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Abstract

Perception of limb position and motion combines sensory information from spindles in muscles that span one joint (monoarticu-
lars) and two joints (biarticulars). This anatomical organization should create interactions in estimating limb position. We devel-
oped two models, one with only monoarticulars and one with both monoarticulars and biarticulars, to explore how biarticulars
influence estimates of arm position in hand (x, y) and joint (shoulder, elbow) coordinates. In hand coordinates, both models pre-
dicted larger medial-lateral than proximal-distal errors, although the model with both muscle groups predicted that biarticulars
would reduce this bias. In contrast, the two models made significantly different predictions in joint coordinates. The model with
only monoarticulars predicted that errors would be uniformly distributed because estimates of angles at each joint would be in-
dependent. In contrast, the model that included biarticulars predicted that errors would be coupled between the two joints,
resulting in smaller errors for combinations of flexion or extension at both joints and larger errors for combinations of flexion at
one joint and extension at the other joint. We also carried out two experiments to examine errors made by human subjects dur-
ing an arm position matching task in which a robot passively moved one arm to different positions and the subjects moved their
other arm to mirror-match each position. Errors in hand coordinates were similar to those predicted by both models. Critically,
however, errors in joint coordinates were only similar to those predicted by the model with monoarticulars and biarticulars.
These results highlight how biarticulars influence perceptual estimates of limb position by helping to minimize medial-lateral
errors.

NEW & NOTEWORTHY It is unclear how sensory information from muscle spindles located within muscles spanning multiple
joints influences perception of body position and motion. We address this issue by comparing errors in estimating limb position
made by human subjects with predicted errors made by two musculoskeletal models, one with only monoarticulars and one with
both monoarticulars and biarticulars. We provide evidence that biarticulars produce coupling of errors between joints, which
help to reduce errors.

muscle spindles; musculoskeletal; proprioception

INTRODUCTION (monoarticulars) and others that cross two joints (biarticu-
lars). The presence of biarticulars leads to coupling of motor

Proximal joints of the upper and lower limbs are spanned patterns between joints, such that biarticulars are normally
by several muscles, including some that only span one joint recruited during production of torques at a single joint (1-6).
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Q)) BIARTICULAR CONTRIBUTIONS TO POSITION SENSE

For example, the biceps are biarticulars that generate flexor
torques at both the shoulder and elbow. When the biceps are
recruited to generate elbow flexor torques, they also generate
shoulder flexor torques that are countered by recruiting
shoulder extensor muscles. Thus, shoulder extensor muscles
tend to be active when one generates shoulder extensor or
elbow flexor torques, and elbow extensor muscles tend to be
active when one generates elbow extensor or shoulder flexor
torques. Correspondingly, shoulder and elbow flexor
muscles exhibit covariation when the long head of the tri-
ceps is recruited to generate elbow extensor or shoulder ex-
tensor torques.

Far less is known on how the anatomical organization of
muscles influences proprioception. We know that all
muscles are richly endowed with muscle spindles (7) and
perception of joint angle and rotation is influenced by the
stretch of all muscles that cross a joint (8, 9). Although spin-
dle afferents from monoarticulars provide a direct measure
of joint angle and rotation, the relationship between spindle
afferent activities and proprioception is far more complex
due to the presence of biarticulars. Consider the predictions
of two anatomical organizations of the arm, one with only
monoarticulars (Fig. 14, left) and one that also includes biar-
ticulars with similar mechanical actions to the biceps and
long head of the triceps (Fig. 14, right). The predicted influ-
ence of biarticulars on estimates of limb position is particu-
larly evident in joint (shoulder, elbow) coordinates. In the
first anatomical organization, monoarticulars only respond
to rotations of the spanned joint, thus their activities are
aligned with the primary axes in Cartesian joint (shoulder,
elbow) coordinates (Fig. 1, B and C, magenta and orange
arrows, left). Importantly, because afferent signals are not
coupled between joints, sensory resolution is similar in all
directions and estimates of limb position exhibit circular dis-
tributions of errors in Cartesian joint coordinates (Fig. 1D,
left). In contrast, biarticulars in the second anatomical orga-
nization respond to flexion at both joints and extension at
both joints (Fig. 1B, cyan arrow, right) but are minimally re-
sponsive when flexion at one joint is coupled with extension
at the other joint (Fig. 1C, absent cyan arrow, right). This
nonorthogonal organization provides biased information,
thus estimates of limb position in Cartesian joint coordinates
exhibit smaller errors in the first and third quadrants than in
the second and fourth quadrants (Fig. 1D, right). Perhaps sur-
prisingly, and not as interesting, the predicted influence of
biarticulars on estimates of limb position is less obvious in
Cartesian hand (x, y) coordinates because both anatomical
organizations predict similar, elliptical distributions of
errors (Fig. 1E).

Two theoretical studies have examined how the pres-
ence of biarticulars should influence perceptual estimates
of limb position (10) and movement (11). Although these
studies found that biarticulars should improve estimates
of limb position and movement, neither of these studies
directly compared their theoretical predictions with em-
pirical data. In fact, we are only aware of one study that
has provided empirical evidence that biarticulars influ-
ence proprioception (12). This study showed that thresh-
olds for correctly discriminating the direction of passive
wrist rotation increased (i.e., decreased perception) when
the elbow was concurrently rotated in the opposite
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Figure 1. Conceptual framework. A: two anatomical organizations of the
arm, one with monoarticulars only (left) and one with both monoarticulars
and biarticulars (right). B and C: anatomical actions of shoulder monoarticu-
lars (magenta lines), elbow monoarticulars (orange lines), and biarticulars
(cyan lines) in Cartesian joint (shoulder, elbow) coordinates. Anatomical
actions of the biarticulars couple flexion of both the shoulder and elbow (B,
right) or extension of both the shoulder and elbow (not illustrated). Muscle
spindles respond to joint rotations that involve the anatomical action of their
respective muscle. D and E: distributions of errors predicted by each model
in joint (shoulder, elbow) coordinates (D) and hand (x, y) coordinates (E).
Biarticulars lead to smaller errors for rotations that couple flexion of both
shoulder and elbow or extension of both the shoulder and elbow (D, cyan
arrows). Biarticulars also lead to smaller errors for medial-lateral changes in
hand position (E, cyan arrows). Eg, elbow extension; Eg, elbow flexion; Hy,
hand-X; Hy, hand-Y; Sg, shoulder flexion; Sg, shoulder extension.
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direction. The study also observed increased thresholds
(i.e., decreased perception) for correctly discriminating
the direction of passive elbow rotation when the wrist was
concurrently rotated in the opposite direction. Overall,
these findings suggest that the biarticulars were responsi-
ble for the decreased perception of joint rotations because
rotating the adjacent joint in the opposite direction would
have minimized changes in length of the biarticulars,
which cross the elbow and wrist on the same side.

