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Abstract

Limb dominance is evident in many daily activities, leading to the prominent idea that each hemisphere of the brain specializes
in controlling different aspects of movement. Past studies suggest that the dominant arm is primarily controlled via an internal
model of limb dynamics that enables the nervous system to produce efficient movements. In contrast, the nondominant arm may
be primarily controlled via impedance mechanisms that rely on the strong modulation of sensory feedback from individual joints
to control limb posture. We tested whether such differences are evident in behavioral responses and stretch reflexes following
sudden displacement of the arm during posture control. Experiment 1 applied specific combinations of elbow-shoulder torque
perturbations (the same for all participants). Peak joint displacements, return times, end point accuracy, and the directional tuning
and amplitude of stretch reflexes in nearly all muscles were not statistically different between the two arms. Experiment 2
induced specific combinations of joint motion (the same for all participants). Again, peak joint displacements, return times, end
point accuracy, and the directional tuning and amplitude of stretch reflexes in nearly all muscles did not differ statistically when
countering the imposed loads with each arm. Moderate to strong correlations were found between stretch reflexes and behav-
ioral responses to the perturbations with the two arms across both experiments. Collectively, the results do not support the idea
that the dominant arm specializes in exploiting internal models and the nondominant arm in impedance control by increasing
reflex gains to counter sudden loads imposed on the arms during posture control.

NEW & NOTEWORTHY A prominent hypothesis is that the nervous system controls the dominant arm through predictive internal
models and the nondominant arm through impedance mechanisms. We tested whether stretch reflexes of muscles in the two
arms also display such specialization during posture control. Nearly all behavioral responses and stretch reflexes did not differ
statistically but were strongly correlated between the arms. The results indicate individual signatures of feedback control that
are common for the two arms.

feedback control; handedness; internal model; mechanical perturbations; stretch reflexes

INTRODUCTION

Humans prefer to use one arm over the other when per-
forming motor actions like throwing a ball or eating soup
with a spoon. The preference for performing motor actions
with one arm is referred to as limb dominance, with the
dominance of a particular side being referred to as handed-
ness. About 90% of the human population are right-hand
dominant (1) and display preference for performing motor
actions with their right arm. Limb dominance may reflect
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the combined influences of genetic and environmental fac-
tors (2), with preferences emerging in gestation (3) that
largely predict limb dominance in adolescence (4).

Limb dominance may arise from asymmetries in neural
processing across the cerebral hemispheres (5), like those
shown for language (6-8). A prominent hypothesis is that
limb dominance arises because each hemisphere specializes
in different aspects of arm control (9-11). The dominant hemi-
sphere is hypothesized to better leverage an internal model of
limb dynamics, capitalizing on biomechanical properties of
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Q) SIMILAR STRETCH REFLEXES IN POSTURAL CONTROL ACROSS ARMS

the arm and interactions between segments to produce effi-
cient reaching movements (12). In contrast, the nondominant
hemisphere is hypothesized to rely more on impedance con-
trol to enable sensitive responses to feedback arising from
individual joints (i.e., local feedback) and effective control of
static limb postures, as evidenced by more accurate move-
ment end points in the nondominant arm (13). The hypothesis
is also supported by asymmetric patterns of sensorimotor ad-
aptation in healthy individuals (14, 15) and after clinical defi-
cits (16-18). Lateralization is further supported by secondary
evidence from tendon vibration studies that suggests that pro-
prioceptive function is partially lateralized to the right hemi-
sphere (19). Moreover, past studies have reported better
performance when matching the position of the nondomi-
nant arm in the absence of visual feedback (20, 21).
Mechanical perturbations are an important probe into how
sensory feedback is utilized in motor control (22, 23). The
approach of disturbing the arm and measuring muscle
responses has revealed that a prevoluntary response, termed
the long-latency stretch reflex, incorporates an internal model
of the dynamics of the dominant arm (24-30). The internal
model for the long-latency reflex (45-105 ms after perturbation)
integrates information about the motion of local and remote
joints to appropriately counter the underlying torque perturba-
tion. Other evidence suggests that the internal models involved
in long-latency reflexes can be adapted when reaching in differ-
ent environments or with altered properties of the arm (31-35).
After 50+ years of research, all but a few perturbation
studies have focused on stretch reflexes in the dominant arm
or the coordination between arms. An important exception
is a study by Walker and Perreault (36) where the dominant
or nondominant elbow was displaced during a posture con-
trol task while participants interacted with stable or unstable
environments. The task was performed with the dominant
and nondominant arms in counterbalanced order. A con-
stant load was used to preexcite motor neuron pools of the
elbow muscles in each trial. Servo-controlled displacements
were then applied to the elbow joint. Participants were

