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Abstract 

 Following tool-use, the kinematics of free-hand movements are altered. This modified 

kinematic pattern has been taken as a behavioral hallmark of the modification induced by 

tool-use on the effector representation. Proprioceptive inputs appear central in updating the 

estimated effector state. Here we questioned whether online proprioceptive modality that is 

accessed in real time, or offline, memory-based, proprioception is responsible for this update. 

Since normal aging affects offline proprioception only, we examined a group of 60 year-old 

adults for proprioceptive acuity and movement’s kinematics when grasping an object before 

and after tool-use. As a control, participants performed the same movements with a weight -

equivalent to the tool-weight- attached to their wrist. Despite hampered offline proprioceptive 

acuity, 60 year-old participants exhibited the typical kinematic signature of tool incorporation: 

Namely, the latency of transport components peaks was longer and their amplitude reduced 

after tool-use. Instead, we observed no kinematic modifications in the control condition. In 

addition, online proprioception acuity correlated with tool incorporation, as indexed by the 

amount of kinematics changes observed after tool-use. Altogether, these findings point to the 

prominent role played by online proprioception in updating the body estimate for the motor 

control of tools.  



Introduction 

Adapting the environment to our needs often requires the use of tools. Whether for leisure or 

for work, tools are present in many aspects of our life, but their skillful control represents a 

challenge for our sensorimotor system. Imagine a surgeon using tools with different sizes. The 

control exerted over the tip of different tools ought to be accurately adapted. To achieve this 

flexible control, the state of the effector (e.g., its position, dimensions, etc.) needs to be 

continuously monitored. Such body estimate (or schema) is a critical element of motor 

control: it provides the internal model with the information needed to execute actions 

correctly 
1,2

. Furthermore, it can update this information if rapid changes of the effector occur, 

as when grabbing objects with tools that temporarily increase the size of the effector (i.e., arm 

+ tool length). It is indeed well-established that using arm-elongating tools induces a 

temporary increase of the arm-length representation, as indexed by changes in movement 

kinematics and tactile perception 
3–9

. 

In the last decade, tool-use has emerged as a valuable paradigm to investigate plasticity of the 

body representation for action 
6,10–12

. In a typical pre/post tool-use paradigm, participants are 

required to reach and grasp objects with their hand, before and after using a mechanical 

grabber that elongates their arm’s reaching capabilities. The pre-post tool-use comparison has 

consistently outlined a pattern of kinematics changes in the transport phase of the ensuing 

movements (noteworthy, without the tool), displaying smaller peaks (of acceleration, velocity 

and deceleration) and longer latencies (of the same peaks). This pattern has been taken as the 

kinematic signature of the so-called tool incorporation into the body state estimate. Indeed, 

movements performed after tool-use are akin to those observed when reaching with a 

naturally longer arm 
6,13

. Not least, the kinematic pattern generalizes to free hand movements 

that were not specifically exposed to tool-use (e.g., pointing instead of grasping 
6), as well as 

to positions not exposed to tool-use (e.g., orthogonal to tool-use 
13).  

Recent studies showed that both vision and proprioception contribute to updating the arm 

estimate following tool-use 
8,13

. Most importantly, proprioception is both sufficient and 

necessary to trigger such a plasticity, as proprioceptive deafferentation prevents updating the 

metrics of the arm estimate guiding our action 
14

. Overall, these findings point toward a 

critical role played by proprioception in lengthening the estimated metrics of the arm, which 

would thus influence subsequent movements execution, when the tool is no longer held 
11

. 



This raises the question of whether online, or memory-based proprioception is responsible for 

the changes in free hand kinematics following tool-use. While the need for a constant 

monitoring of the effector state would favor the online access hypothesis, an alternative 

possibility is that stored information is used, as tool-use effects are observable while the tool 

is no longer held. Proprioceptive information may indeed be accessed in real time (online) or, 

conversely, stored in order to be accessed later on (memory-based). This is reflected in 

different tasks for testing position sense. In the contralateral matching task, a joint 

displacement is experienced and the participant has to reproduce the joint angle with his/her 

opposite arm. In the ipsilateral matching task, the participant experiences the joint 

displacement only for a few seconds, then his/her arm is put back in the starting position and 

he/she has to reproduce the joint angle with the same arm. While the contralateral task 

typically taxes the online access to proprioceptive information, the ipsilateral task taxes the 

offline access to proprioception 
15

. Interestingly, normal aging is known to affect 

proprioception 
15,16

, but it does not affect it evenly. Old adults are reported with a deficit 

regarding mostly the offline, as compared to the online access to proprioceptive inputs 
17,18

.  

Here we leveraged this dissociation to test whether tool-use effects on kinematics are 

mediated by online or offline proprioception processes. To this aim, we first assessed upper 

limb proprioceptive sensitivity in young adults (average 25 y-old), as well as in group of old 

adults (average 60 y-old) with both ipsilateral and contralateral matching tasks. Several 

factors are at play in position matching tasks, as people may code for both joint position and 

kinaesthetic amplitude of the movements (see 
19

). For the sake of comparison, here we 

leveraged tasks that already documented the off-line/online dissociation in old adults
17,18

. 

