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Summary
Purpose: To explore the effect of joint hypermobility on acuity, and plasticity, of 

hand proprioception. Materials and Methods: We compared proprioceptive acuity 
between EDS patients and controls. We then measured any changes in their 
estimate of hand position after participants adapted their reaches in response to 
altered visual feedback of their hand. The Beighton Scale was used to quantify the 
magnitude of joint hypermobility. Results: There were no differences between the 
groups in the accuracy of estimates of hand location, nor in the visually-induced 
changes in hand location. However, EDS patients’ estimates were less precise when 
based purely on proprioception and could be moderately predicted by Beighton 
score. Conclusions: EDS patients are less precise at estimating their hand’s 
location when only afferent information is available, but the presence of efferent 
signalling may reduce this imprecision. Those who are more hypermobile are more 
likely to be imprecise. This deficit likely has peripheral origins since we found no 
differences in the extent of sensorimotor plasticity.

Introduction
Motor control requires knowledge of where our limbs are in space. Impaired sense of 
proprioception can sometimes lead to movements that appear “clumsy”. Ehlers-
Danlos syndrome (EDS) patients are frequently described as exhibiting clumsy 
movements, for which impaired proprioception is offered as an explanation [1]. 
Indeed, a limited number of studies have suggested that EDS patients, or other 
groups exhibiting joint hypermobility, may have proprioceptive impairments [2-6], but 
the exact nature of this impairment is still unclear. Specifically, we are not sure 
whether this impairment only emerges during passive proprioception (which should 
only rely on afferent information), or whether it also occurs during active 
proprioception (which should rely on both afferent and efferent information). In 
addition to furthering our understanding of proprioceptive acuity in EDS, we also test 
the extent to which proprioception is affected by visual misalignment of the hand 
during reaching movements. The goal of this study is to understand how joint 
hypermobility, which is typically seen in those with EDS, affects both the accuracy 
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and precision of estimates of hand position both before and after sensorimotor 
adaptation. 

EDS is a group of genetic connective tissue disorders that can afflict up to 2% 
of individuals. Most forms of EDS affect collagen throughout the body; some directly 
impact its structure (such as with Classical EDS), while others alter proteins that 
interact with collagen [7]. Although symptoms can vary across, or sometimes within, 
each of the sub-types, the feature that most EDS patients have in common is joint 
hypermobility (see [8] for a more detailed review of variations in genetics, and 
symptomology, across the thirteen subtypes). 

Previous research from our lab suggests that EDS patients do show 
differences in proprioceptive sensitivity. Most recently we found that, although 
patients were just as accurate as controls, they were significantly less precise when 
indicating the felt position of their left hand at 6 different locations in a horizontal 
workspace. Specifically, patients showed twice as much scatter in these judgements 
compared to controls at all locations [2]; this suggests proprioception is less precise 
in EDS. The greater amount of scatter did not correlate with the magnitude of chronic
pain, suggesting that pain was not contributing to the proprioceptive deficit here. In 
another study of ours [3], we again found that EDS patients showed proprioceptive 
estimates that were of similar accuracy as controls, and the precision of these 
estimates was significantly worse (around half of that of controls), but only at 
locations eccentric to the body midline. The precision of these estimates at peripheral
locations was significantly correlated with Beighton scores, which are commonly used
to measure the magnitude of joint hypermobility. In other words, we found that those 
who were the most hypermobile were also the least precise when estimating their 
hand at peripheral locations. This suggests that hypermobility could be related to the 
proprioceptive deficit that seems to occur in EDS. 

However, in both studies mentioned above, for proprioceptive assessment, 
participants moved their own unseen hand along robot-generated slots to their final 
location. Thus, the estimate of their unseen hand may not have been purely based 
on proprioceptive information since the participant had to push their hand to the final 
site. Yet their hand path was constrained, and its direction and final location varied 
across trials, so they also could not benefit from the kind of efferent signals that 
would have been fully available if the hand direction had been entirely generated by 
the participant themselves. It is possible that impairments would have been even 
larger in EDS participants if their hand had been passively carried to its final location.
Therefore, we want to know the extent that additional efferent information (produced 
during self-generated movements) can attenuate these proprioceptive deficits. To 
test for this, we measured both (1) estimates of hand location after the hand was 
passively displaced, using a robotic manipulandum and (2) estimates of hand 
location after the hand was actively displaced, by the person themselves, at a self-
chosen location. We compared proprioceptive acuity in both tasks between EDS 
patients and controls. 