Research Question

instructed to ignore the perturbations and were not required
to return their limb to its initial posture to complete the trial.
The authors found that background activity as well as short-
and long-latency stretch reflexes of the elbow muscles were
amplified in the nondominant arm. Moreover, the stretch
reflexes increased in the unstable environment to a similar
extent in both arms. The authors argued that participants
may have strategically elevated muscle activity in the non-
dominant arm. Increased background muscle activity would
allow the nervous system to amplify stretch reflexes because
of the gain-scaling properties of spinal motor neurons (37,
38), thereby creating more vigorous behavioral responses
when the nondominant arm is disturbed by the same pertur-
bations during upper limb posture control (39).

The extent to which muscle stretch reflexes differ across
the arms, in terms of both the internal model of limb dynam-
ics and overall sensitivity to perturbations, remains unre-
solved. Detailed examination of the internal model requires
investigating how information is integrated across the
shoulder and elbow joints while countering perturbations
that produce different combinations of joint motion. Here,
we imposed loads in different directions to probe the inter-
nal model of limb dynamics in the dominant and nondomi-
nant arms (24, 25). Task performance was measured by using
kinematic outcomes (e.g., return times, peak hand and joint
displacements, linearity of hand and joint paths) to charac-
terize behavioral responses when the upper limbs are dis-
turbed by a perturbation (13, 33, 40, 41). Corrective responses
were also quantified in terms of the magnitude and direc-
tional tuning of stretch reflexes. Together, these measures
gauge the nervous system’s reliance on an internal model of
limb dynamics versus the gain of stretch reflexes. The
approach provides an important test of the hypothesis that
the nervous system is specialized for impedance control
with local modulation of sensory feedback from the nondo-
minant arm and an internal model of limb dynamics that
integrates multijoint motion into reflexive responses in the
dominant arm (Fig. 1).

Prediction

Non-dominant Arm: Dominant Arm: 90°
Large stretch reflexes  Small stretch reflexes aligned
aligned with single-joint with multi-joint motion
motion reflecting impedance reflecting an internal model Amplitude
control? of limb dynamics?
Multi-joint motion/
180° 0 > Internal model of
limb dynamics
Single-joint motion/
270° Impedance control
Muscle Activity

Figure 1. Research question and prediction. Past research has led to the idea that the dominant hemisphere better leverages an internal model of limb
dynamics to produce efficient control of the arm (9—11). In contrast, the nondominant hemisphere is thought to rely more on impedance control through
sensitive but local modulation of sensory feedback to control the posture of the arm. We examined whether stretch reflexes also display such specializa-
tion in upper limb posture control. Specialized reflex function would lead to smaller stretch reflexes that are aligned with multijoint motion in the domi-
nant arm (reflecting an internal model of limb dynamics) and larger stretch reflexes that are aligned with single-joint motion in the nondominant arm
(reflecting impedance control). See MATERIALS AND METHODS for further explanation.
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MATERIALS AND METHODS
Subjects

Twenty-eight healthy individuals (19-34 yr of age; 16
females, 12 males) participated in one of two experiments.
Experiment 1 was conducted by P. Maurus and T. Cluff.
Experiment 2 was performed by R. Antonawich and I
Kurtzer. The experiments used complementary methods to
examine the response magnitude and tuning of stretch
reflexes during upper limb postural control (24, 25). The
experiments took between 90 and 120 min to complete. All
participants were right-handed according to the Edinburgh
Handedness Inventory (42), with an average laterality quo-
tient of 86.4% (SE 2.7%). The participants had normal or cor-
rected-to-normal vision and reported no neurological or
musculoskeletal impairments. The protocols were approved
by the University of Calgary Conjoint Health and Research
Ethics Board (experiment 1) or the ethics committee at the
New York Institute of Technology College of Osteopathic
Medicine (experiment 2). Participants provided written
informed consent before the experiment, were compensated
for their time, and were free to withdraw from the study
without penalty.

