activation in M1, PMC, S1,

and SPL (left hemisphere) and in the lobule V of the right cerebellum.

The opposite comparison IMA-L> IMA-R showed activation in M1,

PMC, S1, SPL (right hemisphere) and in the left cerebellum (lobule V)

(Fig. 3).

3.3 | Position sense neural correlates

The following contrasts were investigated: (i) CMA-R>ACTIVE

BILAT; (ii) CMA-L>ACTIVE BILAT; (iii) IMA-R>ACTIVE UNILAT. All

the three contrasts revealed clusters of significant BOLD signal

changes in the right hemisphere (Fig. 4 and Table 3B). The CMA-

R>ACTIVE BILAT contrast resulted in two clusters of greater corti-

cal activation: the first spanned from the SMG, IPS, S1, and the SPL

while the second one MFG and superior frontal gyrus (SFG) (Fig. 4,

top row). The CMA-L>ACTIVE BILAT contrast resulted in the same

two clusters of greater cortical activation with the exception of the

MFG (Fig. 4, middle row). The last contrast IMA-R>ACTIVE UNI-

LAT resulted in one cluster of greater activation in the S1, IPL, and

the IPS (Fig. 4, bottom row).

TABLE 2 (Continued)

MNI coordinates (mm)

Location Cytoarchitectonic location X Y Z Z score Side

Superior parietal lobe 5l (SPL) 218 256 68 5.45 L

Cerebellum (lobule VI) 230 262 228 6.47 L

Cerebellum (lobule III) 16 236 224 6.36 R

Cerebellum (lobule VIII) 238 258 250 5.96 L

Cerebellar vermis (4/5) 0 248 212 6.73

Contralateral left

Paracentral lobule 4a 28 226 72 7.21 L

Paracentral lobule 4a 6 230 68 7.13 R

Posterior-medial frontal 8 216 72 6.79 R

IFG (p. Opercularis) 56 12 8 5.23 R

Supramargynal gyrus PFcm/Pfop (IPL) 58/62 232/226 30/26 6.19/6.06 R

Supramargynal gyrus hIP2 (IPS) 46 240 34 6.12 R

Supramargynal gyrus PFcm/PF (IPL) 250/262 234/240 24/34 5.01/4.88 L

Superior temporal gyrus PFcm (IPL) 250 232 20 4.23 L

Rolandic operculum 246 0 10 4.82 L

Postcentral gyrus 5l (SPL) 14 2252 74 5.93 R

Paracentral lobule 3b 10 240 66 5.71 R

Precuneus 5l (SPL) 212 246 70 6.31 L

Cerebellum (lobule IV–V) 18 236 224 6.32 R

Cerebellum (lobule IV–V) 228 236 230 6.22 L

Cerebellum (lobule VI) 230 270 224 5.92 L

Cerebellar vermis (4/5) 22 248 28 6.25

1936 | IANDOLO ET AL.



TABLE 3 (A) Peak of activations of the comparisons between ipsilateral matching with right and left foot (IMA-R> IMA-L and IMA-L> IMA-
R). (B) Neural correlates of position sense: peak of activations revealed by the contrasts between matching and motor task

MNI coordinates (mm)

