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Abstract

We can accurately reach to touch our index fingertip to various points on the body without vision. Awareness of location/
motion of the index fingertip and other body parts through proprioception is required for such movements. Proprioception
involves processing sensory information, but it is also debated whether internal model estimates of body state from motor
commands improve proprioception. We tested the hypothesis that proprioceptive errors increase with increases in speed
of hand movement and whether an internal model contributes to more accurate proprioception, especially in higher speed
movements. Ten subjects made voluntary reaching movements with their dominant arm to touch its index-tip to the index-tip
of the non-dominant arm that was moved passively or actively at three speeds (slow, comfortable, fast) in various directions.
Four conditions required the experimenter to passively move the subject’s target arm at slow, comfortable and fast speeds
and in different directions. A fifth condition required the subject to actively move both arms to perform the task. Subjects
performed these tasks with high accuracy during slow and comfortable speed movements of the target arm. Errors averaged
3.7 mm larger when the target was moved faster and were equivalent to errors for slower movements (p <0.014). Errors in
the active and passive target movement conditions were also equivalent (p <0.001). These findings show that proprioception
is accurate across many different speeds of passive and active target motion and that there was no evidence than an internal
model contributes to improved accuracy of proprioception during active movements.

Keywords Kinesthesia - Arm - Movement

Introduction

Proprioception is the body’s sense of location and motion
of its parts without the use of vision. Healthy individuals
can use proprioception to control movements of the hand
rapidly and accurately to various body parts as shown by,
for example, swatting at a bug on various unseen parts of
the body. Moreover, they can perform such complex move-
ments while moving and without fully attending to the task
(e.g., while walking and conversing with a friend or thinking
about what to have for dinner), suggesting that propriocep-
tion can operate well at a subconscious level. Although it
is agreed that muscular, joint, and cutaneous receptors all
contribute to estimation of limb position and proprioceptive
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sense (Proske and Gandevia 2012), the important mecha-
nisms underlying accurate proprioception are still debated.
A major theory that is well accepted in the neuroscience lit-
erature is that the CNS incorporates the motor command into
an internal musculoskeletal model to predict the behavior
of the body and limbs and combines with sensory informa-
tion to provide a more accurate estimate of limb orientation
than is available from noisy proprioceptive sensory inputs
alone (Wolpert et al. 1995; Wolpert and Ghahramani 2000).
This theory, therefore, predicts that proprioception should be
more accurate (i.e., smaller, and less variable errors) during
active, voluntary movements than during passive movements
imposed by an outside force.

Previous experiments using movements/positioning
constrained to one joint or to a single plane and requiring
conscious perceptual or memory processes showed that pro-
prioception for active positioning or movements is generally
more accurate than under passive movements, especially at
slower speeds (Lonn et al. 2001; Fuentes and Bastian 2010;
Goble and Brown 2009; Gritsenko et al. 2007; Monaco et al.
2010; Paillard and Brouchon 1968). However, other studies
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have reported no difference in proprioceptive accuracy
between active and passive hand/finger localization tasks
carried out under constrained perceptual conditions [e.g.,
(Jones et al. 2010)] and during unconstrained movements/
positioning of the hand in 3D space without a focus on con-
scious perceptual processing (Capaday et al. 2013; Darling
et al. 2018). Darling and colleagues reported similar high
accuracy for reaching with the right hand while blindfolded
to oppose the right index-tip to the left index-tip during com-
fortable speed active and passive movements of the left hand
in 3D space. Notably, such unconstrained movements are
similar to reaching movements made in many daily tasks
that involve motion at multiple joints and move the hand
in various directions to place it to allow grasp of objects
in various locations within the workspace. Subjects could
perform the task of reaching with the right hand to touch its
index-tip to the index-tip of the passively moved left hand
while blindfolded with initial reach errors that averaged
only 2 mm larger than when performing the task with vision
allowed. This demonstrates high precision in localizing a
small moving body part without vision based on complex
proprioceptive input from multiple muscles and joints. Such
high precision suggests that the accuracy of proprioception
is much better than in highly constrained tasks requiring
conscious perception/memory, which was also concluded in
a study by van Beers and colleagues (1998). It has also been
reported that haptic sensing of object curvature is equally
accurate during active and passive haptic exploration of the
object, indicating that prediction of sensory feedback from
movement commands does not contribute to haptic percep-
tion (Sciutti et al. 2010).