Based on previous work 
17

 we predicted that old participants would report less accurate 

proprioception in the ipsilateral, but not in the contralateral matching task. Then, we assessed 

the same group of old participants for the emergence of the changes in movement’s 

kinematics that have been typically reported after tool-use 
11

. In line with the hypothesis that 

efficient motor control requires online monitoring of the effector state estimate, we predicted 

that typical kinematic signature of tool-use should be observed in old adults with impaired 

offline, but spared online access to proprioception. 

 



Methods 

Participants 

Twenty participants (six males and fourteen females, mean age = 60.1 ± 5.05, range 51-69) 

took part in this study. Three participants were left-handed as assessed through the Edinburgh 

Handedness Inventory 
20

. None of the participants reported neurological or psychiatric 

disorders nor peripheral vascular disease or peripheral neuropathy. All participants had a 

normal or corrected-to-normal vision and audition and a normal range of upper limb 

movements. Participants provided written informed consent prior taking part in the study, 

which was approved by the French ethics committee (Comité de Protection des Personnes 

Sud-Est IV). All experimental procedures conformed to the Helsinki declaration 
21

.  

 

Experimental design 

The experiment consisted of two sessions run over two consecutive days. A cognitive and 

proprioceptive assessment were performed on the first day, together with the first 

experimental session that could be the tool-use session or the weighted-wrist session. The 

second day was an experimental session only (tool-use or weighted-wrist), the order of 

sessions being counterbalanced across participants. As in previous work using this paradigm 

6
, the weighted-wrist session served as a within-subject control condition aimed at ruling out 

any unspecific fatigue effects due to the weight of the tool, or test-retest effects, on arm 

representation. For this reason, the weight attached to the wrist in the weighted-wrist session 

equaled the weight of the tool. If fatigue or repeated testing affects arm kinematics, this would 

be captured by this control session. 

Cognitive and proprioceptive assessment 

We assessed participants global cognitive function by administering the Mini Mental State 

Examination (MMSE) test 
22

. The mean score value was 27.5, ranging from 24 to 30, thus 

highlighting no cognitive impairment in any of our old adult participants. In addition, a 

selection of five subtests of the Rivermead Assessment of Somatosensory Performance 

(RASP) 
23

 was used to  exclude any obvious somatosensory impairment. The mean score 

value was 98.3 %, ranging from 87.5 % to 100 % of correct answers, confirming the absence 

of pathological impairment. 

Further, we assessed online and offline proprioception through the joint position matching 

task performed in remembered and concurrent tasks 
24

. As there is no standardized scale, or 



cut-off to define proprioceptive impairment, we additionally enrolled and tested both offline 

and online proprioception in a group of 20 young healthy adults (ten males and ten females, 

mean age = 25.4 ± 3.2, range 21-35). Young participants completed the proprioceptive 

assessment only. This allowed us to assess whether our old participants’ population was 

indeed impaired as compared to young participants. They also provided written informed 

consent prior taking part in the study, which was approved by the French ethics committee 

(Comité de Protection des Personnes Sud-Est IV), and all experimental procedures conformed 

to the Helsinki declaration.  

We used a custom made apparatus similar to the one of Allen et al 
25

. In this setup, 

participants are blindfolded and their forearms are strapped to lightweight paddles aligned 

with the elbow joint. An inclinometer attached to each paddle directly displayed the value of 

the angular flexion of the elbow (precision value = 0.1°).  

In the ipsilateral remembered matching task, an experimenter raised the paddle 

supporting the participant’s forearm to a target angle (20° or 40° elbow flexion from the 

initial position) in the sagittal plane, maintained this position for 5 seconds as assessed by a 

stopwatch, and returned the arm to its initial position. The participant was then required to 

reproduce the position with the same forearm, with the use of proprioceptive memory. The 

experimenter maintained a steady pace for each trial. This task was done similarly for both 

arms: Ipsilateral Remembered Right (IRR) and Ipsilateral Remembered Left (IRL).  

In the Contralateral Concurrent Matching task (CCM), a similar procedure was 

undertaken involving the passive displacement of the right forearm to a target angle (as before 

20° and 40° elbow flexion from the initial position). In this task, the dominant forearm was set 

and maintained in the target position while the participant performed the matching with 

his/her non-dominant forearm.  

In all tasks alike, each target angle was administered 6 times in a randomized order for a total 

of 12 trials per task. We used the absolute matching error value, as a measurement of 

proprioceptive acuity to compare both groups 
16

. For the three tasks, the absolute error value 

on every trial was computed as the unsigned difference between the reproduced/matched 

angular position and the reference one (20°/40°). The error values units were in angular 

degrees. 