Our second goal was to measure proprioceptive plasticity in EDS. For this 
goal, we altered visual feedback of the hand during a reach-training task, and 
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afterwards measured how training with this visual distortion shifted estimates of hand
location. Again, we compared the extent of the visual-induced changes between EDS
patients and controls, and further, whether Beighton scores were related with 
proprioceptive acuity or plasticity. Our results confirm that proprioceptive information 
is less precise in EDS, but may be slightly attenuated by efferent information, and 
that proprioceptive precision is partially related to the magnitude of joint 
hypermobility. Our results provide a more comprehensive understanding of the 
proprioceptive sensitivity in EDS. 

Materials and Methods

Participants

Sixteen healthy controls (mean age 34 years, range 18-54, 13 females) and 
fourteen EDS patients (mean age 34 years, range 25-37, 11 females; 3 Classical 
EDS, 9 Hypermobile EDS, 1 Arthrochalasia EDS and 1 Spondylodysplastic EDS) 
voluntarily took part in the experiment outlined below. All participants had corrected-
to-normal vision and were right-handed. Controls were laboratory volunteers or 
recruited from the Undergraduate Research Participant Pool at York University (and 
given course credit for their participation). Participants in the patient group were 
recruited through EDS Canada’s General Toronto Area Support Group. All 
participants provided informed consent, and the study was conducted in accordance 
with the ethical guidelines set by the York Human Participants Review Sub-
committee. None of the EDS patients were on any medication known to affect their 
cognitive abilities during the experiment. EDS was recently re-classified into thirteen 
sub-types [8], after identifying the genetic mutations responsible for twelve of the 
sub-types (genetics responsible for Hypermobility type are still unknown). Only 
patients with confirmed diagnoses (confirmed clinical diagnoses for Hypermobility 
type; confirmed molecular diagnoses for all other types) were admitted into the study.
Joint hypermobility was measured using the Beighton criteria which rates patients’ 
hypermobility on a 9-point scale after performing 9 movements. Patients’ Beighton 
scores were obtained from genetic reports and were confirmed by the experimenter 
prior to testing with a goniometer.

General Experimental Setup

Participants sat on a height and distance adjustable chair in front of the 
experimental set-up. With their right hand, participants held onto the vertical handle 
of a two-joint robot manipulandum (Interactive Motion Technologies Inc., Cambridge, 
MA, USA) such that their thumb rested on top of the handle. A black cloth was 
draped over their shoulder, and right arm, to occlude visual feedback of the reaching 
limb. Visual stimuli were projected from a downward facing monitor (Samsung 510 N,
60 Hz) located 28 cm above the robotic arm. A reflective surface was mounted on a 
horizontal plane 14 cm above the two-joint robotic arm, midway between the 
manipulandum and the monitor, such that images displayed on the monitor appeared
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to lie in the same horizontal plane as that of the robotic arm (figure 1A). Underneath 
the reflective surface, ~2 cm above the position of the thumb, as it rested on the 
modified handle of the manipulandum, a touch screen was mounted so participants 
could indicate unseen right-hand locations (specifically the unseen thumb) with their 
left hand, for some tasks. The left hand was illuminated by a small lamp during these 
tasks, and therefore was visible when reaching to the touch screen panel. For each 
task, the home position of the right hand was located ~20 cm in front of the 
participants, along the participants’ body midline. 

4

Figure 1. Setup and experimental design. A: Participants moved their right hand 
which was hidden by a mirror (middle surface) half-way between their hand and the 
monitor (top surface). A touchscreen located just above the hand was used to collect 
responses from the left hand (bottom surface). B: Active and Passive Localization 
Trials. One of three white arcs, spanning 60°, located 12 cm away from the home 
position and centred at 50°, 90° or 130° would appear. Participants use their visible 
left hand to indicate on the touch screen (shown by the red star) where they have 
crossed the arc with their unseen right hand, after voluntarily generating the right-
hand movement (active) or after a robot-generated movement (passive). Both types 
of target-hand movements were out-and-back (along a grooved path, shown in 
black). C: Reach training task and No-Cursor reach trials. The targets were located 
12 cm away from the home position at 45° (shown here by the yellow disc), 90°, and 
135° (shown by the white circles), and were presented one at a time in a 
pseudorandom order. In the rotated training tasks, the hand-cursor (blue circle) was 
rotated 30° relative to the home position. In the aligned training task, the cursor was 
green and aligned with the hand’s position (not depicted here). In the No-Cursor 
trials, the cursor was not visible, thus no visual feedback of the hand’s position was 
available.
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Hand Localization

The hand localization tasks (figure 1B) were used to measure acuity of unseen 
hand localization. In the active hand localization tasks, participants moved their own 
hand to a self-chosen position on the arc, and thus both afferent and efferent 
information was available. In the passive hand localization task, the robot displaced 
their passive hand, such that only afferent information on hand location was 
available. The robot displaced the hand to the same endpoints that were recorded in 
the preceding ‘active’ task, but in a shuffled order. 