An important question is whether proprioception is accu-
rate when movements are fast because of delays in trans-
mitting proprioceptive information to the CNS, time for
processing the information, and transmission of new motor
commands. It is possible that predictive modeling through
the cerebellum using internal models may be needed to pre-
dict the course of a fast voluntary movement and prevent
negative influences of such delays on control of fast move-
ments (e.g., Bhanpuri et al. 2013; Boisgontier and Nougier
2013, Boigontier and Swinnen 2014). Thus, the primary
purpose of the present study was to assess whether accu-
racy of localizing the index-tip is poorer during fast vol-
untary or passive movements. We also compared accuracy
during slower active and passive movements to test whether
proprioceptive accuracy decreased with increasing move-
ment speed. We hypothesized that accuracy of unconstrained
index-to-index apposition during hand movements is similar
at: (1) slow and fast movement speeds and (2) during active
and passive movement of the target hand at slow and fast
speeds. Previous work in a more constrained, elbow joint
movement task involving memory showed greater accu-
racy in matching speed of slower movements (Goble and
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Brown 2009). However, other research reported no effect of
movement speed on proprioceptive acuity in young adults
in a single joint ankle task (Boisgontier and Nougier 2013).
Moreover, in our recent study of proprioception during
comfortable speed movements, even subjects who moved
very quickly with this instruction were as accurate as sub-
jects who moved slowly (Darling et al. 2018), hence our
hypotheses that proprioceptive accuracy is similar in slow
and fast movements. Finally, we wish to emphasize that we
think it is important to study proprioception using natural
unconstrained arm movements in 3D space, similar to move-
ments we perform every day that often involve controlling
the two hands together in bimanual tasks. Results of the
current study will apply directly to control of such move-
ments in daily tasks. This contrasts with the many studies
of proprioception using highly constrained laboratory tasks
that involve conscious perceptual processing and, in some
cases, processing of proprioceptive memory.

Methods
Subjects

Ten right-handed subjects age 18-22 years (6 females,
4 males) participated in the experiment. Subjects were
excluded if they had any arm movement limitations due
to injury or neuromuscular disease. The subjects signed
informed consent documents approved by the University
of Iowa Institutional Review Board demonstrating that they
were willing to participate in the study.

Experimental design and protocol

Subjects were seated with their right and left index fingers
placed about shoulder width apart on a table. This was the
starting position for each motor task in which the right hand
was moved to touch the right index-tip to the left index-tip
under different conditions described below (Fig. 1). Several
practice trials in which the task was completed with both the
left and right hands moved voluntarily at comfortable speed
with vision allowed were done to ensure that the subject
understood the task. These practice trials were also done
to help the experimenter estimate the subject’s comfort-
able movement speed. For the experimental trials, subjects
were blindfolded, and the left (target) arm of the subject
was moved in one of 13 directions (Fig. 2: 4 acute angle
horizontal plane directions X 3 acute angle vertical plane
directions + vertical). The different directions occurred in
random order and subjects were unaware of the direction
until after movement of the left arm began in the four pas-
sive target movement conditions. There were five different
experimental conditions, all with no vision (NV) allowed:
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Fig.1 Starting position for subject before each trial. The target arm
would be moved in the desired direction by the experimenter for pas-
sive movement conditions and by the subject for the active movement
condition. Note that there was a computer mouse located under the
left index instead of a button as shown here

(1) NVPS—passive movement of the left arm at slow (S)
speed (about 50% of comfortable speed movement); (2)
NVPC—passive movement of the left arm at comfortable
(C) speed; (3) NVPF—passive movement of the left arm
at fast speed (about 50% higher than comfortable speed
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Fig.2 Target hand movement directions relative to the table and
starting position of the subject. Movement directions from the start-
ing position are shown in the vertical plane (A) and horizontal plane
(B). The movement directions included those specified in the hori-
zontal and vertical planes and combinations of horizontal and vertical

movement); (4) NVPVar—passive movement of the left arm
at variable (Var) speed (speed was varied randomly to be
either slow, comfortable, or fast speed for each target direc-
tion); the speed was unknown to the subject until after move-
ment began, and (5) NVAVar—active voluntary movement
of the left arm at variable speeds (speed and direction of the
left arm movement specified to the subject on each trial).