Location Cytoarchitectonic location X Y Z Z score Side

A. Ipsilateral matching tasks comparisons

IMA-R> IMA-L

Paracentral lobule 4a 26 236 66 7.07 L

Precuneus 5L (SPL) 214 252 72 4.02 L

Precentral gyrus 214 216 68 4.26 L

Postcentral gyrus 2 226 242 66 3.12 L

Cerebellum (lobule V) 16 238 224 6.45 R

IMA-L> IMA-R

Paracentral lobule 4a 10 232 74 7.49 R

Superior parietal lobule 5L (SPL) 18 252 72 3.91 R

Precentral gyrus 18 218 76 4.54 R

Postcentral gyrus 2 26 241 66 3.23 R

Cerebellum (lobule V) 218 238 224 6.56 L

B. Matching>Motor tasks contrasts

CMA-R>Active bilat

Precuneus 7A (SPL) 12 262 60 5.39 R

Precuneus 7P (SPL) 12 270 56 4.57 R

Superior parietal lobule 7PC (SPL) 42 250 60 5.19 R

Inferior parietal lobule PFm (IPL) 56 248 50 5.11 R

Inferior parietal lobule hIP3 (IPS) 36 246 48 4.71 R

Postcentral gyrus 2 46 232 48 4.61 R

Superior frontal gyrus 24 2 56 4.99 R

Middle frontal gyrus 48 12 44 4.37 R

CMA-L>Active bilat

Inferior parietal lobule PFt (IPL) 50 234 46 5.13 R

Inferior parietal lobule hIP3 (IPS) 36 244 48 5.02 R

Inferior parietal lobule hIP2 (IPS) 48 238 54 4.71 R

Inferior parietal lobule 2 40 236 46 4.69 R

Superior parietal lobule 7PC (SPL) 44 246 58 4.88 R

Superior frontal gyrus 26 2 64 4.66 R

IMA-R>Active unilat

Supramargynal gyrus hIP2 (IPS) 54 236 42 4.49 R

Supramargynal gyrus Pft (IPL) 52 234 48 4.11 R

Inferior parietal lobule hIP3 (IPS) 40 244 42 3.91 R

Inferior parietal lobule hIP1 (IPS) 36 248 42 3.89 R

Supramargynal gyrus PF (IPL) 58 230 50 3.88 R

Postcentral gyrus 1 48 234 56 3.22 R
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3.4 | Brain behavior correlation during matching tasks

The correlation analysis between CE, VE, and brain activity during the

ipsilateral and contralateral matching tasks did not show any statisti-

cally significant association. However, when the correlation analysis

was restricted to the areas of interest, a statistically significant negative

correlation was found between mean BOLD PSC in right S1 and VE

during CMA-R (r52.39; p5 .03) and between the mean BOLD PSC in

right SPL and VE during CMA-L (r52.42; p5 .02).

3.5 | Brain activity lateralization during contralateral

matching tasks

To evaluate the degree of lateralization during the contralateral match-

ing tasks, we computed the laterality index for the two frontal and pari-

etal activation clusters resulting from the contrast between both the

CMA-R and CMA-L and the ACTIVE BILAT motor task. The LI parame-

ter was lower than 20.2 for the two clusters during both CMA tasks

(for CMA-R 20.3760.29 SD and 20.3560.37 SD while for CMA-L

20.2660.31 SD and 20.2760.31 SD, for frontal and parietal lobe,

respectively, see Fig. 5), exceeding the value indicated by (Ben-Shabat

et al., 2015; Jansen et al., 2006) as threshold for right hemisphere activ-

ity lateralization.

FIGURE 3 Clusters of neural activity (cluster corrected, Z � 3.1, p< .0001) rendered on a standard MNI T1 template for the comparisons
IMA-R> IMA-L (red-yellow) and IMA-L> IMA-R (blue) for lower limbs position sense. SPL (superior parietal lobe), M1 (primary motor cor-
tex), PMC (premotor cortex), S1 (primary somatosensory cortex), lobule V of the cerebellum. Activation areas highlighted a mirror symmetric
pattern with respect to the brain midline. Sagittal view represents left hemisphere

FIGURE 4 Clusters of higher neural activity during the contrast
between matching and motor active tasks. Top row: CMA-
R>ACTIVE BILAT shows clusters of increased brain activation in
IPL, IPS, SPL, S1, MFG, and SFG (red-yellow). Middle row: CMA-
L>ACTIVE BILAT shows clusters of increased brain activation in
IPL, IPS, SPL, S1, and SFG (red-yellow). Bottom row: IMA-
R>ACTIVE UNILAT shows clusters of increased brain activity in
S1, IPL, and IPS (red-yellow). For all the contrasts, activation clus-
ters are in the right hemisphere. All the results are cluster cor-
rected for multiple comparisons (Z � 3.1, p<0.0001) and are
shown overlaid on the MNI T1 template

FIGURE 5 Proprioception-related brain activation assessed by the
LI indicator. The LI was calculated for both the CMA-R (white) and
CMA-L tasks (black) (mean6 SE, adimensional indicator). Values
below 20.2 represents right hemisphere dominance (Jansen et al.,
2006). The LI values were calculated in the significant activation
clusters spanning the parietal lobe and the frontal gyri after CMA-
R>ACTIVE BILAT and CMA-L>ACTIVE BILAT contrasts

1938 | IANDOLO ET AL.