Apparatus

Participants performed the experiments while seated in a
robotic exoskeleton (Kinarm, Kingston, ON, Canada). The
robot permits upper limb motion in the horizontal plane and
can apply independent mechanical loads at the shoulder
and/or elbow joints (43, 44). Targets and real-time feedback
cursors (white, 0.5-cm radius, aligned with index fingertip)
were projected into the plane of motion with an LCD monitor

and a semisilvered mirror. A metal barrier blocked direct
vision of the upper limbs.

Experiment 1

Thirteen individuals (mean age=26.3 yr, SE=1.1 yr; 8
females, 5 males) countered mechanical perturbations while
attempting to maintain a fixed arm posture (24). At the be-
ginning of each trial, the LCD monitor displayed a start tar-
get (0.5-cm radius) surrounded by a larger, concentric return
target (2-cm radius). The start target maintained the same
elbow and shoulder angle across participants and arms. The
shoulder angle was 45° relative to the frontal plane, and the
elbow angle was 75° relative to the upper arm (0° indicating
full extension; Fig. 2A). Subjects began each trial by moving
their hand feedback cursor into the start target. After a brief
delay (2,000 1,500 ms, uniformly distributed), step torque
perturbations (¥2 Nm, 10-ms sigmoidal ramp-to-constant
profile) were applied at the shoulder and/or elbow joints
(24). We used six perturbations with different combinations
of shoulder and elbow torques (Fig. 2B). Background loads
were not applied in this experiment. The hand feedback cur-
sor was removed at the onset of the perturbation to ensure
that corrective responses were based on proprioceptive feed-
back (14, 24). Participants were instructed to return to the
target within 500 ms and briefly hold this position (1,000
ms). The circle turned green if participants returned to the
target within the time limit and held this position and blue if
they were inaccurate or too slow. The load then slowly
ramped down (1,000-ms sigmoidal ramp-to-constant profile)
and remained off for 1,000 ms before the next trial. Trials
were performed one arm at a time, and the order of trials
was block-randomized across arms. Each block contained 12

*

Figure 2. Experimental setup and perturbation-
evoked displacements in experiment 1. A: initial limb
configuration in experiment 1. B: applied torques in
experiment 1. We applied shoulder flexion (SF),
shoulder extension (SE), elbow flexion (EF), elbow
extension (EE), and combined torques. C: group av-
erage evoked joint motion at 50 ms after perturba-
tion onset. Symbols are aligned to the torque
perturbations presented in B. The nondominant arm
was displaced farther than the dominant arm in the
single-joint shoulder perturbation conditions. D:
group average hand paths for experiment 1. Note
that the data for the left arm have been reflected
about the vertical axis. Dashed black circle indicates
the outer boundary of the target; T indicates the per-
turbation condition.
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trials presented in random order (2 arms x 6 perturbations).
Participants performed 40 trials for each torque combina-
tion, resulting in a total of 480 trials.

Experiment 2

Fifteen individuals (mean age=24.9 yr, SE=0.4 yr; 8
females, 7 males) performed a postural control task while
countering perturbations that were designed to generate
near-uniform patterns of joint motion (25). We first deter-
mined the torques required to evoke near-uniform joint
displacements for each subject. The procedure involved
applying eight torque pulse perturbations spaced evenly
in joint-torque space. Perturbations were repeated five
times in block-randomized order, where each block con-
tained one of each type of perturbation. The perturba-
tions were applied one hand at a time, resulting in a total
of 40 trials/arm (8 perturbations x 5 trials). Participants
completed this procedure with their dominant or nondo-
minant arm in counterbalanced order. We then esti-
mated the torques required to displace each participant’s
arm by a fixed amount (resultant displacement of 1° in 50
ms) in eight near-uniformly-spaced directions in joint
space (25).