Here, we use two musculoskeletal models, one with only
monoarticulars (MO model) and one with both monoarticu-
lars and biarticulars (MB model), to explore how the presence
of biarticulars should influence estimates of limb position by
coupling errors between the two joints. In addition, we
directly compare the theoretical predictions from our models
with empirical data from human subjects who performed an
arm position matching task in which an upper-limb robot pas-
sively moved one arm to different positions and the subjects
actively moved their opposite arm to mirror-match each posi-
tion. In two separate experiments, one with many subjects
but few trials (experiment 1) and one with few subjects but
many trials (experiment 2), we found that errors in joint
coordinates exhibited consistent coupling such that errors
were smaller for combinations of flexion or extension at
both joints and larger for combinations flexion at one joint
and extension at the other joint. Critically, this coupling of
errors was similar to the coupling of errors predicted by
the MB Model. This similarity between the predicted and
actual coupling of errors highlights how biarticulars influ-
ence perceptual estimates of limb position.

METHODS
Musculoskeletal Models

We used two variants of the musculoskeletal model devel-
oped by Scott and Loeb (10) to explore the influence of biar-
ticulars on estimates of limb position (see original paper for
full details of the model. See online supplement for model
code: https://doi.org/10.6084/m9.figshare.13501956.v1).

The first variant, monoarticular only (MO) model, produced
errors expected for a two-joint limb with only monoarticulars
(Fig. 1A). The second variant, monoarticular and biarticular
(MB) model, produced errors expected for a two-joint limb
with both monoarticulars and biarticulars (Fig. 1B).

For monoarticulars, changes in firing rates of individual mus-
cle spindles (As) are related to changes in the angle of the
spanned joint (A®), normalized by a scaling parameter (k) equal
to the muscle’s fascicle length divided by its moment arm:

As = Ad/k. (1)

For biarticulars, changes in firing rates of individual mus-
cle spindles are related to changes in the angle of either
spanned joint. In the upper limb, for example, changes in fir-
ing rates of individual spindles (As) are related to changes in
the angle of the shoulder (A®s) or elbow (Adg), normalized
by their respective scaling parameters at the shoulder (ks)
and elbow (Kg):

As = (Ads/ks) + (bp/ke). (2)

The nervous system needs to perform the inverse opera-
tion to estimate limb position from firing rates of muscle
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spindles. If using information from only monoarticulars (MO
model), errors in estimating the angles of the shoulder (Ads)
and elbow (A®g) are proportional to the variability of firing
rates of all spindles in the shoulder (ASsy) and elbow (ASgm)
monoarticulars. Estimation errors are also influenced by
scaling parameters equal to the mean fascicle length divided
by the mean moment arm of the shoulder (kgy) and elbow
(kgp) monoarticulars. The resulting estimates of angular
errors at the shoulder and elbow can be expressed as follows:

Adp = kpuASey - (4)

If using information from both monoarticulars and biar-
ticulars (MB model), errors in estimating the angles of the
shoulder (Ads) and elbow (A®g) are proportional to the vari-
ability of firing rates of all spindles in the shoulder monoar-
ticulars (ASgym) and biarticulars (ASsg) and elbow mono-
articulars (ASgy) and biarticulars (ASgg). These estimation
errors are also influenced by scaling parameters equal to the
mean fascicle length divided by the mean moment arm of
the shoulder monoarticulars (kgy) and biarticulars (Kgg)
and elbow monoarticulars (kgp) and biarticulars (kgg). Fur-
thermore, errors in estimating shoulder angle are modulated
by weighting factors proportional to the number of spindles
in the shoulder monoarticulars (wsy) and biarticulars (wsg),
where wsy + Wsp = 1. Finally, errors in estimating elbow
angle are modulated by weighting factors proportional to the
number of spindles in the elbow monoarticulars (wWgy) and
biarticulars (wgg), where wgym + Wgg = 1. The resulting esti-
mates of angular errors at the shoulder (A®ds) and elbow
(A®g) can be expressed as follows:

Abrk,

Adg = wsyksyASsy + wsp (kSBASSB - %} (%)
Adk

Adp = wenkpnASem + wep (kEBASEB - %) (6)

The MO and MB models can also be combined with seg-
ment lengths of the upper-arm (L1, shoulder to elbow) and
forearm (L2, elbow to fingertip) to estimate hand position in
Cartesian coordinates (x, y):

x = Licos(ds + Adg) + Lacos(ds + Adg + b + Adg),  (7)
y = Lisin(dy + Ads) + Lacos(ds + Ads + dp + Adg).  (8)