The subject was instructed in the passive target move-
ment conditions to begin voluntary movement of the right
arm when they felt the left arm begin motion, and to try to
touch the right index-tip to the left index-tip in a single,
smooth movement, while both arms were in motion. If the
right arm movement was not a single, smooth movement,
or finished moving clearly after the left arm as observed by
the experimenter, the trial was discarded and repeated. The
experimenter imposed passive motion by holding the proxi-
mal forearm and wrist and moving the arm at the specified
speed. Note that the subject never experienced slow and fast
passive target movements until those experimental condi-
tions began.

The active condition (NVAV) was always performed
after the four passive target movement speed conditions
to prevent possible learning effects of practicing and per-
forming the task with active movements of the left arm, and
because the NVAV condition was the most complex to per-
form due to the task instructions. In the NVAVar condition,
the left index-tip started on a computer mouse button and
subjects were instructed to begin their voluntary right-hand
movement when a beep sounded that was triggered ran-
domly 50-150 ms after release of the mouse button. Active
right-hand movement was started after the beep to prevent
simultaneous movement onset of the two arms, which we
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directions (e.g., Hy;V40—a 60° upward motion along a 30° horizon-
tal plane motion) for a total of 13 different directions [i.e., 4 hori-
zontal directions (H 3o, Hy, Hs), Hgo) X 3 vertical directions (Vo, V3,
Vo) + vertical or V]
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assumed would make the task easier to perform accurately.
Prior to each movement in the NVAVar condition, subjects
were instructed on the speed (i.e., slow, comfortable or fast)
and direction. Directions of target arm motion were speci-
fied as a combination of horizontal and vertical plane direc-
tions (e.g., H.3Vgo, HoV30, HeoVo, H30Veo, Heo Vo) such
that movements were purely in the horizontal plane (e.g.,
Hgo V), purely in the vertical plane (e.g., H,V ) or obliquely
in both planes (e.g., HqyV3,). Subjects practiced target arm
movements with eyes open until they understood the speed
and direction instructions and carried out the correct left arm
movements with instructions. If a left arm movement was
performed incorrectly in terms of speed or direction the trial
was discarded and repeated.

In each experimental condition the target hand move-
ments occurred twice or three times for each of the 13 move-
ment directions. That is, in the three conditions when sub-
jects knew the movement speed (i.e., NVPS, NVPC, NVPF)
there were 26 trials (two target hand movements in each
of the 13 directions). In the two variable speed conditions
(NVPVar and NVAVar) there were three target hand move-
ments; one each at slow, comfortable, and fast speeds in each
of the 13 directions, for 39 trials. Altogether, each subject
performed 156 valid trials in total (3 X26+2X39=156),
in addition to practice movements with vision and practice
movements in the NVAV condition.

The NVPC condition was always performed first to
allow the experimenter and subject to understand the base-
line comfortable speed before moving on to the fast, slow,
or variable speed conditions. The subject was aware of the
speed that would be imposed on the target arm in the three
known speed conditions (i.e., slow, comfortable, fast). In the
passive variable speed target movement trials, the subject
was unaware of the speed and direction of the imposed target
hand movements. The subjects were aware of the speed and
direction of target hand motion that was to be performed in
the active variable speed condition, because they voluntarily
moved the target hand.

Data acquisition

Model 130 Trakstar sensors (1.5 mm X 7.7 mm; Ascension
Technologies, Burlington, VT, USA) were taped to the nails
of each index finger to track the reaching movements. The
three-dimensional locations of the Trakstar sensors were
recorded at 240 Hz by a custom Matlab program. The sen-
sor wires were taped to the subject’s hand and wires with
slack were taped to the arm to eliminate constraints on arm
movement or any extra movement of the wires that could
interfere with data collection. The Trakstar magnetic trans-
mitter was located centrally on the table and was placed at
a point beyond the workspace to allow for proper tracking.

@ Springer

Data analysis

After completion of the experiment, the Matlab data files
were imported into datapac2k2 (Run Technologies) to be
analyzed. Tangential speeds of the left and right index-tips
were computed and used to identify onset and termination
of the index finger movements using a velocity criterion
for onset and end of target and voluntary hand movements
of ~2 cm/s (e.g., Fig. 3). In addition, visual inspection of
each trial was completed to verify onset and termination
of the movements, as well as to check for trials in which
the voluntary reaching movement was not performed in one
continuous motion.