4 | DISCUSSION

To our knowledge, this is the first study aiming at investigating both

behavioral performance and neural correlates of position sense during

lower limb matching and the first characterizing the brain activations

during ipsilateral matching tasks.

As for the neural correlates, we found a significant increase in the

brain activity of right parietal and frontal areas during both CMA-R and

CMA-L tasks, while the brain activation was clustered in the right parie-

tal areas during IMA-R. Furthermore, the right hemisphere lateralization

was supported by the values of the laterality index that, during both

CMA tasks, was <20.2 demonstrating the right hemisphere dominance

during proprioceptive position sense. As for the behavioral results, sub-

jects exhibited smaller systematic error when performing the matching

tasks with the left nondominant foot during both ipsilateral and contra-

lateral matching. In addition, we found a significant positive correlation

between the CE measures during IMA-R and IMA-L tasks, but no corre-

lation for the CE during CMA-R and CMA-L tasks.

4.1 | Behavioral assessment

All subjects showed a tendency to overshoot the target positions dur-

ing all matching tasks. The performance in terms of CE was better

when the matching tasks were performed with the left nondominant

foot. This is in accordance with the results of previous behavioral stud-

ies on upper limb position sense, demonstrating a left limb dominance

in matching tasks (Goble et al., 2006; Goble & Brown, 2007, 2008)

right-handed subjects. This matching dominance is mirrored in left-

handed individuals where their performance is better with the right

elbow (Goble, Noble, & Brown, 2009). A number of studies by Sainburg

et al. (Bagesteiro & Sainburg, 2002; Schaefer, Mutha, Haaland, & Sain-

burg, 2012; Wang & Sainburg, 2007) proposed, as explanation of the

upper limb asymmetry, that the dominant arm may use preferentially

feedforward control and be more accurate when matching targets with

a predominant visual nature, whereas nondominant limbs may use pref-

erentially feedback control and be more accurate when matching tar-

gets with a predominant proprioceptive nature (Goble & Brown, 2008).

Some studies (B€utefisch et al., 2000; Diedrichsen, White, Newman,

& Lally, 2010; Goble et al., 2009; Song, Lee, Schaefer, & Schweighofer,

2016) proposed that the different upper limb behavioral and control

strategies between the two arms could be induced by a differential

limb use in everyday life activities. However, the observation of these

asymmetries in the lower limbs, that are less specialized than the upper

limbs in people who did not practice sports (soccer, tennis, basketball,

volleyball) at professional level and did not play any musical instrument

(drum, piano), suggests that the explanation might be not necessarily

induced by practice asymmetry.

In terms of VE, we did not find any significant difference between

the left nondominant and right dominant matching foot and between

the ipsilateral and contralateral matching task. This is in accordance

with the results for the upper limb movements, where the variability

depended on movement execution noise and increased proportionally

in relation to the strength of the motor command, that is, the effort

(Van Beers, Haggard, Wolpert, & Beers, 2004; Harris & Wolpert, 1998;

Todorov, 2004), but is independent of the matching tasks performed,

contralateral or ipsilateral, both for the upper (Goble, 2010; Goble &

Brown, 2008) and lower limbs (Mildren & Bent, 2016; Yasuda et al.,

2014).

Moreover, the proprioceptive performance both in terms of CE

and VE (Table 1) depended on the presented target positions. Interest-

ingly, the CE and VE were different in the positions that, with respect

to the REF position, required a plantar-flexion or a dorsi-flexion move-

ment (PF14 vs DF7, respectively). This behavioral outcome on the two

different positions may support the assumption that the dorsi-flexion

movement had a different cortical representation in the primary motor

and the supplementary motor areas, with respect to plantar-flexion

movement (Trinastic et al., 2010).

In the contralateral concurrent matching tasks, errors were greater

than in ipsilateral memory-based matching tasks. This finding is consist-

ent with the results of previous works on the upper limbs (Adamo &

Martin, 2009; Goble et al., 2009; Goble, 2010; Goble & Brown, 2008).