Model Parameters

Table 1 specifies the values of the parameters used to sim-
ulate errors produced by both models. We assumed individ-
ual spindles produce errors that are independently drawn
from a Gaussian distribution with a standard deviation of 0.5
radians (13) and muscle groups transmit errors equal to the
average error produced by all individual spindles in each
muscle group. Based on these assumptions, we simulated
errors produced by a shoulder monoarticular group (ASsm),
shoulder biarticular group (ASsp), elbow monoarticular
group (ASgn), and elbow biarticular group (ASgp) by drawing
errors for each group from a Gaussian distribution with a
standard deviation of 0.5 and normalizing the error by the
square root of the number of spindles in each muscle group
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Table 1. Values of parameters used for simulations of both models in experiments 1and 2

Muscle Group Spindle Count k Coefficient Fascicle Length, cm Moment Arm, cm

Shoulder Monoarticulars 549 4.7

Pectoralis Major 3.4 13.7 4.0

Anterior Deltoid 5.8 9.9 1.7

Posterior Deltoid 4.8 12.0 —-25

Supraspinatus 53 7.4 —-1.4

Infraspinatus 4.1 7.8 -1.9
Shoulder Biarticulars 542 4.9

Biceps Long Head 4.0 1.6 29

Biceps Short Head 5.2 15.0 2.9

Triceps Long Head 5.4 13.4 —2.5
Elbow Monoarticulars 785 4.6

Brachioradialis 3.9 16.4 4.2

Brachialis 4.3 9.0 2.1

Triceps Lateral Head 57 1.4 —-2.0

Triceps Medial Head 4.6 9.2 -2.0
Elbow Biarticulars 542 4.8

Biceps Long Head 34 1.6 34

Biceps Short Head 4.4 15.0 3.4

Triceps Long Head 6.7 13.4 -2.0

(14). Spindle counts for the shoulder monoarticular group
(n = 549), elbow monoarticular group (n = 785), and biarticu-
lar groups (n = 542) were based on spindle counts obtained
from morphological studies of human muscles (6). Scaling
parameters of each group (ksy = 4.7, ksg = 4.9, kgpm = 4.6,
kgp = 4.8) were computed from mean fascicle lengths and
mean moment arms obtained from studies of human fascicle
lengths (15-19) and moment arms (18-20). In both experi-
ments, we computed errors in Cartesian hand coordinates
using the actual segment lengths (L1 and L2) of each
human subject. Finally, we performed sensitivity analyses
that examined how model behavior was altered by 2 times,
4 times, and 8 times increases in the spindle counts of
shoulder monoarticulars, elbow monoarticulars, and bia-
rticulars.

Subjects

In experiment 1, we examined position sense in a cohort of
100 human subjects (61 female, 39 male) who had previously
participated in a series of clinical studies in our laboratories
(21-23). All subjects were right-handed and ranged in age
from 20 to 65yr (median =44). All subjects had no history of
neurological or orthopedic problems affecting either arm
and provided informed consent before participation. Data
were collected at Queen’s University, St. Mary’s of the Lake
Hospital (both in Kingston, Ontario, Canada), and Foothills
Hospital (Calgary, Alberta, Canada) as part of a standardized
protocol.

In experiment 2, we examined position sense in eight,
right-handed human subjects (4 female, 4 male) ranging in
age from 20 to 27 yr (median = 23). All subjects had no history
of neurological or orthopedic problems affecting either arm
and provided informed consent before participation. Data
were collected at New York Institute of Technology, College
of Osteopathic Medicine (Old Westbury, New York).

Apparatus and Task

Data at all sites were collected using a Kinarm exoskeleton
robot (24) (Kinarm Ltd., Kingston, Ontario). Subjects sat in a
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wheelchair base with each arm placed in an exoskeleton
adjusted to the dimensions of their body. The robot sup-
ported the subjects’ arms in the horizontal plane, monitored
shoulder and elbow rotations, and could apply mechanical
torques at the shoulder and/or elbow. Subjects could not
view any part of their arms and hands, which were occluded
from view by a metal partition and opaque fabric cover.

Limb position sense was quantified using an arm posi-
tion matching task (21-23). Subjects were instructed to
relax one arm and allow the robot to passively move it to
different target positions within the horizontal plane.
Passive movements followed linear paths with bell-shaped
speed profiles (max speed <1 m/s). Subjects were further
instructed to wait for the robot to stop moving their arm,
then match the position by actively moving their opposite
arm to the mirror location. The final hand position at the
end of each trial was used as the start position for the next
trial.

Subjects were given as much time as they wanted and
were allowed to make as many corrective movements as
they wanted to complete each trial. They verbally indi-
cated when they completed each trial to the examiner,
who then manually triggered the next trial. On average,
subjects took 2.41+0.85 s to complete each trial in experi-
ment 1 and 2.65+0.48 s to complete each trial in experi-
ment 2.

In experiment 1, the passive arm was randomly moved to
nine different target positions organized in a 3 x 3 grid in
Cartesian hand coordinates (Fig. 2A). The central target was
located at the position of each subject’s index fingertip when
their shoulder was in 30° of forward flexion and their elbow
was in 90° of flexion. This position defined the origin in
hand coordinates (Ocm, O cm), and the other eight targets
were distributed in a 20 cm by 20 cm square around the cen-
tral target: (10 cm, O cm), (10 cm, 10 cm), (Ocm, 10 cm), (—10
cm, 10 cm), (=10 cm, O cm), (—10 cm, —10 cm), (Ocm, —10
cm), and (10 cm, —10 cm). However, due to individual differ-
ences in upper-arm (L1) and forearm (L2) lengths, the central
target of each subject was located at a different position in
hand coordinates, resulting in a mean position of 1.5cm
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lateral and 49.2cm distal from the shoulder. In addition,
although the joint angles (shoulder, elbow) of the central tar-
get were fixed at (30°, 90°), the angles of the eight peripheral
targets varied between subjects, resulting in mean angles
(22°, 88°), (41°, 59°), (49°, 62°), (59°, 61°), (44°, 87°), (30°,
109°), (15°, 110°), and (3°, 107°) in joint coordinates (Fig. 2C).
Each subject completed six trials to each of the nine target
positions for a total of 54 trials. After completing one block
using one arm (selected randomly), subjects completed a
second block using the opposite arm.