Tool-use and weighted-wrist sessions  



The two sessions each consisted in three phases: a pre- and post- phase separated by a tool-

use or a weighted-wrist phase, all performed in a dimly illuminated and sound-attenuated 

room. Participants were comfortably seated in front of a table, on an adjustable chair, their 

dominant hand closed in a pinch-shaped grip on a starting switch. They had to reach and grasp 

a wooden block (10 * 2.5 * 5cm, weighing 96g) placed on the table at a distance of 35 cm 

along the sagittal axis, in line with participants’ right shoulder (or left shoulder for left-handed 

participants). Importantly, as in previous studies using the same paradigm 
4,6,13,26,27

, the object 

was always located inside the arm’s reaching space, thus preventing potential confounding 

effects of tool-use on space representation. 

Pre and post phases 

In the pre and post phases, participants performed two tasks: a free-hand reach-to-grasp task 

and a forearm length estimation task. While the former informs about unconscious changes in 

arm body estimate via kinematics, the latter informs about subjective, conscious changes in 

arm length representation 
13

. Free-hand reaching movements and forearm estimation tasks 

were proposed in a counterbalanced order across participants (Figure 1).  

 

 

Figure 1. Within subject design run over two consecutive days: the first day consisted of 

cognitive and proprioceptive assessments followed by either a tool-use session or a weighted-

wrist session. Curved blue arrows indicate the counterbalancing of session (tool-use and 

weighted-wrist) and the counterbalancing of pre-post tasks (free-hand reach-to-grasp 

movements and forearm length estimation) between subjects.  



In the free-hand reach-to-grasp task, participants had to reach, grasp, and lift the object with 

their dominant hand for 18 trials. At the beginning of a trial, participants were asked to keep 

their dominant hand in the starting pinch-grip position, i.e. the tips of the thumb and the index 

in contact, pressing down the starting switch located in the proximal edge of the table, facing 

the object. After a random delay (ranging between 1 and 2 seconds), an auditory ‘go’ signal 

was produced and subjects had to reach, grasp and then raise the object keeping it between 

their thumb and index fingers. Then they had to put the object back on the table and return to 

their starting position.  

In the forearm length estimation task (18 trials), blindfolded participants were asked to 

estimate the length of their dominant forearm from the elbow to the wrist. To that aim, 

starting from the switch, upon the auditory ‘go’ signal they had to slide their dominant index 

finger horizontally on the table (following a fronto-parallel axis) for a distance corresponding 

to the estimation of their forearm length.  

To remind participants of the forearm distance to reproduce, the experimenter named and 

delivered a tactile stimulation on her dominant wrist and elbow before the first trial. Once a 

trial performed, participants had to return to the starting position and wait to perform the next 

trial.   

Tool-use phase 

The tool-use phase consisted of four blocks of 12 reach-to-grasp movements using a tool (48 

trials). Participants were instructed to place the tips of the tool prongs (pinch grip) on the 

starting switch at the beginning of each trial and wait for an acoustic go signal to reach and 

grasp the object using the tool. The tool was the same used in several previous studies and 

consisted in an ergonomic handle (10 cm-long), a 30 cm-long rigid shaft and an articulated 

“hand” composed by two curved prongs with rubber allowing a stable grasp. The tool was 

controlled by squeezing the handle with the whole hand: closing the hand would close the tip 

of the prongs while opening the hand would release the grip (Figure 2). Participants were not 

allowed to train with the tool, and had never used it or seen it before the trial day. 

Weighted-wrist phase 

In the weighted-wrist phase, participants had to reach and grasp for the same object with their 

dominant hand equipped with a weight wrapped around the wrist. This task also consisted of 

four blocks of 12 trials each. The weight was a commercial gym wrist weight modified to 



equate the tool weight (300gr). As in the previous tasks, participants maintained a pinch grip 

position on the starting switch and waited for the acoustic go signal.  

 

Figure 2. Final grasping position of a free-hand (A) and tool-use (B) reach-to-grasp movement. The 

tool consisted in an ergonomic handle (10 cm-long), a 30 cm-long rigid shaft and an articulated 

“hand” composed by two curved prongs. 

Kinematic recordings and analysis 

Three infrared light emitting diodes were taped on kinematic relevant locations on 

participant’s dominant hand, namely on the thumb (inside corner of the fingernail), index 

finger (external corner of the nail), and wrist (the skin proximal to the styloid process of the 

radius). The reaching component of the movement was characterized by the kinematic 

parameters of the wrist marker, while the grip component was characterized by the distance 

between the thumb and index. Three additional markers were placed on the tool in a similar 

functional arrangement: two on the extremities of the mechanical “fingers” and one in the 

distal part of the shaft “wrist”. Spatial positions of the markers were recorded with an 

Optotrak system (Optotrak 3020, Northern Digital Inc) placed perpendicularly over the table, 

with a sampling rate of 200 Hz (0.01 mm 3D resolution at 2.25 m distance). Kinematics 

analysis of 3D movements were performed offline to obtain for each trial the amplitude and 

latency of four parameters: the peaks of wrist acceleration, velocity and deceleration 

(transport component), as well as for the peak of grip aperture (grip component). In addition, 

we measured the duration of the movement.  