In the main experiment, individuals stabilized their hand-
aligned cursor within a start target (2.5-cm radius) positioned
at a shoulder angle of 60° and an elbow angle of 75° (0° is full
extension; see Fig. 9A). The robotic device then applied con-
stant background loads to preexcite the brachioradialis and
posterior deltoid muscles (1.5 Nm, 500-ms ramp-to-constant
profile). Hand cursor feedback was extinguished while par-
ticipants held their hand in the start target against the back-
ground loads. After a random time interval (2,250 +1,250 ms,
uniformly distributed), we disturbed the participant’s arm
with a torque pulse perturbation (80 ms with 10-ms linear
ramp-to-constant profile). Subjects were required to return

to the target within 500 ms and hold this position for 500
ms. The circle turned green if participants returned to the
target within the time limit and held this position and red if
they were inaccurate or too slow. The background loads were
turned off (1,000-ms ramp-down time) and remained off
between trials (2,500 ms). Participants performed a total of
480 trials (8 perturbations x 30 trials x 2 arms). Again, par-
ticipants completed the task with their dominant and non-
dominant arms. The task was performed one arm at a time.
Half of the participants performed the task with their domi-
nant arm first, and the other half started with their nondomi-
nant arm.

Data Analysis

Kinematic recordings and analysis.

Kinematic data were sampled at 1 KHz. The data were low-
pass filtered (2nd-order, dual-pass Butterworth filter, 30-Hz
cutoff) before further analysis (33, 45). We calculated each
participant’s average hand and joint motion profiles for each
torque combination and arm. Shoulder and elbow displace-
ment were determined 50 ms after perturbation onset for
each trial and arm (24, 25). Motor behavior was characterized
by calculating the peak hand displacements, peak joint dis-
placements, return times, end point accuracy, linearity of
hand paths, and linearity of joint paths in individual trials.
Note that all kinematic parameters were calculated based on
hand position, which was defined as the center of the hand
feedback cursor. Return times were calculated as the time
between when the participant’s hand left and returned to
the target (41, 45, 46). End point accuracy was determined as
the distance between the center of the goal target and hand
position when the hand speed reached the first local mini-
mum below a threshold of 5 cm/s (40, 41). We assessed the
linearity of hand paths by extracting the maximum distance
perpendicular to the peak displacement and dividing it by

Table 1. Outcomes of the two-way repeated-measures ANOVAs for motor behavior in experiment 1

Outcome Measure Effect F Statistics P Value n?
Elbow angle at 50 ms Hand (1,12) =0.98 0.342 0.001
Perturbation (1.02,12.28) = 507.19 2.13e—1 0.976
Interaction (1.71,20.51) = 8.31 0.003 0.012
Shoulder angle at 50 ms Hand (1,12) =0.75 0.404 0.001
Perturbation (1.05,12.65) = 792.83 6.87e—13 0.984
Interaction F (5,60) =29.84 4.31e—15 0.154
Peak hand displacement Hand F(1,12) =0.02 0.879 0.000
Perturbation F(1.39,16.67) = 157.27 1.06e—10 0.725
Interaction F (5,60) = 2.35 0.051 0.008
Peak joint displacement Hand F(1,12) =0.49 0.496 0.002
Perturbation F(1.67,20.02) =135.27 7.64e—12 0.628
Interaction F(2.32,27.86) = 2.04 0.143 0.007
Return time Hand F(1,12)=0.17 0.690 0.000
Perturbation F (3.03,36.41) =10.51 3.82e—-05 0.170
Interaction F(5,60) =1.47 0.213 0.016
End point accuracy Hand F(1,12) =0.04 0.842 0.000
Perturbation F(2.03,24.38)=37.78 3.08e—08 0.582
Interaction F(5,60) = 0.25 0.940 0.003
Linearity of hand paths Hand F(1,12) =15.05 0.002 0.024
Perturbation F(2.18,26.21) =15.14 2.88e—05 0.350
Interaction F (5,60)=0.49 0.784 0.005
Linearity of joint paths Hand F(112)=20.02 7.61e—-04 0.017
Perturbation F(2.25,27.03) = 80.09 1.60e—12 0.753
Interaction F (5,60) = 2.49 0.040 0.025