Each hand localization trial began with a white arc (0.5 cm thick, located 12 cm 
away from the home position) appearing on the screen (figure 1B). The arc spanned 
60° and was centred on either the 50°, 90° or 130° location in polar coordinates, and 
the target-hand was moved 12 cm out (either by the participant or by the robot) until 
the hand hit a force cushion. With the arc still displayed, participants used their 
visible left hand to indicate, on the touch screen mounted above the manipulandum, 
the location where the movement of their unseen right hand had crossed the arc 
(comparable to [9]; participants were to point with the left hand to “where they 
believed their right hand crossed the circle”). After each touchscreen response 
participants were instructed to place their left hand under their chin to prevent 
unintended contact with the touchscreen. 

Training

Besides measuring estimates of hand location, we also wanted to measure how 
these estimated locations change with visuomotor training. Visuomotor training 
involved reaches to a single, visual target (a yellow disc with a diameter of 1 cm), 12 
cm away at 45°, 90° or 135° relative to the home position (figure 1C). Participants 
were instructed to reach to the target as quickly and as accurately as possible using 
a green or blue circular cursor, 1 cm in diameter, representing their unseen hand. A 
reach trial was complete when the centre of the hand cursor overlapped with the 
target (i.e. the hand was within 0.5 cm of the target’s centre). Upon completion of the 
reach, both the cursor and target vanished, and the participants moved their hand 
back toward the home position, along a constrained, straight path. That is, if 
participants try to move outside of the path, a resistance force (a stiffness of 2 
N/(mm/s) and a viscous damping of 5 N/(mm/s) was generated perpendicular to the 
path. During aligned-cursor training the cursor was aligned with movement of the 
unseen hand. During rotated-cursor training the motion of the cursor was abruptly 
rotated 30° clockwise relative to the home position where it remained for all 
subsequent trials and blocks. 

No-Cursor Reaches

Reach after-effects are measured by having participants reach to targets in the 
absence of the hand-cursor. Participants reached to each of 3 targets: 45°, 90°, and 
135°, three times each, pseudo-randomly, for a total of 9 reaches per block (figure 2).
After the hand moved out and was held in the same position for 300 ms, the target 
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disappeared which indicated that the trial was over. Participants then returned their 
hand to the home position along a constrained pathway, like in training. 

Procedure

All participants completed the set of tasks in a specified order in two sessions 
performed one after the other (see figure 2). Each session started with a reach 
training task, followed by several localization tasks, as detailed below. In between the
localization tasks there were blocks of no-cursor reaches and additional training.

6

Figure 2. Experiment paradigm detailing the order of tasks, and number of trials, 
across aligned and rotated sessions. Top: For the first session the cursor was 
aligned with the position of the right hand. Participants began with 45 cursor training 
trials that were then followed by blocks of active localization (red, 18 trials each), 
passive localization (orange, 18 trials each) and no-cursor trials (hollow, 9 trials 
each). Nine “top up” aligned-cursor training blocks were interleaved in between 
localization and no-cursor blocks for four more repeats. Bottom: During the second 
session the cursor was rotated 30° CW relative to the position of the right hand. 
Participants began with 90 cursor training trials that were then followed by blocks of 
active localization (18 trials each), passive localization (18 trials each) and two 
variations of blocks of no-cursor trials (with or without strategy; 9 trials each). Each 
block was followed by 30 “Top up” rotated-cursor training blocks for four more 
repeats. In both the aligned and rotated sessions, passive localization always 
occurred after active localization, since endpoint locations of the robot-generated 
movements in passive localizations were based on locations that participants 
voluntarily moved towards during active localization. 
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The aligned session consisted of four blocks of reach training, hand 
localization and no-cursor trials; this served as baseline data (Aligned session; figure 
2). The session began with 45 aligned (green) cursor training trials, followed by 
blocks of 18 active localization trials, 18 passive localization trials, and 9 no-cursor 
trials. Shorter blocks of 9 cursor training trials, referred to as “top-up” cursor training 
trials, were interleaved between localization and no-cursor blocks. 