Statistics  

Proprioception 



A repeated measure ANOVA was done with Group (Young/Old adults) as a between subject 

factor, and proprioceptive test Task (IRR/IRL/CCM) and Angle (20°/40°) as a within subject 

factor in order to compare the proprioceptive acuity between young and old adults.  

Kinematics  

To account for the interdependency of the kinematics parameters and movement components, 

a full factorial design permutation analysis was applied to free-hand movements, using the 

flip package on R 
28,29

. The factors were Session (Tool-use and Weighted-wrist) and Time 

(Pre- vs Post-) and their interaction to evaluate the impact of tool-use on the kinematics of 

movements performed before and after tool-use. Similar analyses were performed with the 

factors Session (Tool-use and Weighted-wrist) and Block (1st/4th) to evaluate potential 

learning effects of tool-use practicing. Importantly, the permutation analysis was designed for 

a multivariate framework. This allows to combine the significance of the kinematic 

parameters for the transport phase (amplitudes and latencies of peaks the wrist acceleration, 

velocity and deceleration) and those for the grasping phase (amplitudes and latencies of the 

grip aperture), to obtain one global p-value for each component. The global p-value is 

obtained via Nonparametric Combination (NPC 
30

) of partial p-values testing the single 

parameters. In keeping with previous work on the same paradigm and factors 
5,13

, this 

methodology accounts for dependence among tests through a nonparametric approach based 

on the joint (i.e. multivariate) permutation distribution 
28,29

.  

Length Estimation 

Because the forearm length estimation task involved only one parameter, a repeated measure 

ANOVA was performed on these data, with factors Session (Tool-use; Weighted-wrist) and 

Time (Pre- vs Post-session).  

 

Correlations 

Finally, for old participants, we performed Pearson correlations analysis between the 

proprioceptive tests and the delta of the kinematic changes between pre and post tool-use. The 

rational for this approach was to identify whether proprioceptive acuity might be linked to the 

ability to incorporate the tool, as assessed through kinematic changes after tool-use session.   

  



Results  

Online proprioception is spared in old adults 

First, we compared the proprioceptive acuity between young and old adults to ascertain 

whether our sample of old adults displayed the expected decline in the offline (IRR/IRL) as 

compared to online proprioception (CCM). Noteworthy, all participants overshot the 

reproduced or matched target position compared to the initial reference position. The repeated 

measures ANOVA performed on the proprioceptive assessment revealed a significant 

interaction between Group and proprioceptive Task (F(1,37) = 3.575, p < .033). Post hoc t-

tests confirmed the expected significant difference between groups for the IRR and IRL Task 

(IRR error for old adults = 5.34° vs for young adults = 3.18°, p < .001; IRL for old adults = 

5.62° vs for young adults = 3.37°, p < .001) and the non-significant difference for the CCM 

Task (CCM error for old adults = 6.28° vs for young adults =5.34°, p > .19). This pattern of 

results confirms the findings reported in the literature on presbypropria
15

, an alteration of 

older adult’s proprioception, affecting mostly the offline access to proprioceptive 

information
17

. Noteworthy, no significant difference was found when assessing the dominant 

vs non-dominant hand concerning the IR tasks (IR for dominant hand error = 5.57° vs for 

non-dominant hand error = 5.39°, p = .49) in old adults. 

Tool-use changes movements kinematics  

The full factorial design permutation analysis revealed that the factors Session (Tool-use and 

Weighted-wrist) and Time (Pre- vs Post-session) interacted significantly for the transport 

component (Fisher combination; K = 29.84, p = .0007) and the grip component (K= 5.95, p 

< .03). The combined p-value assessed for the tool-use session confirmed an effect of Time 

on the transport (K= 31.16, p < .0004) and grip component (K= 8.14, p < .0058). Figure 3 

shows permutations analysis performed on each parameter, which highlighted a decreased 

acceleration (t = -2.11, p < .04) and a delayed velocity (t = 4.46, p < .0001) and deceleration 

(t = 4.08, p < .0001) peaks, as well as a trend to a delayed acceleration peak and decreased 

velocity and deceleration peaks (p values < .068, .069, .057 respectively) after the use of the 

tool. In addition, the latency of the maximum grip aperture (pre = 622.65 ms vs post = 707.43 

ms; t = 3.76, p < .0005), as well as the movement duration (pre = 922.96 ms vs post = 

1036.68 ms; t = 3.43, p < .0008), were longer after the tool-use session. In sharp contrast, the 

analyses performed for the weighted-wrist control session yielded no significant effect of 

Time either on the Transport component, or on the Grip component (both p >= .1).    



 

 

Figure 3. Free-hand movement kinematics modifications after tool-use (left panel) and 

weighted-wrist session (right panel). Bar graphs illustrate the S.E.M. Asterisks denote 

significant differences between pre (yellow) and post (green).  

The forearm length estimation, as assessed via the explicit length reproduction task, was 

not affected by the factors Session (Tool-use and Weighted-wrist, F(1,19) = .002, p = .961) 

and Time (Pre- vs Post-, F(1,19) = .908, p = 353), nor by their interactions (average pre-tool 

session = 105.48 % vs average post-tool session = 108.77 % and average pre-weight session 

= 106.45 vs average post-weight session = 108.76 %, F(1,19) = .151, p = .702). 