3D distance error between the left and right index-tip
sensors (i.e., straight line distance between the sensors in
3Dspace) were computed for each trial. Larger single trial
distance errors (greater than 3 S.D. above the mean distance
error within a condition), often associated with a secondary
corrective movement, were considered outliers and elimi-
nated from analysis. This resulted in elimination of only
1.22% of trials across all subjects (i.e., 19 of 1560 total tri-
als). Mean distance error and variable error (S.D. of distance
errors) for each experimental condition were then computed.
Means and standard deviations of the peak velocities of the
reaching and target hand movements were also computed
to be compared across the different speed conditions. Mean

Eves
Closed
Active

Eves
Closed '

Pazzive!
)

Target index tip Reaching index tip

Fig. 3 Examples of the tangential velocity profiles of the index-tips
of the target (thick line) and reaching (thin line) arms movements in
the active (A) and passive (B) conditions. The first two dashed lines
indicate movement onsets for the target and reaching arms, and the
last two dashed lines indicate terminations of the movements for tar-
get and reaching arms
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and variable distance were each compared across the three
known speed conditions (i.e., NVPS, NVPC, NVPF) using
one-way repeated measures ANOVA to test whether errors
differed among those conditions. Huynh—Feldt adjustments
to degrees of freedom were applied in these ANOVAs if
sphericity was violated and the corrected p values are
reported in the Results section. A paired ¢ test was used to
test whether mean and variable errors in the two variable
speed conditions (NVPVar and NVAVar) differed. Effect
sizes (Cohen’s d) and samples sizes needed for 80% power
to detect a difference were also computed for comparison
of errors in the active and passive variable speed condi-
tions. We also tested whether mean errors differed between
these two conditions in each subject using independent ¢
tests. Regression analyses were performed in each subject
to assess if errors on individual trials increased with peak
speed of target hand motion and with peak speed of reaching
hand motion in the two variable speed conditions (NVAVar,
NVPVar).

Results

Three main sets of results are presented as follows. First, we
show that peak tangential speeds of the target index finger-
tip clearly differed in the slow, comfortable and fast condi-
tions when the experimenter moved the target arm. Second,
subjects intercepted the moving left (target) index-tip very
accurately in all five conditions. Third, we found that speed
minimally affects accuracy of proprioception in the passive
target conditions. Finally, proprioceptive accuracy was no
better in the active condition than in the passive condition
with variable speeds of target hand movement. Relatedly, it
is important to note that in the passive variable speed condi-
tion (NVPVar) subjects did not know in advance of each trial
either the direction or speed of target arm motion, whereas
they controlled speed and direction of target arm motion in
the active variable speed condition (NVAV).

The experimenter successfully imposed different speeds
of target hand motion in the slow, comfortable, and fast
speed conditions. Peak tangential speed of the target hand
averaged about 100 cm/s in the comfortable speed condi-
tion and, as planned, was clearly slower in the slow con-
dition (66 cm/s on average) and clearly faster in the fast
condition (160 cm/s on average) (Fig. 4A, F, 13=99.80,
p <0.0001, p<0.05 for post-hoc comparisons of the three
speed conditions). Average peak tangential speeds in the
two variable speed conditions, which include slow, com-
fortable, and fast speed movements, were similar to those
in the comfortable speed condition (Fig. 4), but with a
large range of speeds similar to those across all three pas-
sive conditions. Durations of target arm movements aver-
aged about 1.0 s in the comfortable speed and variable

speed conditions, 1.3 s in the slow speed condition and
about 0.7 s in the fast speed condition (Fig. 4C). Reaching
arm movement durations were slightly shorter and peak
speeds slightly faster than those of the target arm in each
condition because of the later onset of the reaching arm
motion (Fig. 4B). Importantly, subjects began their reach-
ing hand movements in a direction to intercept the target
hand movements despite not knowing the direction of the
imposed target hand movements in advance (e.g., Fig. 5).