Following the aligned session, participants were told that the cursor would be 
moving differently, and that they would have to compensate for the difference, but 
they were not explicitly informed that the cursor’s trajectory would be rotated 30° CW 
from their actual hand’s movement. During the rotated session, the cursor was blue, 
and its motion was rotated 30° CW relative to the home position. To perfectly 
compensate for this visuomotor rotation, the unseen hand would have to move in a 
direction 30° CCW from any displayed target relative to the home position. The 
rotated session (figure 2) began with a longer training session of 90 rotated training 
trials and each top-up block contained 30 trials, to reduce learning decay of the 
visuomotor rotation. Each block of rotated reach training trials was followed by 18 
trials of active localization, 18 trials of passive localization and 18 no-cursor trials. 
Each block of no-cursor trials was done twice, although only one set (those where 
participants were asked not to employ a strategy during reaching) was used for this 
analysis. 

Data Analysis

The main goal of this experiment was to determine the effect of EDS on both 
active and passive hand localization, both their accuracy and precision. To put any 
such effect in the proper context, we first tested if there were any differences in 
performance in visuomotor learning. Finally, we investigated the relation between 
hypermobility and hand localization. For all statistical tests, the alpha level was set to 
0.05 and, when appropriate, Greenhouse-Geisser corrections were used. All data 
pre-processing and analyses were done in R version 3.6.0 (R Core Team, 2019). All 
data and analysis scripts are available on OSF 
(https://doi.org/10.17605/OSF.IO/EWA9B).

Rate of Adaptation

First, we analysed group differences in rates of learning for reaches during 
cursor training trials. All cursor and no-cursor reaches included in both sessions 
(aligned and rotated) were manually inspected to ensure participants performed the 
task as requested. For example, a trial would be removed if a participant did not 
attempt to reach directly towards the target. The very small number of trials (less than
5% in each group) that were found to have violated the instructions were removed 
from further analyses. For the remaining trials, we calculated angular reach deviation 
at the point of maximum velocity. We corrected for individual baseline biases, by 
calculating the average reach deviation for each target separately within each 
participant, during the last 30 out of the first 45 aligned-cursor training trials. The first 
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set consisted of the first 3 trials (trials 1-3), the second consisted of the next 3 trials 
(trials 4-6), and the third consisted of the last 15 trials of training (trials 76 to 90). We 
then compared measures of angular reach deviation, for each of these three trial sets
across patients and controls; this allowed us to confirm whether both groups learned 
to counter the perturbation and to explore any differences across both groups. 

We also computed the standard deviation of both cursor and no-cursor 
reaches, for both the aligned and rotated sessions, as a measure of precision which 
we compared across both groups.

Reach After-effects

Then we explored possible group differences in reaching movements when 
cursor feedback was absent. We took the angular reach deviations at movement 
endpoints for these no-cursor, open-loop, reaches. For all no-cursor trials, we 
calculated the angular difference between a straight line from the home position to 
the point where the participant’s hand movement ended, and a line from the home 
position to the target. Using the endpoint of the reach, rather than the point of 
maximum velocity, makes data more comparable to those obtained in localization 
trials (see below).

To measure implicit learning following training with a rotated cursor, angular 
reach deviations from aligned no-cursor trials were subtracted from without strategy 
no-cursor trials. Since we were only interested in implicit motor adaptation, we only 
looked at the reach aftereffects without strategy. 

Hand localization

To answer our main questions, we explored the effect of EDS on hand 
location estimates. To do so, we analysed hand location estimates (both after active 
and passive hand displacement) before and after visuomotor adaptation. We 
computed the angular difference between a line connecting the home position to the 
location where the participant’s unseen right-hand movement ended, and a line 
connecting the home position to perceived hand location (where participants 
indicated on the touchscreen with their left hand). To account for possible differences
in performance of these localization tasks, we ensured that arc responses were 
centred where we expected the arc to be displayed, 12 cm from the home position, 
by using the same circle-fitting procedure as another study from our lab [10]. This 
helped to ensure that any localization shifts detected in analyses were not due to 
unwanted response biases or technical issues. Furthermore, we performed an outlier
removal procedure for this fitted data, such that trials with movement endpoints 
beyond 20° (of either direction of the arc’s centre) and angular errors beyond three 
standard deviations from the mean angular error were removed. Since participants 
chose the locations on the arc that they moved towards in the Active Localization 
task, their movements did not always encompass all possible arc locations. Thus, we 
incorporated a kernel-smoothing method (gaussian kernel with a width of 15°) to 
interpolate changes in hand localization at specific points (50°, 90° and 130°; the 
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same locations where the arcs were centred in polar coordinates) for every 
participant. Then we used the mean of these values, at each of the three points, to 
estimate the accuracy of hand localization errors in active and passive movements 
for both the aligned and rotated sessions. We also computed the standard deviation 
of the hand location estimates, for both afferent-based estimates and efferent-based 
estimates in both the aligned and rotated sessions, as a measure of proprioceptive 
precision which we compared across both groups.