Kinematics does not change throughout the course of tool-use  

 The full factorial design permutation analysis with factors Block (1st/4th) * Session (Tool-

use and Weighted-wrist) revealed neither significant main effects nor interaction on the 

transport component (Fisher combination; K = 7.15, p < .28) or the grip component (K= 

3.46, p < .15), ruling out any gross learning effect during sessions for this component. The 

grip component was affected during the use of the tool (k = 5.11, p < .02), as the maximum 

grip aperture decreased significantly from the first to the fourth block of trials (pre = 114.58 

mm vs post = 106.71 mm; t =-2.69; p < .006).  



Online proprioceptive acuity is correlated with kinematic changes 

To examine the potential link between proprioception acuity and the pattern of kinematic 

modifications observed after tool-use, we performed in our old population a series of Pearson 

correlations between the absolute errors participants made in the proprioceptive tests and the 

kinematic changes after tool-use (post-pre difference for each parameter). There was a highly 

significant correlation between the online proprioceptive acuity, as measured by the CCM 

task, and the difference between post minus pre tool-use on most of the kinematic parameters: 

acceleration: r = 0.802 , p < .001; velocity: r = 0.769, p < .00012; deceleration: r = 0.766, p 

<  .00013; latency of velocity: r = -0.707, p <  .00071; latency of deceleration: r = -0.665, p 

< .0019; movement time: r = -0.770, p < .00012; latency of maximum grip aperture: r = -

0.742, p < .00065 (all p values are Bonferroni corrected). As shown in Figure 4, the better 

acuity in online proprioception, the larger the changes in kinematics parameters after tool-use. 

In striking contrast, there was no significant correlation between offline proprioceptive Task 

(IRR and IRL) and the pattern of kinematic changes after tool-use (all p-values > .12).  

 

Figure 4. Correlation plots between error in CCM (Contralateral concurrent matching 

task) and the changes in kinematics induced by the tool-use session. Post minus pre difference 

in the tool-use session (Diff) are presented for each significant parameter (after Bonferroni 

correction). TP indicates the latencies to peaks. ACC, VEL and DEC denote the acceleration, 

velocity and deceleration peaks, respectively. MT denotes the total movement time and MGA 

the maximum grip aperture. 





Discussion  

In the present study, we sought to disentangle whether online or offline access to 

proprioception updates the body estimate for movement execution following tool-use. To this 

aim, we first identified a group of ‘old’ healthy adults (60 y-o) showing declined offline, but 

preserved online proprioception. We then assessed them for the emergence of the pattern of 

kinematic changes that has been previously reported following tool-use in young adults 

(average 25 years-old in 7 previous studies). The results showed that relatively old 

participants display the typical (i.e., previously reported in young adults) kinematic signature 

of tool incorporation. After tool-use, the kinematics of their free-hand reaching movement’s 

changes, showing delayed latencies and lowered peaks amplitudes. This finding extends to the 

beginning of the old age the notion that tool-use modifies the unconscious estimate of the 

bodily effector used to control motor actions. Instead, tool-use does not modify the conscious 

perception of old peoples’ body, again in keeping with what known from the young 

population 
13

. Most importantly, we found that online (but not offline) proprioceptive acuity 

correlated with the amount of the kinematics changes observed after tool-use, thus 

establishing for the first time a tight link between tool-use incorporation and real-time 

proprioceptive body state estimate. Altogether, these findings point to the prominent role 

played by online proprioception in updating the body estimate for the motor control of tools in 

old participants. 

Previous work on the assessment of proprioception acuity mainly relied on tasks that vary in 

terms of either memory requirements (offline) or interhemispheric transfer (online) 
17

. Our 

findings confirm the presence of a specific offline impairment in the old adult population, 

indexed by the ipsilateral matching task, as well as a preservation of online proprioceptive 

acuity, derived from concurrent contralateral matching task. The presence (and the nature) of 

proprioceptive decline with age is still debated, as is its potential contribution to motor control 

31
. Its presence may vary depending on what variables are measured and which tasks are used, 

as is typically not observed when assessed by visual to proprioceptive matching tasks 
32

. Yet, 

proprioceptive decline with age has been consistently reported when testing proprioceptive 

memory: the pattern we report here conforms to previous findings on the decline of the offline 

component of proprioception in healthy ageing 
15,17,32

. By using the same offline/online 

testing procedures employed by Adamo et al. 
17

, here we actually extend their results to the 

very beginning of the old age. While Adamo et al.’s study observed significant decline in 



offline proprioception in adults aged 75/76 on average 
17,33

, here we report that significant 

decline in offline proprioception can be detected in adults aged 60 on average.  