All subjects made accurate proprioceptively guided
movements of the right hand to intercept the target index
finger moving in a variety of directions and at different
speeds in all experimental conditions. This is clearly
shown in the scatterplots of Fig. 6 which show the loca-
tions of the target and reaching index fingertip at the end-
point of the reaching motion in the three passive speed
conditions (Fig. 6A—C) and the two variable speed condi-
tions (Fig. 6D-F) for one subject. Most data points fall
very close to the line of identity in all conditions, show-
ing that errors were small and that there was little differ-
ence in errors between the three passive speed conditions
or in the active versus passive variable speed conditions.
Of course, the Trakstar sensors cannot be co-localized,
thus we also measured when the subjects touched index-
tips together deliberately and with visual aid, resulting in
an inter-sensor distance averaging about 1.7 cm (Darling
et al. 2018). Indeed, mean 3D distance errors for all sub-
jects averaged less than 2.5 cm and were similar in slow
and comfortable speed conditions (Fig. 7A, F, j3=15.56,
p=0.026, p=0.523 for comparison of slow and comfort-
able speed conditions) but averaged less than 4 mm larger
in the fast speed condition (p < 0.045). We performed the
two one-sided tests (TOST) statistical procedure to assess
whether mean errors in the fast speed condition could be
considered functionally equivalent to those in the slow and
comfortable speed conditions. To use this procedure, we
reasoned that an increase in error greater than Y2 of index-
tip width or 7.5 mm [i.e., index-tip width assumed to be
2 mm less than 17 mm average maximum index width—
(Maleki-Ghahfarokhi et al. 2019)] would result in missing
the index-tip on a high percentage of trials. Mean errors in
the fast and slow speed conditions were equivalent (TOST
equivalence test p =0.014) as were mean errors in the fast
and comfortable speed conditions (TOST equivalence test
p=0.008). Only two subjects had mean errors in the fast
speed condition that were more than 7.5 mm larger than
in the slow and comfortable speed conditions. Variable
distance errors were also similar and small (averaging less
than 0.8 cm) in the three passive known speed conditions
but trended to being higher in the fast speed condition
(Fig. 7B, F,13=3.32, p=0.0594, p <0.1 for comparison
of fast to slow and comfortable speed conditions, p =0.696
for comparison of slow and comfortable speed conditions).

@ Springer



1796

Experimental Brain Research (2022) 240:1791-1800

Target Arm

>
g

g

._.
v
o
qoamo

0
~
€
A
©
7]
a °
hl ° 8
©
€ o 8B og o
& 8 o [
s ° o
K
Q 50 »
a
0
Slow Comf. Fast Passive Active
Var Spd Var Spd
CcC 2
Target Arm

<]
E 1.5 F ° o
g o]
=] o
A s 8
g - 8 [
© 17113 o
c ] 8 -8- o
[}
i §
14 o]
[e]
=05 F

Slow Comf. Fast Passive Active

Var Spd Var Spd

Fig.4 Mean peak tangential speeds and durations of target (A, C)
and reaching (B, D) hand movements (B) in the 5 experimental con-
ditions. Each bar shows the mean peak tangential speed or movement

We did not test for equivalence of variable errors across
speed conditions, because we were unsure of the change of
variable error that would be considered functionally signif-
icant and errors in the fast speed condition averaged only
2.1 mm larger than in the comfortable speed condition
and only 1.77 mm larger than in the slow speed condition.

Mean and variable distance errors did not statistically dif-
fer between the active and passive target movement condi-
tions (mean errors: Fig. 7A, t,=0.50, p=0.631, d=0.157;
variable errors: Fig. 7B, t4=0.65, p=0.867, d=0.055).
Sample sizes of 26 and 203 subjects would provide 80%
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duration across all 10 subjects in a single condition. Symbols plotted
with each bar show individual subject mean peak tangential speed or
movement duration within that condition

power to detect differences in mean and variable errors,
respectively. Of note, these errors were similar to or slightly
less than the errors in the three passive target conditions
when subjects knew the approximate speed of target hand
movement in advance (Fig. 7A, B). Equivalence testing of
the mean errors using the same procedure as above showed
the mean errors were equivalent in the active and passive
conditions (TOST p <0.001). Three subjects had lower mean
errors in the passive than in the active condition and the
other seven subjects had mean errors in the passive condi-
tion that were less than 7.5 mm larger than in the active
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Fig.5 Examples of frontal plane movement paths of the target and
reaching index-tips in the slow (blues), fast (oranges), and comfort-
able (greens) passive movement conditions for one subject. In each
graph, the lighter colors represent the target (left) index-tip motion,

condition. Variable errors in the passive condition averaged
only 0.15 mm larger than in the active condition and six of
the ten subjects had lower variable errors in the passive than
in the active condition.