To measure the effect of visuomotor adaptation on hand localization, we first 
confirmed that hand localization after rotated-cursor training significantly differed from
that after aligned-cursor training as in our previous studies. Then, we calculated the 
difference of localization errors between the two sessions to represent visually-
induced shifts in hand localization. These shifts were compared across groups, 
separately for active and passive hand localization. 

9

Figure 3. Rate of learning during adaptation. Controls are shown in red and EDS 
participants are shown in blue. Grey dashed line at the 0° mark indicates where 
aligned reaches are directed. A-C: The first and last 15 trials of rotated-cursor 
training are shown (A) across trials and (B-C) averaged for 3 sets of trials. Reaches 
directed towards 30° would mean that the hand had fully deviated to counter the 
perturbation. Solid lines are means and shaded regions are showing 95% confidence
intervals (A-B), while individual data are shown as lighter-coloured dots. D: The 
standard deviation of target-normalized reach errors, for the last 15 trials of training 
in both the aligned and rotated sessions for each participant in each group (lighter 
dots). C-D. Dark dots and error bars correspond to the group mean and bootstrapped
95% confidence intervals.
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Results

Learning Rate

Before investigating how EDS affects changes in hand localization, we first 
confirmed that all groups appropriately countered the perturbation by the end of 90 
training trials (figures 3A-C). We tested for group differences in reach deviations at 
different time points during adaptation training (three blocks: trials 1-3, 4-6, 76-90) 
using a 3 X 2 mixed design ANOVA, with block as a within-subject factor (blocks 1, 2 
and 3) and group as a between-subject factor (control and EDS). We found a 
statistically significant effect of block (F (1.63, 45.72) = 41.117, p < .001, ŋ² = 0.459). 
However, we found no statistically significant difference between the two groups (F 
(1, 28) = 0.271, p > .05, ŋ² = 0.001), nor an interaction between group and block (F 
(2, 56) = 0.114, p > .05, ŋ² = 0.002). This suggests that, as expected, both groups 
learned and that there is no discernible difference in their rate or asymptotic level of 
learning. 

Reach Aftereffects

To measure implicit learning, we compared no-cursor trials both before and 
after adaptation (figures 4A & 4B) using a 2 X 2 mixed design ANOVA with training 
(aligned or rotated) as a within-subject factor and group as a between-subject factor. 
We confirmed the presence of reach after-effects with a statistically significant main 
effect of training (F (1, 28) = 133.19, p < .001, ŋ² = 0.607). However, we did not find a
statistically significant main effect of group (F (1, 28) = 0.271, p > .05, ŋ² = 0.006), nor
a statistically significant interaction between group and training (F (1, 28) = 0.030, p >
.05, ŋ² = 0.0003). This suggests that, as expected, there is no difference between the
groups in implicit learning. 

Closer to our main questions, to measure the precision of reaching when 
people cannot see their hand, we compared the standard deviation of target-
normalized open-loop reach errors both before and after adaptation (figures 4C & 
4D). We conducted a 2 X 2 mixed design ANOVA with training (aligned or rotated) as
a within-subject factor and group as a between-subject factor. We found a significant 
effect of training (F (1, 28) = 10.747, p = .003, ŋ² = 0.163), such that reach scatter 
increased after rotated training. However, we found no significant effect of group (F 
(1, 28) = 0.119, p > .05, ŋ² = 0.002) nor any significant interaction between training 
and group (F (1, 28) = 0.303, p > .05, ŋ² = 0.005). A similar pattern was found for 
reaches made with a visible hand-cursor (figure 3D; refer to OSF for analyses). This 
suggests that EDS does not lead to greater variance in reaches.
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Hand Location Estimates