Regarding the lower limbs, to our knowledge, only one work compared

the behavioral performance during ipsilateral and bilateral matching

tasks in terms of absolute error, focusing on the effects of different

fatigue and control conditions. The authors demonstrated that, when

fatigue was induced, the performance in ipsilateral matching was better

than in bilateral matching (Forestier & Bonnetblanc, 2006). Other stud-

ies assessed the lower limb position sense (Boisgontier & Nougier,

2013; Forestier, Teasdale, & Nougier, 2002; Mildren & Bent, 2016;

Yasuda et al., 2014), only during one matching task, either ipsilateral or

contralateral.

Han et al. (2013) further explored a side-general effect investigat-

ing the errors of the left nondominant and right dominant joints in ipsi-

lateral tasks. They found that although left side of the body had better

performance than the right side, the performances of the two sides

were correlated. Han et al. used a unilateral AMEDA test. They tested

separately each leg and focused on the extent of active movements

with eyes open. Our results confirmed their findings in a larger sample

size (30 vs 12) of neurologically intact subjects and with matching tasks

that more often are used for investigating aspects related to both sen-

sorimotor control and proprioceptive feedback (Elangovan et al., 2014;

Goble, 2010). The correlation between the left and right foot perform-

ance in our IMA tasks could be explained by the consideration that

gravity provides a basis on which the brain builds its own propriocep-

tive representation (McIntyre, Berthoz, & Lacquaniti, 1998; Pozzo,

Papaxanthis, Stapley, & Berthoz, 1998). In this view, in ipsilateral

memory-based tasks, the position of the foot can be computed with

respect to the vertical axis, corresponding to the gravity vector. This

would provide a common reference for the tasks performed unilaterally

with the left nondominant or the right dominant foot and it could

determine the observed correlation between the systematic matching

errors of right dominant and left nondominant foot. If the concurrent

contralateral tasks would use the same underlying mechanisms, we

would expect a correlation also for these tasks when comparing the

performance of right dominant and left nondominat matching foot.

Instead this is not the case, as these errors were not correlated. This
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suggests that in the concurrent contralateral tasks the subjects

weighted more the proprioceptive representation of the contralateral

foot (Soechting & Ross, 1984; Worringham, Stelmach, & Martin, 1987;

Worringham & Stelmach, 1985) than the reference provided by gravity

(i.e., subjects relied more an egocentric representation rather than the

external, geocentric reference frame). Note that CMA is a task where

the proprioceptive signals of the limbs to match are concurrently avail-

able and the subjects can directly compare the joint-related propriocep-

tive signals without referencing to an external frame. Although subjects

did not have to recompute the joint coordinates (Arnoux et al., 2017)

as they were the same for both limbs, they had to create a form of

interhemispheric remapping as they sought for a congruency of affer-

ent and efferent position signals from both hemispheres (Fautrelle,

Gueugnon, Barbieri, & Bonnetblanc, 2013; Gueugnon, Torre, Mottet, &

Bonnetblanc, 2014). It is well known that there is a complex flow of

information when subjects must coordinate two limbs in bilateral tasks

(Elangovan et al., 2014; Swinnen, 2002). This is further complicated by

attentional bias (Buckingham, Binsted, & Carey, 2010; Buckingham,

Main, & Carey, 2011) and by the different sensorimotor gains of the

two limbs (Adamo & Martin, 2009; Wong, Wilson, Kistemaker, & Grib-

ble, 2014). In other words, when matching a limb position with another,

despite the goal seems to be the same in CMA-L and CMA-R, the

movement intentions are different: the same limb in one case provides

a reference and in the other is moving. All these factors can determine

asymmetries and are associated with different forms of noise that can

explain the lack of correlation between the two CMA tasks. This is also

partially supported by evidence of asymmetries during contralateral

force matching tasks (Adamo, Scotland, & Martin, 2012; Gueugnon

et al., 2014) in right-handed individuals.

We conclude that, the difference in the correlations between the

performances of the two sides of the body during IMA and CMA tasks

suggests that when performing a CMA task subjects focus more on the

proprioceptive representation of the contralateral foot, while IMA tasks

weight more the geocentered reference frame. Therefore, these results

highlight that in matching tasks the CNS weights its sensory sources

and uses differently the related reference frames, depending on the

task requirements.