Distance errors on individual trials were poorly cor-
related with peak speed of target motion in all subjects in
the variable speed conditions. In the passive target vari-
able speed movement condition (NVPVar), coefficients of
determination ranged from 0.001 to 0.326 (mean=0.108)
and three of ten subjects had statistically significant
(p <0.05) positive correlations (mean R?=0.308). Simi-
lar weak correlations were observed in the active variable
speed condition (NVAV) as the coefficients of determi-
nation ranged from 0.000 to 0.263 (mean=0.118) and
four of ten subjects had statistically significant posi-
tive (p <0.05) correlations (mean R*>=0.214). Thus,
only a small percentage of variation in distance errors
was explained by variations in peak speed of target hand
motion, even in the subjects showing increased distance
errors with increasing peak speed.

Distance errors on individual trials were also poorly
correlated with peak speed of reaching hand motion in the
passive and active variable speed target movement condi-
tions in each subject. Five of ten subjects had statistically
significant positive correlations of distance errors and
peak speed of reaching hand motion (p <0.016) but mean
coefficient of determination for these subjects was only
0.19 and, for all subjects, was 0.097. In the active variable
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and the darker colors represent the voluntary (right) reaching index-
tip motion for 3 trials (one for each speed) in the 60° Vertical, 30°
Horizontal direction and in the 30° Vertical, 60° Horizontal direction

speed condition four subjects had statistically significant
positive correlations of distance errors with peak reach-
ing hand speed. Mean coefficient of determination among
these subjects was 0.169 and for all subjects was 0.083.

Discussion

We observed that all subjects had small errors in proprio-
ceptively guiding the right index-tip to touch the passively
or actively moving left index-tip at different speeds and
movement directions. When subjects knew the approxi-
mate speed (but not direction) in advance of the target
hand motion, the mean and variable distance errors were
small and mean errors averaged less than 4 mm larger in
the fast condition (NVPF) than in the slow and comfort-
able speed conditions (NVPS, NVPC) (p <0.05). Further-
more, mean and variable errors were also small and did
not differ between experimental conditions in which the
target hand was moved actively or passively at variable
speeds. Thus, there was no evidence to support the inter-
nal model theory that prediction of motion from motor
commands is an important contributor to sensing of limb
configuration and motion. Of note, in the passive variable
speed target movement condition, subjects were unaware
of the direction or speed of imposed target hand move-
ment until after movement onset, whereas in the active
variable speed condition, subjects controlled the target
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Fig.6 Scatterplots of voluntary (right arm) moving fingertip X-posi-
tion, Y-position (left/right), and Z-position versus target (left arm)
moving fingertip in the X, Y, Z positions at movement termination.
The data from one subject is shown. Each plotted point is data from
one single trial with a single motion in that condition. Graphs A-C

hand motion according to direction and speed instructions
before each movement. These findings further emphasize
the accuracy of proprioceptive sensory inputs for guiding
hand movements as we found no evidence that motor com-
mands and pre-movement knowledge of speed/direction
of target hand movement produced lower errors in this
precise proprioceptive task. Indeed, even in fast move-
ments, subjects started right hand motion in a direction to
accurately intercept the target left index-tip with a fairly
straight movement in most cases (e.g., Fig. 5). This dem-
onstrates accurate sensing of early target index-tip direc-
tion and speed to predict the imposed motion and future
location of the target index-tip to plan the voluntary move-
ment of the right hand.

Mean distance errors averaged less than 2.5 cm (Fig. 7A),
indicating that purely proprioceptive information used when
performing the tasks was quite accurate considering that per-
fect apposition would produce errors of about 1.7 cm [i.e.,
about the maximal width of the index—(Maleki-Ghahfarokhi

@ Springer

depict data for the passive fast, comfy, and slow speeds for each posi-
tion, and graphs D-F depict data for the passive and active variable
speed conditions for each position. The line of identity is drawn on
each graph in black. Note that the data points in all conditions fall
nearly exactly on the line of identity

et al. 2019)]. Variable errors averaged less than 1 cm. These
small errors show that the proprioceptive information from
the initial motion of the passively moved target arm was used
to appropriately guide the voluntary reaching arm in a direc-
tion to accurately intercept the target index-tip. This con-
firms our previous findings (Darling et al. 2018) and extends
them to show that proprioceptive guidance produces small
errors even in fast movements when sensory feedback delays
would be expected to create larger errors.