In experiment 2, we used a similar protocol with three key
exceptions (Fig. 2B). First, we employed five targets that
were specified in joint (shoulder, elbow) coordinates:
(30°,110°), (5%, 100°), (30°, 45°), (50°, 40°), and (70°, 35°). This
allowed us to assess larger ranges of shoulder and elbow
angles than in experiment 1 (Fig. 2, C and D). However,
because the five targets were specified in joint coordinates,
their positions in hand coordinates varied between subjects.
On average, the origin in hand coordinates (0 cm, O cm) was
located 3.1cm lateral and 51.0cm distal from the shoulder,
and the five targets were located at (13cm, —8 cm), (31cm, 5
cm), (—13 cm, —11 cm), (13 cm, 14 cm), and (-7 cm, 16 cm) rel-
ative to the origin. Accordingly, this also allowed us to assess
a larger range of hand positions than in experiment 1 (Fig. 2,
A and B). Second, all subjects performed 150 trials to each
target position (25 times more than experiment 1). This
allowed us to assess individual patterns of errors in estimat-
ing arm position at each target. Due to the length of this
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experiment (750 trials total), subjects performed three blocks
of 250 trials composed of 50 trials to each target position and
were given rest breaks after each block. Third, subjects per-
formed all 750 trials using only their right arm as the passive
arm and their left arm as the active arm.

Data Analyses

We investigated the influence of biarticulars on errors in
estimating arm position by examining two-dimensional distri-
butions of errors in Cartesian hand (x, y) and joint (shoulder,
elbow) coordinates. We analyzed errors in hand coordinates to
facilitate comparisons between our study and previous studies
of end point errors in hand coordinates (25-30). We analyzed
errors in joint coordinates because the nonlinear mapping
between hand and joint coordinates creates a clear dissoci-
ation between the distributions of errors predicted by the
MO and MB models in joint coordinates (Fig. 1D).

Errors predicted by the MO and MB models in hand and
joint coordinates were simulated by running each model
through the same number of trials (iterations) that our
human subjects completed to each of the nine targets in
experiment 1 (n = 1,200: 100 subjects x 2 arms x 6 trials per
target) and each of the five targets in experiment 2 (n = 1,200:
8 subjects x 150 trials per target). Shoulder and elbow errors
predicted by the MO model in both experiments were
obtained from Egs. 3 and 4. Shoulder and elbow errors pre-
dicted by the MB model in both experiments were obtained
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from Egs. 5 and 6. Predicted errors in hand coordinates were
obtained from Egs. 7 and 8, using the shoulder and elbow
errors from each model and actual segment lengths (L1 and
L2) of each human subject in experiments 1 and 2 as inputs.

Errors made by our human subjects in hand and joint
coordinates were compared with the predicted errors from
the two models. Errors in hand coordinates were obtained
from the medial-lateral (x) and proximal-distal (y) posi-
tions of each index fingertip relative to the origin (Ocm, O
cm) when the shoulder was in 30° of forward flexion and
the elbow was in 90° of flexion. In both experiments, errors
were initially calculated by subtracting the actual fingertip
positions and joint angles of the passive arm at the end of
each trial from the actual fingertip positions and joint
angles of the active arm at the end of each trial. By sub-
tracting the actual, rather than the desired, fingertip posi-
tions and joint angles of the passive arm, we removed any
small differences between the actual and desired positions
and angles of the passive arm from each hand and joint
error. In both experiments, we then subtracted each sub-
ject’s mean hand and joint errors at each target from their
hand and joint errors on each trial. This step removed all
systematic biases from each subject’s hand and joint errors
(21-23). In experiment 1, we finally grouped all hand and
joint errors for each of the nine targets (1,200 trails/target:
100 subjects x 2 arms x 6 trials). In experiment 2, we
grouped each subject’s hand and joint errors for each block
of 50 trials to each target and removed any potential drifts
in proprioception (31-33) by using linear regression to sub-
tract the running mean from each block of 50 trials to each
target (Supplemental Fig. S1; https://doi.org/10.6084/m9.
figshare.12552140.v1). We finally grouped all hand and
joint errors made by each subject to each of the five targets
(150 trials/group, 40 groups: 8 subjects x 5 targets) in
experiment 2.

We analyzed two measures obtained from principle com-
ponents analyses (PCA) performed on the distributions of
errors from the musculoskeletal models and human subjects
for each target in experiment 1 and for each target per subject
in experiment 2. The “axis” (v) describes the eigenvector
(angle) of the major PCA component, where o, and w, are the
weights for the eigenvector of the major PCA component.
The “elongation” (e) describes the anisotropy of the major
and minor PCA components, where %; and A, are the eigen-
values (variances) of the major and minor PCA components:

v=rtan"! (2—?), (9)
a2
o (A% + 22%) 1o

In experiment 1, we used the grouped data from each of
the nine targets to compute nine summary measures of Axes
and Elongation for the MO model, MB model, and human
subjects. In experiment 2, we used the data from each of the
40 groups (8 subjects x 5 targets) to compute 40 summary
measures of axis and elongation for the MO model, MB
model, and human subjects. First, we analyzed differences
between the predictions made by the two models in each
experiment. We used Watson-Williams tests to compare the
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mean axis of the two models in hand and joint coordinates
and Wilcoxon rank-sum tests to compare the mean elonga-
tion of the two models in hand and joint coordinates for a
total of four tests in each experiment. The threshold for sig-
nificance in each experiment was set at P < 0.0125 using a
Bonferroni correction (o/n), where o = 0.05 and n = 4 tests in
each experiment. Second, we analyzed differences between
the actual performance of our human subjects and the pre-
dictions made by the two models in each experiment. We
used Watson-Williams tests to compare the mean axis of the
human subjects with each model in hand and joint coordi-
nates and Wilcoxon rank-sum tests to compare the mean
elongation of human subjects with each model in hand and
joint coordinates, for a total of eight tests in each experi-
ment. The threshold for significance in each experiment was
set at P < 0.00625 using a Bonferroni correction (a/n), where
o =0.05 and n = 8 tests in each experiment.