After confirming that EDS does not seem to affect baseline reaches, or 
adaptation, next we explored our main set of questions: whether EDS leads to 
differences in estimates of hand location, both before and after adaptation. Beginning
with before adaptation, to see if there are any differences in accuracy, or systematic 
errors, we plotted active localization biases (figure 5A) and passive localization 
biases (figure 5B) for hand positions ranging from 30° to 150°. As we can see in each
of these figures, there is no such evidence of significant differences between the 
groups given that the means of these biases (and their 95% confidence intervals) 
overlap. 
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Figure 4. Measures of implicit learning. No-cursor reaches for controls are shown in 
red and those for EDS participants are shown in blue. Grey dashed line at the 0° 
mark indicates reaches that did not correct for the perturbation. A: Angular reach 
deviations of the hand per group before, or after, training. A reach deviation of 30° 
would indicate angular reach deviations equivalent to full compensation for the 
perturbation. Solid lines represent group means and shaded regions represent 95% 
confidence intervals. B-D: Individual participant data from each group are shown with
transparent dots, while solid dots correspond to the group mean and bootstrapped 
95% confidence intervals, respectively. B: Individual participant reach aftereffects 
(differences in reach deviations between the aligned and rotated sessions). C-D: 
Individual participant reach precision. The SD is calculated from all trials for each 
individual for the aligned session (C) and rotated session (D).
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Next, we investigated the effects of joint hypermobility on learning-induced 
“shifts” in hand localization estimates. We conducted a 2 X 2 ANOVA on localization 
error with training (aligned or rotated) and localization type (active or passive) as 
within-subject factors. We found a significant main effect of training (F (1, 28) = 
58.85, p < .001, ŋ² = 0.220), a significant main effect of localization type (F (1, 28) = 
5.78, p = .023, ŋ² = 0.005) and a significant interaction between training and 
localization type (F (1, 28) = 17.77, p < .001, ŋ² = 0.009). This suggests that 
estimates of unseen hand location shifted following reach training with a rotated 
cursor and that the size of these shifts were slightly larger for active localization 
compared to passive localization (illustrated in figures 5C & 5D), as found in previous
studies from our lab [11-13]. Since the focus of the current study is concerned with 
exploring these patterns in EDS, we then investigated group differences in active and
passive localization shifts (by subtracting aligned localizations from rotated 
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Figure 5. Hand localization estimates. Controls are shown in red and EDS 
participants are shown in blue. A: Active and B: Passive hand localization bias 
across the tested range during the aligned session. Bold, solid lines correspond to 
group means at each hand angle while shaded bars correspond to 95% confidence 
intervals for all panels. Individual participant data is shown with transparent lines. C-
D: Visually-induced changes in hand location estimates for Active (C) and Passive 
(D) localization. Grey dashed lines at the 0° mark indicate the absence of shifts, 
while negative values indicate the direction of shifts consistent with the visual 
distortion. Dots correspond to group means collapsed across hand angles while error
bars represent the 95% confidence intervals of these means.
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localizations to create a measure of localization shift) and conducted a 2 X 2 mixed 
design ANOVA on localization shifts with localization type (active or passive) as a 
within-subjects factor and group (EDS or control) as a between-subjects factor. We 
again found a significant effect of localization type (F (1, 28) = 17.769, p < .001, ŋ² = 
0.059), that is active localization (5C) was slightly larger than passive localization 
(5D), and this difference is shown in Figure 5C. However, we found no significant 
effect of group (F (1, 28) = 0.064, p > .05, ŋ² = 0.002) nor any significant interaction 
between localization type and group (F (1, 28) = 0.650, p > .05, ŋ² = 0.002). This 
suggests that there is no difference between the EDS and the control group in the 
magnitude of their localization shifts across either localization task.

Localization Precision

Although, as expected, we did not find any group effects on any of the 
localization measures that reflect accuracy, we wanted to investigate the effect of 
EDS on precision of hand location estimates. We used standard deviations of hand 
localization shifts for each participant, then compared precision between groups 
(figure 6). We conducted a 2 X 2 X 2 mixed ANOVA with training (aligned vs rotated) 
and localization type (active vs passive) as within-subjects factors and group as a 
between-subjects factor. We found a significant main effect of localization type (F (1, 
28) = 13.21, p = .001, ŋ² = 0.050) and a significant main effect of group (F (1, 28) = 
7.95, p = .009, ŋ² = 0.143). To explore this result in better detail, we then conducted 
follow-up tests to investigate group differences for variability in active and passive 
localizations separately across training sessions. 