Previous work suggested that accuracy of proprioception
may decrease as movement speed increases based on studies
involving replicating or discriminating imposed movements
of different speed (Lonn et al. 2001; Kerr and Worringham
2002; Goble and Brown 2009). Specifically, it was observed
that imposed elbow angular motion was poorly replicated
in terms of its peak angular velocity (errors approximately
doubled when peak velocity of imposed movement increased
from 30 to 60 °/s) (Goble and Brown 2009) or the speed of
faster movements was discriminated with lower resolution
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Fig.7 Bar graphs showing mean distance errors (A) and mean dis-
tance variable errors (B) in the 5 experimental conditions (Passive
slow, passive fast, passive comfortable, passive variable speed, and

than that of slower movements (Lonn et al. 2001; Kerr and
Worringham 2002). Clearly, those tasks differed substan-
tially from the task used in the present work in that motion
was constrained to a single joint and memory of the imposed
movement was required. Proprioceptive guidance may be
commonly used daily to coordinate bimanual tasks and to
reach to remembered external targets, but it is rather unusual
for subjects to attempt to replicate or discriminate kinemat-
ics of a passively imposed or active movement at a single
joint. The increase in error with increasing movement speed
in these unusual tasks may be due to novelty and either the
memory requirements and/or conscious perceptual process-
ing required to discriminate velocities of two movements.
In the present work, the fast speed target hand movements
had peak speeds that were ~2.5 times faster than the slow
movements, and ~ 1.5 times faster than comfortable speed
movements (Fig. 4A, B). This resulted in shorter move-
ment durations and much less time available to process the
sensory information (Fig. 4C, D). In addition, relevant is
that the right-hand movements had higher peak velocities
in the fast speed conditions, which would be expected to
contribute to higher and more variable errors based on the
well-known speed—accuracy tradeoff (Fitts 1954). Despite
these substantial limitations on the time to process proprio-
ceptive feedback from the upper limb motions, errors in the
fast target movement conditions averaged less than 4 mm
larger than in slow and comfortable speed conditions and
were functionally equivalent according to equivalence tests
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active variable speed). Symbols plotted with each bar show individual
subject mean distance errors (A) and distance variable errors (B)

comparing mean errors in the three conditions. We conclude
that the decreased sensory processing time available dur-
ing faster movements has no functional impact on use of
proprioception to guide fast movements within the range of
speeds studied here.

A secondary purpose of our experiment was to determine
if errors differed in active versus passive conditions. As we
expected from our previous studies (Capaday et al. 2013;
Darling et al. 2018), no statistical difference was observed
in the errors between the active and passive variable speed
conditions. Moreover, errors in the active and passive con-
ditions were functionally equivalent according to equiva-
lence tests comparing mean errors in these conditions. In
passive conditions, the nervous system can only use sen-
sory information for state estimation and to guide move-
ment of the right index-tip to the left index-tip. In active
conditions, it is debated whether the nervous system uses
only sensory inputs to direct target arm movements, or if it
also integrates state estimations from motor commands to
contribute to more accurate proprioception, as described in
the internal model theory (Wolpert et al. 1995; Bhanpuri
et al. 2013; Boisgontier and Nougier 2013; Boisgontier and
Swinnen 2014). Previous studies providing support for the
internal model theory reported that proprioceptive acuity
under active conditions was more accurate than during pas-
sive conditions (Gritsenko et al. 2007; Fuentes and Bastian
2010; Goble and Brown 2010; Monaco et al. 2010; Paillard
and Brouchon 1968). However, all these investigations used

@ Springer
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tasks that involved conscious perceptual processing and/or
memory and were constrained to a single joint, plane or a
single dimension. Such tasks are rather unfamiliar to sub-
jects and quite different from the unconstrained movements
made in daily life in which proprioception is apparently quite
accurate under both passive and active conditions and in fast
movements as we have shown here and previously (Capaday
et al. 2013; Darling et al. 2018). Indeed, van Beers et al.
(1998) concluded that “shoulder and elbow joint angles are
known to the central nervous system with a precision of
0.6°-1.1°, implying that joint angles, or equivalent quanti-
ties, are represented in the CNS more precisely than they are
consciously perceived.” We agree and think that measures
taken from perceptual tasks do not reflect the true accuracy
of proprioception as it is used to guide unconstrained move-
ments of the upper limb. Thus, because mean errors were
functionally equivalent and variable errors did not differ
under and passive and active variable speed conditions, we
conclude there is no evidence that internal models contribute
to proprioception in unconstrained slow and fast upper limb
movements.

Data availability Some data generated during and/or analysed dur-
ing the current study are available at https://osf.io/rgpyu/?view_only=
3775aeea55da4343bcb077e5a8c1c9e7.
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