RESULTS

Experiment 1. Distributions of Errors in Hand
Coordinates

In hand coordinates, both the monoarticular only (MO) and
the monoarticular and biarticular (MB) models produced el-
liptical distributions of errors that featured greater medial-lat-
eral than proximal-distal variability (Fig. 3, A and B). The MO
model had a mean axis of 5.3° and mean elongation of 0.92,
and the MB model had a mean axis of —2.8° and mean elonga-
tion 0.71 (Table 2, Fig. 3D). We did not find a significant differ-
ence between the mean axis of the two models (P = 0.11), but
we observed a significant difference between their mean elon-
gation (P < 0.0125). In agreement with our hypothesis (Fig.
1E), this shows that the biarticular group reduced the medial-
lateral variability of position sense in hand coordinates.

The grouped data from our human subjects also produced
elliptical distributions of errors in hand coordinates that fea-
tured greater medial-lateral than proximal-distal variability
(Fig. 3C). The distributions of errors had a mean axis of 1.1°
and mean elongation of 0.73 (Table 2, Fig. 3D). Their mean
axis was not significantly different than in the MO model
(P=0.16) or MB model (P = 0.40), nor was their mean elonga-
tion significantly different than in the MB model (P = 0.93).
However, their mean elongation was significantly different
than in the MO model (P < 0.00625), indicating that the MO
model did not accurately predict the variability of position
sense of our human subjects in hand coordinates.

Experiment 1: Distributions of Errors in Joint
Coordinates

As expected, the MO model produced circular distribu-
tions of errors in joint coordinates (Fig. 4A), whereas the MB
model produced elliptical distributions of errors that
coupled flexion errors at one joint with extension errors at
the other joint (Fig. 4B). The MO model had a mean axis of
1.2° and mean elongation of 0.35, whereas the MB model had
a mean axis of —38.8° and mean elongation 0.74 (Table 2,
Fig. 4D). Importantly, the models exhibited significant dif-
ferences in both their mean axis (P < 0.0125) and mean elon-
gation (P < 0.0125). In agreement with our hypothesis (Fig.
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Figure 3. Experiment 1. model predictions and human data in hand coordinates. A-C: distributions of errors from the monoarticular only (MO) model,
monoarticular and biarticular (MB) model, and human subjects (all subjects and arms grouped) to each of the nine targets in Cartesian, hand (x, y) coordi-
nates. Dots show errors on individual trials to each target and ellipses illustrate principle components analyses (PCA) ellipses fit to the distributions of
errors at each target. Dots and ellipses are plotted relative to specified location of each target in hand (x, y) coordinates: (O cm, O cm), (10cm, O cm),
(10 cm, 10 cm), (O cm, 10 cm), (—10 cm, 10 cm), (—10 cm, O cm), (—10 cm, —10 cm), (0 cm, —10 cm), and (10 cm, —10 cm). D: polar plots showing the axes
(angle) and elongation (magnitude) associated with the distributions of errors from the MO model (red diamonds), MB model (blue diamonds), and human

subjects (gray circles) to each of the nine targets in hand coordinates.

1D), this shows that the biarticular group altered the pre-
dicted orientation and shape of position sense variability in
joint coordinates.

Similar to the MB model, the grouped data of our human
subjects produced elliptical distributions of errors that
coupled flexion errors at one joint with extension errors at
the other joint (Fig. 4C). The distributions of errors had a
mean axis of —40.6° and mean elongation of 0.68 (Table 2,
Fig. 4D), which were not significantly different than the
mean axis (P = 0.17) and mean elongation (P = 0.09) of the
MB model. However, they were significantly different than
the mean axis (P < 0.00625) and mean elongation (P <
0.00625) of the MO model, indicating that the MO model did
not accurately predict the variability of position sense of our
human subjects in joint coordinates.

We subsequently examined how the distributions of
errors predicted by the MO and MB models in joint coor-
dinates were influenced by altering the spindle counts,
fascicle lengths, or moment arms of the shoulder monoar-
ticular group (Supplemental Fig. S2; https://doi.org/
10.6084/m9.figshare.12552176.v1), elbow monoarticular
group (Supplemental Fig. S3; https://doi.org/10.6084/m9.
figshare.12552182.v1) or biarticular group (Supplemental
Fig. S4; https://doi.org/10.6084/m9.figshare.12552188.v1).
After altering the shoulder monoarticulars by increasing
the spindle count, decreasing the mean fascicle length, or
increasing the mean moment arm, the MO model pro-
duced distributions of errors with greater elongation
along the elbow axis (Supplemental Fig. S2, A-C). In

contrast, the MB model produced distributions of errors
that exhibited increases in elongation coupled with rota-
tion toward the elbow axis (Supplemental Fig. S2, D-F).
When the elbow monoarticular group was modified, the
MO model produced distributions of errors with greater
elongation along the shoulder axis (Supplemental Fig. S3,
A-C), whereas the MB model exhibited increases in elon-
gation coupled with rotation toward the shoulder axis
(Supplemental Fig. S3, D-F). Finally, modifying the biar-
ticulars could not affect the MO model (not illustrated),
but the distributions of errors produced by the MB model
exhibited increases in elongation without any rotation
(Supplemental Fig. S4, A-C). Importantly, regardless of
the model parameters, the MO model never produced el-
liptical distributions of errors that coupled flexion errors
or extension errors at both joints.