Most interesting for the scope of our study, following tool-use, old participants exhibited the 

typical kinematic signatures so far reported in young adults only. After tool-use, free hand 

reaching movements displayed protracted and lowered transport component parameters (three 

out of six parameters were significantly altered). Importantly, and also in line with previous 

work, these effects emerged specifically following tool-use. The weighted-wrist control 

session did not trigger any of such effects on movement’s kinematics. These tool specific 

kinematic modifications have been interpreted as a kinematic signature of tool incorporation 

in the effector representation, which would be represented as longer after tool-use 
6,11

. Indeed, 

similar kinematics characteristics (longer latencies, reduced amplitudes) are also observable in 

participants having a naturally longer arm when compared to shorter-armed participants’ 

movements 
6,13

. Finally, tool-use did not influence the conscious arm representation of old 

adults, as evaluated through the forearm length estimation task, as it was not affected by tool-

use. Here, we further confirm that the explicit, verbal and conscious representation of the 

body, referred as the Body Image 
34,35

, is immune to factors affecting the body representation 

for action 
13,27

. In agreement with our predictions, these findings clearly indicate that offline 

proprioception is not crucial to motor control plasticity following tool-use. Would that be the 

case, we should expect old participants with impaired offline proprioception not to display 

significant changes in their movement kinematics, or displaying changes that differ from the 

pattern repeatedly reported in young adults. Instead, their presence and the fact that both peak 

amplitudes and latencies were qualitatively affected in the same directions as in the young 

population, suggest that preserved online proprioception plays a critical role in updating our 

body state estimate. 

Among the first conceptualizations of unconscious body representations devoted to action 

control, originally called body schema, stemmed from neuropsychological observations of 

patients with various somatosensory diseases 
36. Since then, proprioception has been 

considered among the main inputs feeding this implicit body representation 
37–40

. In previous 

work, we reported that proprioceptive deafferentation may still allow fairly accurate touch 

localization on a tool 
41

, but prevents tool-use from affecting the subsequent kinematics 
14

. 

This inability to incorporate a tool at motor level, at odds with what typically shown by young 

and now old healthy participants, attests to the crucial role of proprioceptive inputs in building 

an updated representation of the motor effector. Martel and coworkers 
13

, by observing the 



same kinematic signature of tool incorporation in healthy blindfolded participants, further 

showed that proprioception is not only necessary, but also sufficient to trigger tool 

incorporation. The present results allow to step further and reveal the correlation existing 

between online proprioceptive acuity and the kinematics signature of the tool incorporation: 

the better proprioceptive acuity, the larger the extent of kinematic changes following tool-use. 

While these findings are in keeping with the role of proprioception in updating body 

representation 
37,42,43

, they concur in indicating this body representation feeds internal models 

of motor control 
1,13,14

. Our findings refine current models by suggesting that the state 

estimation of the body relies heavily on online proprioceptive inputs to monitor and update 

the represented metric of effectors. While the neural correlates of this update remain to be 

elucidated, the sensorimotor regions, as well as more posterior parietal cortices, could be 

likely candidates. Previous neuroimaging work indeed pointed to the intraparietal sulcus and 

the premotor cortex as neural correlate of the body estimate, and have more recently 

underlined the role of the somatosensory cortices in the coding of proprioception 
44,45

 and 

position sense 
46,47

.  

Here we report for the first time that having used a tool that lengthens participants’ arm 

affects the arm length representation in the old population. The presence of these plastic 

changes in old adults is in keeping with the suggestion that motor control may remain 

relatively preserved with age, as long as it concerns relatively simple movements (see, for 

review 
48

). Noteworthy, when comparing the kinematics during the tool-use sessions across 

blocks, we did not observe evidence of tool learning on the transport component. Transport 

parameters were comparable between the first and last blocks of trials. Importantly, this 

absence of gross learning effects has also been reported in previous studies 
4,6,13,26

. Here 

however, one kinematic parameter displayed signs of tool learning, namely the tool grip 

aperture, whose maximum was reduced in the last compared to the first block of trials. This 

effect is compatible with a reduced safety margin 
49

 while grasping the object as participants 

got used to the tool. Importantly though, after tool-use the hand maximum grip aperture did 

not differ from that observed before tool-use. Thus, the plastic mechanisms of tool 

incorporation that affect the transport component are likely independent from the processes of 

learning to control the tool grip aperture during tool-use. 

To conclude, here we show that 60 years-old participants display plastic changes in 

movement kinematics of their arm following tool-use, akin to those known in young adults. 

As suggested elsewhere 
13,14

 these changes may reflect the update of ‘state of affairs’ of the 



body, in particular of the effector used. Our findings clearly indicate that in old participants, 

the online readout of proprioceptive information provides a major contribution to this update. 

In addition, online proprioceptive acuity predicts the extent to which tool-use will impact 

subsequent freehand kinematics, corroborating the notion that tool incorporation relies heavily 

on ongoing processing of position sense.  

 

Acknowledgements This work was supported by the ANR-16-CE28-0015 Developmental 

Tool Mastery to ACR & AF, the IHU CeSaMe ANR-10-IBHU-0003, the ANR-19-CE37-

0005 to AF & L.E.M and it was performed within the framework of the LABEX CORTEX 

(ANR-11-LABX-0042) of Université de Lyon. We thank all participants who volunteered to 

this study. We thank JL Borach, S Alouche, S Terrones, R Makine and C Fressard for 

administrative and informatics support and F. Volland for customizing the proprioceptive 

apparatus.  