Statistically significant effects are presented in bold.
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the peak displacement (14). Hand path linearity has been
used to infer the nervous system’s use of an internal model
of limb dynamics (47). The applied perturbations in our
experiments consisted of different combinations of step tor-
ques applied to the joints and often evoked curved hand tra-
jectories. Thus, we also investigated the linearity of joint
paths by determining the maximum joint distance perpen-
dicular to the peak joint displacement and dividing it by the
peak joint displacement. The kinematic measures were aver-
aged separately for each participant’s left and right arms. If
the control of reflex responses is specialized and asymmetric
across the arms (9-11), smaller peak hand displacements,
shorter return times, and higher end point accuracy would

be expected in the nondominant arm. In contrast, greater
linearity would be expected in the hand and joint paths of
the dominant arm (9-11).

Muscle activity recordings and analysis.

We recorded from monoarticular elbow (brachioradialis,
elbow flexor; triceps lateralis, elbow extensor) and shoulder
(pectoralis major, shoulder flexor; posterior deltoid, shoulder
extensor) muscles in both arms with bipolar surface electro-
des (DE 2.1 Single Differential Electrode; Delsys) in experi-
ment 1. In experiment 2, we recorded the activity of the
brachioradialis and posterior deltoid muscles. The muscle
activity signals were amplified online (gain = 10°-10%) and
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Figure 3. Posterior deltoid muscle activity, preferred torque direction (PTD),

and response magnitude in experiment 1. Outside panels represent muscle

stretch reflexes for each applied torque and are oriented as in Fig. 2B. Colored lines indicate group averages of the dominant (blue) and nondominant
(red) arms. Shaded areas indicate +1 SE. Solid vertical lines indicate perturbation onset. Vertical lines separate phases of the stretch reflex: preperturba-
tion activity (Pre: —50 to O ms), short-latency reflex (SLR: 20 to 45 ms), long-latency reflex (LLR: 45 to 105 ms), and early voluntary response (eVOL: 105 to
200 ms). Center: a polar plot of the average PTDs and response magnitude of posterior deltoid muscle stretch reflexes. The thin arrows reflect the PTD
and response magnitude during the SLR. Note that the response magnitude during the SLR was amplified by 2 for visualization purposes. The thick
arrows indicate the PTD and response magnitude during the LLR. The dashed black line corresponds to the local PTD (®). The solid black line corre-

sponds to the ideal PTD (1). au, Arbitrary units; EIbExt, elbow extension;
ShoFlx, shoulder flexion.
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sampled at 1 kHz. The skin was prepared by cleaning it with
alcohol swabs and removing hair if necessary. A ground elec-
trode was placed over the lateral epicondyle of the right
elbow.

Muscle activity data were band-pass filtered (3rd-order,
dual-pass Butterworth filter, 20 and 450 Hz) and full-wave
rectified (24, 48). In experiment 1, the activity of brachiora-
dialis, triceps lateralis, pectoralis major, or posterior deltoid
muscles was normalized to the average activity required to
counter 1-Nm reference loads that excited the corresponding
muscle while holding the start position (33, 45, 49). The
normalization task was performed after the main experi-
ment and consisted of five 15-s trials for each load direc-
tion (elbow extension, elbow flexion, shoulder extension,
shoulder flexion loads). The first 3 s after load onset of
each trial was discarded to avoid transient responses in
muscle activity. In experiment 2, each muscle’s activity
was normalized to its average activity when countering
the background loads (—100 to O ms relative to perturba-
tion onset) in each trial (25). The muscle activity data were
aligned to perturbation onset. The average muscle activity
was calculated during predetermined time windows: —50
to 0 ms [preperturbation activity (Pre)], 20 to 45 ms [short-
latency reflex (SLR)], 45 to 105 ms [long-latency reflex
(LLR)], and 105 to 200 ms [early voluntary response
(eVOL)]. We averaged each participant’s muscle activity
within each time window in individual trials (33). Past
research proposed that the nervous system specializes in
using impedance mechanisms to control the static posture
of the nondominant arm (10, 11). We compared the preper-
turbation activity of each muscle based on the global aver-
age across all perturbations. If the nondominant arm
relied on greater impedance mechanisms, we expected
that preperturbation activity would be elevated compared
with the dominant arm (36).