Given the broad age range of our subjects in experiment 1,
we also examined the effects of aging on errors estimating
arm position (Supplemental Fig. S5; https://doi.org/10.6084/
m9.figshare.12552191.v1). In this analysis, we compared sub-
jects in the bottom age quartile (young group: age <30 yr)
with subjects in the top age quartile (older group: age > 55
yr). Based on the results of our previous study on the effects
of aging on position sense (22), we expected to observe
higher variability in estimates of arm position (measured as
the area of PCA ellipses) in the older group, but we did not
expect to observe differences in the mean axis or mean elon-
gation of the two groups. As expected, we found that the var-
iability of errors in joint coordinates was significantly higher

Table 2. Results of the musculoskeletal models and human subjects in experiments 1 and 2

Experiment 1 Experiment 2
Coordinate Measure MO Model MB Model Subjects MO Model MB Model Subjects
Hand Axis 5.3° (11.2° —2.8° 9.2? 1.1° (4.4° —4.7° §17.6°) —10.7° §17.6°{ —7.9° (15.0°)
Elongation 0.92 (0.04) 0.71(0.18 0.73 (0.08) 0.94 (0.05) 0.80 (0.20, 0.83(0.12)
Joint Axis 1.2° (3.2°) —38.8° (1.39) —40.6° (8.8°) —1.0° (8.0°) —38.4° (2.7°) —41.5° (16.3°)
Elongation 0.35 (0.05) 0.74 (0.02) 0.68 (0.08) 0.36 (0.09) 0.75 (0.03) 0.74 (0.17)

Values for each measure show the means (SD). Boldface values show measures in which the model is significantly different than the
other model (P < 0.0125) and significantly different than the human subjects (P < 0.00625).
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Figure 4. Model predictions and human data from experiment 1in joint coordinates. A—C: distributions of errors from the monoarticular only (MO) model,
monoarticular and biarticular (MB) model, and human subjects (all subjects and arms grouped) to each of the nine targets in Cartesian, joint (shoulder,
elbow) coordinates. Dots show errors on individual trials to each target and ellipses illustrate principle components analyses (PCA) ellipses fit to the dis-
tributions of errors to each target. Dots and ellipses are plotted relative to the average location of each target in joint (shoulder, elbow) coordinates: (30°,
90°), (22°, 88°), (41°, 59°), (49°, 62°), (59°, 61°), (44°, 87°), (30°, 109°), (15°, 110°), and (3°, 107°). D: polar plots showing the axes (angle) and Elongation
(magnitude) associated with the distributions of errors from the MO model (red diamonds), MB model (blue diamonds), and human subjects (black circles)

to each of the nine targets in joint coordinates.

in the older group (P < 0.001). Furthermore, the mean axis of
both groups was not significantly different (P = 0.42).
However, the mean elongation was significantly smaller
(more circular) in the older group (P = 0.002).

Experiment 2: Distributions of Errors in Hand
Coordinates

Although experiment 2 examined a broader range of hand
positions, both models displayed similar results to experi-
ment 1 in hand coordinates. Notably, both models produced
elliptical distributions of errors with greater medial-lateral
than proximal-distal variability (Fig. 5, A and B). The MO
model had a mean axis of —4.7°and a mean elongation of
0.94, whereas the MB model had a mean axis of —10.6° and a
mean elongation of 0.80 (Table 2, Fig. 5D). We did not find a
significant difference between the mean axis of the two mod-
els (P = 0.14), but we did observe a significant difference
between their mean elongations (P < 0.0125). In agreement
with our hypothesis (Fig. 1E), this shows that the biarticular

group reduced the medial-lateral variability of position sense
in hand coordinates.

Similar to both models, the exemplar subject illustrated in
Fig. 5C produced elliptical distributions of errors with greater
medial-lateral than proximal-distal variability. The grouped
data (n = 40, 8 subjects x 5 targets) had a mean axis of —7.9°
and a mean elongation of 0.83 (Table 2, Fig. 5D). The mean axis
was not significantly different than in the MO model (P = 0.44)
or MB model (P = 0.39), nor was the mean elongation signifi-
cantly different than the MB model (P = 0.19). However, the
mean elongation was significantly different than in the MO
model (P < 0.00625). Similar to experiment 1, this also indicates
that the MO model did not accurately predict the variability of
position sense of our human subjects in hand coordinates.

Experiment 2: Distributions of Errors in Joint
Coordinates

Although we examined a broader range of shoulder and
elbow angles in experiment 2, both models produced similar
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Figure 5. Experiment 2: model predictions and human data in hand coordinates. A—C: distributions of errors from the monoarticular only (MO) model,
monoarticular and biarticular (MB) model, and an exemplar human subject to each of the five targets in Cartesian, hand (x, y) coordinates. Dots show
errors on individual trials to each target and ellipses illustrate principle components analyses (PCA) ellipses fit to the distributions of errors to each target.
Dots and ellipses are plotted relative to the average location of each target in hand (x, y) coordinates: (13cm, —8 cm), (31cm, 5 cm), (—13 cm, —11 cm),
(13cm, 14 cm), and (—7 cm, 16 cm). D: polar plots showing the axes (angle) and elongation (magnitude) associated with the distributions of errors from the
MO model (red diamonds), MB model (blue diamonds), and human subjects (gray circles) to each of the 40 groups (8 subjects x 5 targets) in hand
coordinates.
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coordinates.

results to experiment 1 in joint coordinates. Notably, the MO
model produced circular distributions of errors (Fig. 6A)
with a mean axis of —0.1° and mean elongation of 0.36
(Table 2, Fig. 6D). In contrast, the MB model produced ellip-
tical distributions that coupled flexion errors at one joint
with extension errors at the other joint (Fig. 6B), resulting in
a mean axis of —38.4° and mean elongation of 0.75 (Table 2,
Fig. 6D). Importantly, the MO and MB models exhibited sig-
nificant differences between their mean axis (P < 0.0125)
and mean elongation (P < 0.0125). In agreement with our hy-
pothesis (Fig. 1D), this demonstrates the predicted orienta-
tion and shape of position sense variability in joint
coordinates was altered by the biarticular group.