4.2 | Brain activations during matching tasks

The IMA-R and IMA-L tasks activated motor, parietal, frontal, and cere-

bellar areas. The comparison between the two ipsilateral matching

tasks showed significant clusters of brain activation in M1, PMC, S1,

SPL, and lobule V of the cerebellum. These were mirror symmetric with

respect to the brain midline.

The observed cortical activations in the SMG, IPS, IPL, and S1

are presumably associated with the processing of position sense

during ipsilateral matching tasks (i.e., these areas are significantly

active also in the contrast IMA-R>ACTIVE UNILAT). However, as

the S1, IPS, and the SPL are usually recruited during the perform-

ance of memory-based tasks (Fiehler, Burke, Engel, Bien, & R€osler,

2008; Gnadt & Andersen, 1988), the observed activation of the

parietal cortical areas could be also related to the memory

component of the proposed IMA tasks (Elangovan et al., 2014;

Goble, 2010; Goble & Brown, 2008).

During contralateral matching task, the group fMRI analysis

showed widespread activations in both hemispheres. These tasks

required a transfer of information between the two hemispheres

(Goble, 2010) and the interhemispheric remapping process (Fautrelle

et al., 2013; Gueugnon et al., 2014), which resulted in an higher com-

plexity of the tasks. Therefore, a possible explanation of the wide-

spread activation is that the greater the task complexity, the higher the

number of brain regions recruited (Lotze et al., 2000). Along with

proprioceptive-related activations in the parietal lobe (S1, SMG, IPS,

and SPL) and in the frontal gyrus, we found increased activations in the

STG and in the cerebellum. The former parietal areas, IFG, and STG are

part of the distributed network described by Findlater et al. (2016) dur-

ing a mirror symmetric contralateral matching task in the upper limbs.

Instead, the activity in the cerebellum could be related to both the pas-

sive and active movements performed during the matching tasks (Fran-

cis et al., 2009; Jaeger et al., 2014). Another possible explanation for

cerebellar activation is the involvement in the sensory feedback proc-

essing (Blakemore, Frith, & Wolpert, 2001; Wolpert, Miall, & Kawato,

1998), as also observed during the vibration stimulation (Hagura et al.,

2009; Naito et al., 2007). The comparison between the two contralat-

eral matching tasks (CMA-R and CMA-L) did not result in any signifi-

cant clusters of brain activity since these two tasks were very similar in

terms of the recruited activation areas (Table 2). Specifically, contralat-

eral matching tasks (CMA-R and CMA-L) recruited typical areas of

motor control like M1 and PMC bilaterally. Hence, these tasks acti-

vated also M1 and PMC in the hemisphere contralateral to the pas-

sively induced foot movement and these activations were comparable

to those observed during active movements. This result suggests that,

during a task involving proprioceptive targets, passive movements may

be able to induce the same activity of motor control regions that is eli-

cited by active voluntary movements.

4.3 | Brain–behavior correlation during matching tasks

The correlation analysis at the whole brain level did not show any

significant correlation during any of the matching tasks. This is not

surprising since our population consisted of young healthy subjects

with similar matching performance. However, when the correlation

analysis was restricted to selective areas of interest, two significant

negative associations were found between the PSC and the VE in

the right S1 (during CMA-R) and right SPL (during CMA-L), in partic-

ular, a higher activation level in the selected ROI correlated with the

better performance in terms of VE. Thus, the right primary somato-

sensory cortex and superior parietal lobe seem to be associated

with the VE component of the lower limbs matching performance.

This outcome is also highlighted in the study of (Findlater et al.,

2016), where these parietal areas were related with poor variability

score in the upper limbs position sense. However, in our study,

these correlations would not survive correction for multiple compari-

sons and, therefore, they must be considered as exploratory and

should be further explored on larger sample size.
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4.4 | Position sense neural correlates

We analyzed the activations resulting from the contrast between CMA

tasks (right dominant or left non-dominant foot actively moved) and

BILATERAL ACTIVE motor task as well as the activations resulting

from the contrast between the IMA-R task and the UNILATERAL

ACTIVE right dominant motor task. For all the matching tasks (CMA-R,

CMA-L, and IMA-R), all the significant clusters emerged from the con-

trasts were in the right hemisphere: the S1, SMG, SPL, IPS and in the

middle and superior frontal gyri for CMA and S1, IPS, IPL for the IMA.