Since our original hypothesis was that people with EDS would likely exhibit 
lower precision in hand location estimates, we conducted a series of 1-sided t-tests 
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Figure 6. Localization precision. Controls are shown in red and EDS participants are 
shown in blue. A: Solid lines are for active localization while dashed lines are for 
passive localization across aligned and rotated sessions. Shaded regions correspond
to 95% confidence intervals. B-C: Transparent dots indicate individual participant 
variability (SD) for hand localization in the aligned (B) and rotated (C) conditions for 
each group, and for both active and passive localization. Solid dots and errors bars 
to the side of individual data correspond to group means and bootstrapped 95% 
confidence intervals.
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to compare both groups
across all 4 combinations of
conditions (aligned active
localizations, aligned
passive localizations,
rotated active localizations,
and rotated passive
localizations). We found no
significant difference
between groups for aligned
active localizations (t
(23.69) = -1.25, p = .112, ŋ²
= 0.055) (figure 6B).
However, we confirmed the
significant difference
between groups in the other
three conditions (Aligned
Passive: t (15.83) = -1.92, p
= .037, ŋ² = 0.128; Rotated
Active: t (17.34) = -2.64, p =
.008, ŋ² = 0.215; Rotated
Passive: t (26.02) = -2.48, p
= .010, ŋ² = 0.183) (figures
6B & 6C). This suggests
that precision in passive
hand-localization was
poorer for EDS compared to
controls, as we predicted. That is, proprioceptive signals are noisier in the EDS 
group. But when efferent information was also available, like in the active localization 
tasks, the difference was not so consistent, with EDS groups showing poorer 
precision following rotated training but not aligned training.

Since variability in hand estimates is greater in the EDS group, then perhaps 
there is a relationship between joint hypermobility and the precision of limb 
localization. We used Beighton scores as a measure of joint hypermobility, measured
in both groups, to investigate whether this is correlated with overall localization 
variance (variance was calculated across all 4 conditions for every participant to 
provide more power). Results of a Pearson correlation revealed that there was a 
significant relationship between joint hypermobility and measures of hand localization
(figure 7; p = 0.04, r² = 0.384). This suggests that those who are the most 
hypermobile tend to have the least precise (most variable) proprioceptive estimates 
of hand position.
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Figure 7. The relationship between localization 
precision and joint hypermobility. Localization 
standard deviations are plotted as a function of 
Beighton scores for EDS participants (blue) and 
controls (red). The solid line corresponds to a 
regression line, while the grey shaded regions 
correspond to 95% confidence intervals.
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Discussion
The goal of this study was to explore the effect of EDS on acuity and plasticity 

of hand proprioception. Specifically, our main goal was to quantify proprioceptive 
acuity of the upper arm, when only proprioceptive feedback was available (passive 
localization) or when afferent and efferent signals were both available (active 
localization). Our second goal was to better understand proprioceptive plasticity in 
EDS by having participants adapt their movements to a visual perturbation and then 
comparing shifts in both active and passive estimates of hand location across 
patients and controls. We found that people with EDS moved and adapted their 
movements just as well as controls. Accuracy and precision in reaching movements 
and adaptation rates did not differ between the two groups. Moreover, the accuracy 
by which the two groups estimated their unseen hand did not differ. The only aspect 
where people with EDS differed from controls was the precision of hand estimates, 
which was poorer for EDS patients when estimates were based on proprioception. 
When efferent information was also available, this difference disappeared. However, 
visuomotor adaptation disturbed estimates of hand position enough to produce 
poorer precision in estimates for EDS patients compared to controls for both types of 
hand localization. In summary, our results support the notion that proprioceptive 
sensitivity is different in EDS, and that poor proprioception can be overcome by 
additional efferent information.

Our findings are in line with other research that suggests proprioceptive 
precision of the upper limb is different in EDS. While Rombaut et al. [5] found that 
there were no significant differences between Hypermobile-EDS patients and 
controls in absolute angular errors during their shoulder joint reposition test (the 
target-hand was passively placed, but its position was indicated both actively, like in 
our study, but also passively at target angles of 45° and 75°), they did find larger 
variations in angular errors (standard deviations that were 27-65% higher) for the 
patients in 3 of their 4 conditions (all except the passive 75° reproduction). In our 
previous study [2], we also found that people with EDS showed twice as much 
scatter, compared to controls, when indicating the felt position of their unseen left 
hand. In the current study, we again show EDS did not differ from controls in the 
accuracy of their proprioceptive estimates, but in precision. What is new in the 
current study is the finding that these differences disappeared when people actively 
displace their own target-hand. Visuomotor adaptation, however, increased the 
uncertainty of the unseen hand location in EDS patients such that both types of hand 
estimates were less precise when compared to controls. Thus, proprioceptive 
variability was greater for patients in three of four hand localization conditions, which 
suggests some differences in proprioceptive sensitivity, and that this phenomenon is 
likely afferent in nature.