 

Author Contributions S.B., A.F., and A.C.R. designed the experiment. S.B., conducted the 

experiment. S.B., and L.E.M., analyzed the data. All authors discussed the results and wrote 

the paper  

Competing Interests: The authors declare no competing interests. 

 

  



References 
 

1. Medendorp, W. P. & Heed, T. State estimation in posterior parietal cortex: Distinct poles of 

environmental and bodily states. Prog. Neurobiol. 183, 101691 (2019). 

2. Shadmehr, R. & Krakauer, J. W. A COMPUTATIONAL NEUROANATOMY FOR MOTOR CONTROL. 

Exp. Brain Res. Exp. Hirnforsch. Exp. Cerebrale 185, 359–381 (2008). 

3. Canzoneri, E., Marzolla, M., Amoresano, A., Verni, G. & Serino, A. Amputation and prosthesis 

implantation shape body and peripersonal space representations. Sci. Rep. 3, 2844 (2013). 

4. Cardinali, L. et al. Grab an object with a tool and change your body: tool-use-dependent changes 

of body representation for action. Exp. Brain Res. 218, 259–271 (2012). 

5. Cardinali, L., Brozzoli, C., Finos, L., Roy, A. C. & Farnè, A. The rules of tool incorporation: Tool 

morpho-functional &amp; sensori-motor constraints. Cognition 149, 1–5 (2016). 

6. Cardinali, L. et al. Tool-use induces morphological updating of the body schema. Curr. Biol. 19, 

R478–R479 (2009). 

7. Ganesh, G., Yoshioka, T., Osu, R. & Ikegami, T. Immediate tool incorporation processes 

determine human motor planning with tools. Nat. Commun. 5, 4424 (2014). 

8. Miller, L. E., Cawley-Bennett, A., Longo, M. R. & Saygin, A. P. The recalibration of tactile 

perception during tool use is body-part specific. Exp. Brain Res. 235, 2917–2926 (2017). 

9. Miller, L. E. et al. Sensing with tools extends somatosensory processing beyond the body. Nature 

561, 239–242 (2018). 

10. Maravita, A. & Iriki, A. Tools for the body (schema). Trends Cogn. Sci. 8, 79–86 (2004). 

11. Martel, M., Cardinali, L., Roy, A. C. & Farnè, A. Tool-use: An open window into body 

representation and its plasticity. Cogn. Neuropsychol. 33, 82–101 (2016). 

12. Miller, L. E., Longo, M. R. & Saygin, A. P. Tool morphology constrains the effects of tool use on 

body representations. J. Exp. Psychol. Hum. Percept. Perform. 40, 2143–2153 (2014). 

13. Martel, M. et al. Somatosensory-guided tool use modifies arm representation for action. Sci. 

Rep. 9, 5517 (2019). 



14. Cardinali, L., Brozzoli, C., Luauté, J., Roy, A. C. & Farnè, A. Proprioception Is Necessary for Body 

Schema Plasticity: Evidence from a Deafferented Patient. Front. Hum. Neurosci. 10, (2016). 

15. Goble, D. J., Coxon, J. P., Wenderoth, N., Van Impe, A. & Swinnen, S. P. Proprioceptive sensibility 

in the elderly: Degeneration, functional consequences and plastic-adaptive processes. Neurosci. 

Biobehav. Rev. 33, 271–278 (2009). 

16. Boisgontier, M., Olivier, I., Chenu, O. & Nougier, V. Presbypropria: The effects of physiological 

ageing on proprioceptive control. Age Dordr. Neth. 34, 1179–94 (2012). 

17. Adamo, D. E., Martin, B. J. & Brown, S. H. Age-Related Differences in Upper Limb Proprioceptive 

Acuity. Percept. Mot. Skills 104, 1297–1309 (2007). 

18. Bullock-Saxton, J. E., Wong, W. J. & Hogan, N. The influence of age on weight-bearing joint 

reposition sense of the knee. Exp. Brain Res. 136, 400–406 (2001). 

19. Marini, F., Ferrantino, M. & Zenzeri, J. Proprioceptive identification of joint position versus 

kinaesthetic movement reproduction. Hum. Mov. Sci. (2018) doi:10.1016/j.humov.2018.08.006. 

20. Oldfield, R. C. The assessment and analysis of handedness: The Edinburgh inventory. 

Neuropsychologia 9, 97–113 (1971). 

21. World Medical Association. World Medical Association Declaration of Helsinki: ethical principles 

for medical research involving human subjects. JAMA 310, 2191–2194 (2013). 

22. Folstein, M. F., Folstein, S. E. & McHugh, P. R. ‘Mini-mental state’. A practical method for grading 

the cognitive state of patients for the clinician. J. Psychiatr. Res. 12, 189–198 (1975). 

23. Winward, C., Halligan, P. & Wade, D. The Rivermead Assessment of Somatosensory Performance 

(RASP): Standardization and reliability data. Clin. Rehabil. 16, 523–33 (2002). 