Interestingly, in the contralateral matching tasks, the activations were

in the right hemisphere regardless of the foot (right dominant or left

nondominant) actively moved, as also highlighted by the LI results.

Even for the IMA-R task the cluster of activity has been found in the

right hemisphere, in particular at the level of the parietal lobe, thus con-

firming that position sense processing could effectively be located in

the right hemisphere, independently to the matching task performed

and the foot used. The IMA-L contrast with motor task was not com-

puted as subjects did not perform any active motor task with the left

nondominant foot.

The areas spanned by the two clusters obtained from the contrasts

between contralateral matching and motor active bilateral were identi-

fied also by (Findlater et al., 2016) as part of the distributed neural net-

work responsible for the position sense processing.

Some of the observed activations, in particular at the level of the

IPS, S1, SPL, IPL, SFG and MFG could be related to the attention con-

trol processing. In fact, previous studies on visuo-spatial attention

showed that the IPS and the SFG are part of the dorsal fronto-parietal

network involved in the control of visuo-spatial attention and described

as symmetric between the two hemispheres. On the other hand, the

right ventral frontoparietal network, including the temporo-parietal

junction, the MFG and IFG and the frontal operculum, is strongly later-

alized; its main function is to direct attention to sensory stimuli that are

outside the focus of processing (Corbetta, Kincade, Ollinger, McAvoy,

& Shulman, 2000; Corbetta, Kincade, & Shulman, 2002; Shulman et al.,

2010). Therefore, although part of the cortical activations we found

could be related to the control of attention, the observed asymmetry in

brain activation is more likely due to a lateralization in the sensory

feedback processing.

The lateralization of proprioceptive-related functional activity is sup-

ported by the knowledge of a right hemisphere dominance in limb move-

ment perception (Naito et al., 2005; Naito et al., 2007) and it is in line

with the findings of a recent event-related fMRI study (Ben-Shabat et al.,

2015) where subjects were required to perform contralateral matching

with their dominant and nondominant wrists. The authors reported a

dominance of the right hemisphere in the activation of the SMG.

Our study confirms and extends these findings suggesting a lateral

specialization in position sense processing not only for the upper but

also for the lower limbs for subjects with right limbs dominance. This

finding is also supported by a previous study based on tendon vibration

in the lower limb (Goble et al., 2012). This brain asymmetry might, at

least in part, explain the better matching performance when subjects

used the left nondominant foot.

This study has some limitations. First, to fully prove the specializa-

tion of the nondominant hemisphere in position sense processing for

the lower limbs, the investigation should be extended to left-dominant

subjects. Second, the absence of the unilateral active motor task with

the left foot and, consequently, of the contrast IMA-L>ACTIVE UNI-

LAT, do not permit to verify the right hemisphere dominance related to

position sense during the matching task with the left nondominant

foot.

In summary, this study is the first that provides the neural and

behavioral correlates of ipsilateral and contralateral foot position

matching tasks. Moreover, it gives additional, albeit not definitive, evi-

dence in support of the different specialization of the dominant (left

hemisphere/right limb) and nondominant systems (right hemisphere/

left limb) in motor control (Mutha, Haaland, & Sainburg, 2012; Sain-

burg, 2002, 2005).

Within this work, we also suggest that the CNS during matching

tasks might weight its sensory sources differently depending on task

requirements.

The brain lateralization for position sense processing has clinical

implications since lesions in the right parietal and frontal cortices could

be associated to deficits in position sense. Specifically, these lesions

could induce motor control impairments as deficits in balance (Morasso

& Schieppati, 1999) and gait (Lajoie et al., 1996) control, because of a

reduced mechanism of online feedback control (Casadio, Sanguineti,

Morasso, & Solaro, 2008; Desmurget et al., 2004; Smith, Brandt, &

Shadmehr, 2000; Smith & Shadmehr, 2005) and an increase of end-

point movement variability (Mani et al., 2013; Schaefer et al., 2012).

Therefore, the characterization of position sense as well as its observed

possible lateralization are of clinical relevance and need to be further

investigated in people with neurological disorders where lesion localiza-

tion and severity may affect the susceptibility to proprioceptive

deficits.
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