Preferred torque direction, preferred motion direction,
and response magnitude.

Because of the inherent intersegmental dynamics of the
upper limbs, motion at one joint (e.g., elbow) causes an
interaction torque that can displace other joints (e.g.,
shoulder) (50-52). If the nervous system possesses an in-
ternal model of limb dynamics, stretch reflexes should
incorporate feedback about motion at both the shoulder

and the elbow into a response that is appropriate for their
mechanical interactions and the underlying torque per-
turbation. If the nervous system does not possess an in-
ternal model of limb dynamics, stretch reflexes should
reflect local/single joint motion. Several studies have
shown that stretch reflexes in the SLR time window
reflect local muscle stretch, whereas stretch reflexes in
the LLR time window account for the motion at other
joints and thus possess an internal model of limb dynam-
ics (24-30).

Planar regressions were performed to calculate the pre-
ferred torque direction (PTD) of shoulder muscles and assess
the extent to which stretch reflexes reflect an internal model
of limb dynamics (24). We performed separate planar regres-
sions in the SLR, LLR, and eVOL time windows in experi-
ment 1 as follows (24):

evoked activity = a(shoulder torque) + b(elbow torque)

+ constant

PTD = atan (g)

In each time window, the PTD was evaluated against two
contrasting predictions that examine the sensitivity to
shoulder motion versus the underlying shoulder torque. The
ideal PTD (z) for pure shoulder torque is directed at 0/360°
for a shoulder flexion torque or 180° for a shoulder extension
torque. The predicted local PTD (®) for pure shoulder
motion is determined by a planar regression of shoulder
motion at 50 ms after perturbation against the applied
shoulder and elbow torques (24, 27). The calculated local
PTDs (®’s) are 312° (SD 0.5°) for pure shoulder flexion and
132° (SD 0.5°) for pure shoulder extension (24, 27). If the
evoked shoulder muscle activity reflects local muscle
stretch, the PTDs will be close to ©. In contrast, the PTDs will
be close to 7 if the evoked muscle activity reflects an internal
model of limb dynamics. A prominent idea is that the nerv-
ous system leverages an internal model of limb dynamics to
control the dominant arm (9-11). Thus, we examined
whether the PTDs of the dominant arm leverage an internal
model of limb dynamics (PTDs closer to t) while the PTDs of
the nondominant arm reflect single-joint motion (PTDs
closer to ®). Based on past research, we expected that any
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difference in PTDs would be evident in the LLR and eVOL
time windows (24-28, 30). In experiment 1, PTDs were ana-
lyzed for the monoarticular shoulder muscles only (24, 27).
This experiment is not designed to assess the PTD of elbow
muscles since specific torque combinations, tailored to the
inertia of each individual’s limbs, are required as used in
experiment 2 (25).

In experiment 2, the preferred motion direction (PMD) was
determined for the posterior deltoid and brachioradialis
muscles. The PMDs are analogous to the PTDs in experiment
1 and assess whether stretch reflexes reflect an internal
model of limb dynamics. The PMDs were determined by per-
forming planar regressions between the evoked muscle

activity and motion at the shoulder and elbow joints as fol-
lows (25):
evoked activity = a(shoulder angle @ 50 ms)