Similar to the grouped data in experiment 1, the exemplar
subject illustrated in Fig. 6C exhibited elliptical distributions
of errors that coupled flexion errors at one joint with exten-
sion errors at the other joint. The grouped data (n = 40: 5 tar-
gets x 8 subjects) had a mean axis of —41.5° and mean
elongation of 0.74 (Table 2, Fig. 6D), which were not signifi-
cantly different than the mean axis (P = 0.15) and mean elon-
gation (P = 0.07) of the MB model. However, they were
significantly different than the mean axis (P < 0.00625) and
mean elongation (P < 0.00625) of the MO model. In agree-
ment with experiment 1, this also indicates that the MO
model did not accurately predict the variability of position
sense of our human subjects in joint coordinates.

We subsequently examined how the distributions of
errors predicted by the MO and MB models in joint coordi-
nates were influenced by modifying the spindle counts,
fascicle lengths, or moment arms of the shoulder monoar-
ticular group (Supplemental Fig. S6; https://doi.org/
10.6084/m9.figshare.12552194.v1), elbow monoarticular
group (Supplemental Fig. S7; https://doi.org/10.6084/m9.
figshare.12552200.v1), or biarticular group (Supplemental
Fig. S8; https://doi.org/10.6084/m9.figshare.12552215.v1).
Notably, altering the model parameters in experiment 2
produced results that were similar to those in experiment
1. When the shoulder or elbow monoarticulars were altered
by increasing the spindle count, decreasing the mean fas-
cicle length or increasing the mean moment arm, the MO

J Neurophysiol « doi:10.1152/jn.00317.2019 « www.jn.org

model produced distributions of errors with greater elon-
gation along the elbow axis (Supplemental Fig. S6, A-C) or
shoulder axis (Supplemental Fig. S7, A-C). In contrast, the
distributions of errors produced by the MB model exhib-
ited increases in elongation coupled with rotation toward
the elbow (Supplemental Fig. S6, D-F) or shoulder
(Supplemental Fig. S7, D-F) axis. Finally, when the biartic-
ulars were modified, the distributions of errors produced
by the MB model exhibited increases in elongation with-
out associated rotations (Supplemental Fig. S8, A-C).
Importantly, the MO model did not produce elliptical dis-
tributions of errors that coupled flexion errors or extension
errors at both joints as a result of any of the modifications
to the different muscle groups.

DISCUSSION

The present study examined the influence of biarticulars
on perceptual estimates of limb position. We compared
simulated distributions of errors obtained from two muscu-
loskeletal models with actual distributions of errors obtained
from human subjects. Novel to this study, we examined the
role of biarticulars by comparing predictions from a model
with monoarticulars only (MO model) with a model that
included both monoarticulars and biarticulars (MB model).
Unlike previous studies, which mainly focused on examining
distributions of errors in hand coordinates, we also exam-
ined distributions of errors in joint coordinates. Notably, our
musculoskeletal models predicted some differences in hand
coordinates but greater differences in joint coordinates. This
does not provide evidence in favor of one particular coordi-
nate system but highlights the benefits of using multiple
views to examine predictions of nonlinear systems.

Our analysis in joint coordinates revealed that our two
models predicted different distributions of errors in both
experiments. The MO model predicted circular distributions
of errors in joint coordinates, whereas the MB model pre-
dicted elliptical distributions of errors that would exhibit
systematic coupling between flexion errors at one joint and
extension errors at the other joint. Our population
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(experiment 1) and individual subjects (experiment 2) also
produced elliptical distributions of errors that exhibited sys-
tematic coupling between flexion errors at one joint and
extension errors at the other joint. Critically, our human data
qualitatively and quantitatively matched the distinctive pat-
terns of errors produced by the MB model in joint coordi-
nates. This provides clear evidence that sensory information
from biarticulars influences our estimation of limb position
throughout the arm’s entire workspace.

Our findings are particularly important because few em-
pirical studies have examined the influence of biarticulars
on perception. As previously stated, we are only aware of
one empirical study that examined the influence of biarticu-
lars on proprioception (12). This study found that detection
thresholds for passive wrist (elbow) rotation increased when
the elbow (wrist) was concurrently rotated in the opposite
direction. These opposing joint rotations would produce
minimal changes in the length of the distal biarticulars
because they cross the elbow and wrist on the same side.
Similarly, we also observed larger errors during opposing
rotations of the shoulder and elbow, which would lead to
minimal changes in length of the proximal biarticulars
because they cross the shoulder and elbow on the same side.

Two previous modeling studies have also investigated the
influence of biarticulars on perceptual estimation. In the first
study, Scott and Loeb (10) explored the optimal distributions
of muscle spindles in shoulder monoarticulars, elbow mono-
articulars, and elbow-shoulder biarticulars for encoding sen-
sory information in three different coordinate frames. They
found that the muscle spindles of biarticulars were impor-
tant for encoding information in segment orientation and
end point coordinates. However, they also demonstrated
that the actual distribution of muscle spindles in humans is
not ideally suited for encoding information in any particular
coordinate frame. In the other study, Smeets (11) examined
the influence of biarticulars on estimates of hand movement
by comparing two models, one with only monoarticulars at
the shoulder and elbow and one with monoarticulars at the
shoulder and biarticulars at both joints. This study found
that the model with biarticulars provided more uniform sen-
sitivity to different directions of hand movement than the
model with only monoarticulars. Our findings are similar in
that the MB model predicted less elongated errors in hand
coordinates than the MO model.

In contrast to the lack of research on the influence of biar-
ticulars on perceptual estimates, several empirical and theo-
retical studies have examined the influence of biarticulars
on motor control. In brief, biarticulars enable efficient trans-
fer of energy across joints (34-37). They also create biased
patterns of muscle activity (1, 6, 38) that are appropriate for
minimizing overall effort (3, 5, 11, 39). Furthermore, primary
motor cortex and red nucleus exhibit a parallel bias in which
more neurons are maximally active when flexor torques at
one joint are coupled with extensor torques at the other (2,
40, 41).