The fact that we found no differences between patients and controls in any of 
our other measures in both the current study, and in a previous study [3], suggests 
that we have found an impairment that relates purely to proprioception. However, the 
current study suggests that efferent information may be sufficient to overcome poorer
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proprioceptive sensitivity. This would in turn explain why the poorer proprioceptive 
sensitivity did not lead to poorer reaches or poorer reach adaptation in this and our 
previous studies. Thus, arm-motor control and visuomotor integration processes in 
EDS are no different than in healthy controls. This suggests that the deficit we have 
observed in this study likely has peripheral origins.

Studies which measure proprioception of the knee in those with joint 
hypermobility tend to find more obvious impairments. Rombaut et al. [5] also 
measured proprioception of the knee at two different detection angles. While they 
found that patients showed larger absolute angular errors than controls, the standard 
deviations of these errors were also much larger for patients (around 30% greater for 
most conditions but were double for active reposition of the 30° angle). Their findings 
are like those of Sahin et al. [6] where absolute angular errors were twice as large in 
EDS patients, compared to controls, for a knee joint reposition task. It is possible that
we see greater differences in proprioceptive acuity at the knee joint since it is more of
a weight-bearing joint; therefore, the knee may be more prone to repetitive stress-
induced injury, which could have effects on proprioceptive acuity [5]. Given that 
poorer proprioceptive precision is found for lower limbs and upper limbs in EDS 
patients, this suggests that proprioception may be compromised in those with 
hypermobility throughout the entire body. 

 An important finding from our current study is that the magnitude of joint 
hypermobility, as measured by Beighton Scores, is significantly related to our 
measures of proprioceptive precision; those who were the most hypermobile tended 
to also be those who were the least precise. This is like what we found in our first 
study, where joint hypermobility was found to be significantly related to uncertainty of 
proprioceptive estimates, but only at locations eccentric to the body midline [3]. 
However, we did not find a relationship between joint hypermobility and precision of 
hand location estimates in our other previous study, where participants had to reach 
to the felt location of their left hand, even though the precision of these estimates was
double that of controls. We assumed that was due to the challenging nature of the 
task used, such that even those with mild levels of joint hypermobility would be likely 
to show proprioceptive impairments [2]. Regardless, we have found evidence (in the 
current study, and in the first) which suggests that proprioceptive issues in EDS are 
at least partially related to joint hypermobility.

Why proprioception may be less precise in EDS is not clear, although some 
explanations have been proposed. Many types of EDS are known to be due to 
mutations in the genes that code for collagen, which could ultimately interfere with 
structural, and functional, aspects of the Extracellular Matrix (ECM) of connective 
tissues [14]. There are various neuroreceptors which are thought to contribute to our 
sense of proprioception (see [15] for a review) and these are all surrounded by 
connective tissues in our joints which may be affected by EDS; it is possible that 
activation of these proprioceptors is altered due to the interactions they would 
ultimately have with the ECM, but this possibility has never been explored. It is also 
possible that proprioceptive sensitivity in EDS is due to peripheral nerve damage, as 
small fibre neuropathy [16] and ulnar nerve subluxation/luxation [17] were found in 
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those with EDS. Unfortunately, no studies to date have directly linked peripheral 
nerve damage to deficits in proprioception in this population; we recommend that 
future studies on nerve damage in EDS incorporate some form of proprioceptive 
testing to better understand this possibility. Recently, van Meulenbroek et al. [18] 
suggested that the proprioceptive differences commonly seen in adolescents with 
Hypermobile EDS could be due to physical deconditioning, because of 
kinesiophobia, since those with joint hypermobility are more prone to injuries and 
experience pain more intensely than the general population. Unfortunately, there 
have been no EDS proprioceptive studies to date which have included a measure of 
physical activity in their protocol; we recommend including such a questionnaire in 
future studies on proprioception in EDS to explore the possibility that physical activity
is also a partial predictor of proprioceptive imprecision. It is important to note that a 
few studies have already found various forms of exercise to be effective in relieving 
pain, and sometimes any initially observed proprioceptive deficits in those with joint 
hypermobility [1, 6, 19], which provides support for the fear-avoidance model 
proposed by van Meulenbroek et al. [18]. It is our impression that each of these 
theories at least partially explains the proprioceptive deficit observed in our research, 
and the work of others, but further studies need to be done to fully understand the 
impact of each of these potential causes on proprioceptive sensitivity in EDS.
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