+ b(elbow angle @ 50 ms) + constant

PMD = atan (g>

PMDs were calculated for the SLR and LLR time windows
since the brief torque pulses (80 ms) produced small
amounts of joint motion and thus small and variable muscle
stretch responses in the eVOL time window (53). Past work
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Figure 5. Pectoralis major muscle activity, preferred torque direction (PTD), and response magnitude in experiment 1. Outside panels display muscle
stretch reflexes for each applied torque and are oriented as in Fig. 2B. Colored lines indicate group averages of the dominant (blue) and nhondominant
(red) arms. Shaded areas indicate +1 SE. Solid vertical lines indicate perturbation onset. Dashed vertical lines separate phases of the stretch reflex: pre-
perturbation activity (Pre: —50 to O ms), short-latency reflex (SLR: 20 to 45 ms), long-latency reflex (LLR: 45 to 105 ms), and early voluntary response
(eVOL: 105 to 200 ms). Center: a polar plot of the average PTDs and response magnitude of pectoralis major muscle stretch reflexes. The thin arrows
reflect the PTD and response magnitude during the SLR. Note that the response magnitude during the SLR was amplified by 2 for visualization pur-
poses. The thick arrows indicate the PTD and response magnitude during the LLR. The dashed black line corresponds to the local PTD (®). The solid
black line corresponds to the ideal PTD (1). au, Arbitrary units; EIbExt, elbow extension; EIbFIx, elbow flexion; EMG, electromyogram; ShoExt, shoulder

extension; ShoFlx, shoulder flexion.
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has reported a ~35% reduction in muscle stretch responses
within ~30 ms after the offset of torque perturbations of am-
plitude similar to those used in the present experiment (53).
As a result, muscle activity in the eVOL time window was
variable and insufficient for calculating the PMDs.

The cardinal axes in this paradigm correspond to the local
PMD (@), such that 0/360° is pure shoulder flexion, 180° is
shoulder extension, 90° represents elbow flexion, and 270°
represents elbow extension. The PMDs in the SLR and LLR
time windows will align with the local PMD (@) if they are
only sensitive to local joint motion. In contrast, the PMDs in
the SLR and LLR time windows will align with the ideal PMD
(t) if the responses incorporate an internal model of limb dy-
namics. The ideal PMDs were 18° (SD 1°) for the posterior del-
toid muscle and 225° (SD 2°) for the brachioradialis muscle
(25). Akin to experiment 1, we asked whether the PMDs of
muscles in the nondominant arm are closer to ® (local
joint motion) while the PMDs of muscles in the dominant
arm are closer to t (reflect an internal model of limb dy-
namics). This effect should be evident in the LLR time
window (24-28, 30).

We analyzed the response magnitude of stretch reflexes in
the SLR, LLR, and eVOL time windows in experiment 1 (24).
Response magnitudes were determined for the SLR and LLR
time windows in experiment 2 (25) because of the nature of
the torque pulse perturbations. The following formula was
used to calculate the response magnitude (25):

response magnitude = /a2 + b2

The response magnitude measures the overall sensitivity
or gain of a muscle’s reflexive responses to stretch arising
from different combinations of applied torques and com-
plements information provided by the PTDs and PMDs
(26). There is evidence that the nervous system relies on
impedance mechanisms to control the posture of the non-
dominant arm (9-11). Thus, we examined whether stretch
reflexes display larger response magnitudes in nondomi-
nant arm muscles. Note that coactivation of muscles in the
nondominant arm may lead to upregulation of short- and
long-latency reflexes because of automatic gain scaling
arising from excitation of spinal motor neurons, particu-
larly if the two arms are displaced similarly (37-39, 54, 55).
Alternatively, stretch reflexes of muscles in the nondo-

Figure 6. Preferred torque direction (PTD) and
response magnitude of pectoralis major stretch
reflexes in experiment 1. Colored diamonds depict
the group average PTDs and response magnitude of
the dominant (blue) and nondominant (red) shoulder
flexors across the short-latency reflex (SLR), long-la-
tency reflex (LLR), and early voluntary response
(eVOL) time windows. Gray dots represent individual
subject averages. Dashed black line corresponds to
the local PTD (®). Solid black line corresponds to the
ideal PTD (7). au, Arbitrary units. *P < 0.05.

PTD [deg]

minant arm could be larger because of a greater sensitivity
to stretch in the absence of differences in background
muscle activity.