Although our study focused on the influence of muscle
spindles in estimating limb position, sensory information
from Golgi tendon organs (GTOs) and cutaneous receptors
may also contribute to estimating limb position. GTOs
directly measure tendon strain and are ideally suited to
account for changes in tendon length with different load
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levels and help estimate the length of the muscle-tendon
complex (42). This is important for providing a consistent
relation between sensory signals from muscles and seg-
mental variables like joint angle. In our study, we would
expect GTOs in the arm that was passively moved by the
robot to exhibit little activity because the arms were sup-
ported against gravity and small loads were used to pas-
sively move the arm. Even if muscles were required to
counter gravity or other external loads, similar biases
would be expected because GTOs are in series with the
muscles. Specifically, flexion at one joint coupled with
extension at the other joint would lead to minimal changes
in muscle length sensed by the spindles or muscular force
sensed by GTOs.

Previous studies have also shown that cutaneous receptors
contribute to perception of joint angle. This influence is no-
table for the fingers (43, 44) as well as more proximal joints
such as the knee and elbow (28, 45). However, muscle spin-
dles located within muscles that cross proximal limb joints
may make a greater contribution to perception of limb posi-
tion. Notably, perception of hand motion is attenuated by
anesthetizing the skin around the fingers (46-48), whereas
perception of proximal limb motion is not attenuated by
anesthetizing the skin around the knee (49). Furthermore,
more muscle spindles are located within muscles that cross
proximal limb joints (10), whereas the density of cutaneous
receptors is much greater distally (50).

It is possible that the observed coupling between flexion
errors at one joint and extension errors at the other joint was
related to specifics of our task, given that distinct perceptual,
cognitive, and motor demands of different tasks can influ-
ence estimates of limb position (51). For example, tasks that
use active arm movements to match the previous position of
the same arm require a working memory component (25, 30,
52-54). In contrast, tasks that use active movements of one
arm to match the position of the opposite arm circumvent
the working memory component but require transfer of pro-
prioceptive information between the two cerebral hemi-
spheres (26, 27, 29, 51, 52, 55). Although working memory
and interhemispheric transfer can influence estimates of
arm position (51), the effects of interhemispheric transfer are
relatively small. Accordingly, it is unlikely that the interhe-
mispheric transfer required by our task can account for the
coupling in joint coordinates observed in our task.

Other tasks have used a visual pointer/target (27, 54, 56) or
a forced-choice response (27, 57) to avoid the potential influ-
ence of active arm movements on estimates of arm position.
However, these tasks are not feasible for measuring both the
magnitude and direction of two-dimensional errors in hand
and joint coordinates. Instead, we allowed our subjects to
directly compare the positions of their arms for as long as
necessary before indicating that they had finished estimat-
ing their arm position. This permitted our subjects to maxi-
mize their use of proprioceptive information and minimize
any influences of their active movements on estimates of
their arm position. Both arms were also supported against
gravity to avoid any influences resulting from effort needed
to stabilize the arms against gravity (58, 59). Furthermore,
both arms were occluded from vision to prevent any influen-
ces related to multisensory integration of vision and proprio-
ception (29).
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Another worthwhile discussion point is the value of
examining both hand and joint coordinates in the current
study. Although considerable effort has been dedicated to
the issue of coordinate frames [for reviews, see Soechting
and Flanders (60) and Battaglia-Mayer et al. (61)], it is im-
portant to emphasize that we did not examine hand and
joint coordinates to argue for or against a particular coor-
dinate frame. In fact, muscle spindle distributions may
not optimally encode information in any particular coordi-
nate frame (10). We also agree that there may be limited
value in analyzing different coordinate frames for the pur-
pose of revealing what coordinate frames are used to
encode information (62-65).

Our use of an active movement paradigm could conflate
sensory errors with motor noise. However, we do not think
this compromised our results as subjects did not have time
constraints to complete their matching movements and,
unlike typical reaching movements, their matching move-
ments often took a long time to complete and included mul-
tiple submovements. Furthermore, reaching movements to
external targets usually produce variability ellipses that are
primarily oriented along the direction of movement (66, 67).
In the task used in experiment 1, movements to the central
target would have produced variability ellipses at different
angles and that would have resulted in a net circular distri-
bution. Our findings are not consistent with these predicted
patterns, although a complete answer would require model-
ing how monoarticulars and biarticulars are coordinated to
achieve a particular task goal and how end point errors are
impacted by particular noise distributions. Although this
would be a worthwhile aim, it is beyond the scope of this
paper.

As mentioned previously, we analyzed errors in joint coor-
dinates because of the clear dissociation between the distri-
butions of errors predicted by the MO and MB models that is
present in joint but not hand coordinates (Table 2). Our anal-
ysis of errors in joint coordinates was crucial for demonstrat-
ing that biarticulars influence estimates of arm position. In
addition, we examined errors in hand coordinates to facili-
tate comparisons between the results of this study and previ-
ous studies using hand coordinates (25-30). Our analysis of
errors in hand coordinates found that our musculoskeletal
models and human subjects exhibited greater medial-lateral
than proximal-distal variability in both experiments. This is
broadly consistent with previous empirical studies of errors
estimating arm position in hand coordinates (29, 30). It is
also consistent with previous modeling studies that explored
the influence of biarticular muscles on estimates of arm posi-
tion and movement (10, 11). Importantly, the action of biar-
ticulars tends to reduce this bias, thus improving perception
of limb position in external space. Given that virtually all
biarticulars of the upper and lower limbs couple either flex-
ion or extension across both spanned joints (except sarto-
rius), this anatomical pattern benefits our perception of
hand and foot position relative to our body.
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