24. Goble, D. J. Proprioceptive acuity assessment via joint position matching: from basic science to 

general practice. Phys. Ther. 90, 1176–1184 (2010). 

25. Allen, T. J., Leung, M. & Proske, U. The effect of fatigue from exercise on human limb position 

sense. J. Physiol. 588, 1369–1377 (2010). 



26. Baccarini, M. et al. Tool use imagery triggers tool incorporation in the body schema. Front. 

Psychol. 5, 492 (2014). 

27. Cardinali, L. et al. When action is not enough: tool-use reveals tactile-dependent access to Body 

Schema. Neuropsychologia 49, 3750–3757 (2011). 

28. Basso, D. & Finos, L. Exact Multivariate Permutation Tests for Fixed Effects in Mixed-Models. 

Commun. Stat. - Theory Methods 41, 2991–3001 (2012). 

29. Finos, L. & Basso, D. Permutation Tests for Between-unit Fixed Effects in Multivariate 

Generalized Linear Mixed Models. Stat. Comput. 24, 941–952 (2014). 

30. Pesarin, F. Multivariate Permutation Tests: With Applications in Biostatistics. (Wiley, 2001). 

31. Miall, R. C. et al. Proprioceptive loss and the perception, control and learning of arm movements 

in humans: evidence from sensory neuronopathy. Exp. Brain Res. 236, 2137–2155 (2018). 

32. Cressman, E. K. & Henriques, D. Y. P. Motor adaptation and proprioceptive recalibration. Prog. 

Brain Res. 191, 91–99 (2011). 

33. Adamo, D. E., Alexander, N. B. & Brown, S. H. The Influence of Age and Physical Activity on Upper 

Limb Proprioceptive Ability. J. Aging Phys. Act. 17, 272–293 (2009). 

34. Schwoebel, J. & Coslett, H. B. Evidence for multiple, distinct representations of the human body. 

J. Cogn. Neurosci. 17, 543–553 (2005). 

35. Sirigu, A., Grafman, J., Bressler, K. & Sunderland, T. Multiple representations contribute to body 

knowledge processing. Evidence from a case of autotopagnosia. Brain J. Neurol. 114 ( Pt 1B), 

629–642 (1991). 

36. Head, H. & Holmes, G. SENSORY DISTURBANCES FROM CEREBRAL LESIONS. Brain 34, 102–254 

(1911). 

37. de Vignemont, F., Ehrsson, H. H. & Haggard, P. Bodily Illusions Modulate Tactile Perception. Curr. 

Biol. 15, 1286–1290 (2005). 

38. Haan, E. H. F. de & Dijkerman, H. C. Somatosensation in the Brain: A Theoretical Re-evaluation 

and a New Model. Trends Cogn. Sci. 24, 529–541 (2020). 



39. Maravita, A., Spence, C. & Driver, J. Multisensory integration and the body schema: close to hand 

and within reach. Curr. Biol. 13, R531–R539 (2003). 

40. Serino, A. & Haggard, P. Touch and the body. Neurosci. Biobehav. Rev. 34, 224–236 (2010). 

41. Miller, L. E., Longo, M. R. & Saygin, A. P. Tool Use Modulates Somatosensory Cortical Processing 

in Humans. J. Cogn. Neurosci. 31, 1782–1795 (2019). 

42. Bruno, V. et al. How Tool-Use Shapes Body Metric Representation: Evidence From Motor 

Training With and Without Robotic Assistance. Front. Hum. Neurosci. 13, (2019). 

43. Longo, M. R., Kammers, M. P. M., Gomi, H., Tsakiris, M. & Haggard, P. Contraction of body 

representation induced by proprioceptive conflict. Curr. Biol. CB 19, R727-728 (2009). 

44. Corradi-Dell’Acqua, C., Tomasino, B. & Fink, G. R. What is the position of an arm relative to the 

body? Neural correlates of body schema and body structural description. J. Neurosci. Off. J. Soc. 

Neurosci. 29, 4162–4171 (2009). 

45. Ehrsson, H. H., Kito, T., Sadato, N., Passingham, R. E. & Naito, E. Neural Substrate of Body Size: 

Illusory Feeling of Shrinking of the Waist. PLOS Biol. 3, e412 (2005). 

46. Marini, F., Zenzeri, J., Pippo, V., Morasso, P. & Campus, C. Neural correlates of proprioceptive 

upper limb position matching. Hum. Brain Mapp. 40, 4813–4826 (2019). 

47. Naito, E. et al. Dominance of the right hemisphere and role of area 2 in human kinesthesia. J. 

Neurophysiol. 93, 1020–1034 (2005). 

48. Kuehn, E. et al. Embodiment in the aging mind. Neurosci. Biobehav. Rev. 86, 207–225 (2018). 

49. Bd, K., Pa, S. & Sj, W. A margin for error in grasping: hand pre-shaping takes into account task-

dependent changes in the probability of errors. Exp. Brain Res. 237, 1063–1075 (2019). 

 

 