Statistical Analysis

In experiments 1 and 2, we compared the motion of the
elbow and shoulder joints at 50 ms after perturbation onset,
peak hand displacements, peak joint displacements, return
times, end point accuracy, and linearity of hand and joint
paths between the two arms with a two-way repeated-meas-
ures ANOVA (main effect of arm, main effect of perturba-
tion, and interaction effect). In experiment 2, we compared
the applied elbow and shoulder torques across arms with
two-way repeated-measures ANOVAs. The Greenhouse-
Geisser correction was used if the data violated the spheric-
ity assumption (Mauchly’s test, P < 0.05). Where the
interaction effect was statistically significant, the repeated-
measures ANOVA was decomposed with two-sided, paired ¢
tests. All P values were adjusted with Bonferroni corrections
based on the number of applied perturbations in each
experiment (experiment 1: 6; experiment 2: 8). If there was a
statistically significant main effect of arm, the repeated-
measures ANOVA was decomposed with planned compari-
sons. Two-sided, paired t tests were used to compare prepertur-
bation muscle activity, PTDs, PMDs, and response magnitudes
across the arms. The P values for ¢ tests within each time win-
dow were adjusted with Bonferroni corrections depending on
the number of muscles recorded in each experiment (experi-
ment 1: 4; experiment 2: 2). Effect sizes were determined for the
repeated-measures ANOVA with partial n? and paired ¢ tests
using Cohen’s d (56). We used two-tailed tests because of the
limited number of studies comparing reflexive responses to
mechanical disturbances across the arms. The threshold for all
statistical tests was set to o = 0.05. The statistical analyses were
performed in RStudio (1.1.463; RStudio Inc.) with the ‘tidyverse’
and ‘rstatix’ packages.

The data from experiments 1 and 2 were combined to
investigate the relationship between behavioral measures
across the arms. Similarly, we examined the PTDs/PMDs and
response magnitude for the posterior deltoid muscle as well
as the response magnitude for the brachioradialis muscle
during the LLR time window. We averaged motor behavior
(e.g., peak hand displacements, peak joint displacements,
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return times, end point accuracy, linearity of hand paths,
and linearity of joint paths) across all perturbations for each
individual, arm, and experiment. The kinematic measures,
PTDs/PMDs, and response magnitudes were standardized
(i.e., z transform) within each experiment (30, 51) and sub-
sequently pooled for correlation analysis. Correlation
analyses were based on Pearson’s product moment corre-
lation coefficient () and performed in MATLAB (R2020b;
MathWorks).

RESULTS
Experiment 1. Arm Kinematics and Motor Behavior

Group average joint kinematics are displayed in Fig. 2C. The
repeated-measures ANOVA revealed statistical differences in

the evoked motion of the dominant and nondominant arms as
early as 50 ms after perturbation (Table 1). Post hoc compari-
sons revealed statistically larger displacements of the nondo-
minant elbow joint (12.2-14.3% or 0.055-0.065°; P < 0.002, d =
—1.75 to —1.38) in two of six perturbation conditions (single-
joint shoulder torque perturbations), whereas no statistical dif-
ferences were found in the remaining four conditions (P =
0.186-1.000, d = —0.68 to 0.35). The displacements of the non-
dominant shoulder joints were statistically larger in all single-
joint perturbation conditions (4 of 6 directions; 10.7-12.7% or
0.043-0.062°; P < 0.001, d = —1.47 to —1.69) but not in the
multijoint perturbation conditions (2 of 6 directions; P = 1.000,
d=-0.09 to —0.06).

Group average hand paths are shown in Fig. 2D. The
repeated-measures ANOVAs did not reveal statistical
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Figure 7. Triceps lateralis muscle activity and response magnitude in experiment 1. Outside panels represent muscle stretch reflexes for each applied
torque and are oriented as in Fig. 2B. Colored lines indicate group averages of the dominant (blue) and nondominant (red) arms. Shaded areas indicate
11 SE. Solid vertical lines indicate perturbation onset. Vertical lines separate phases of the stretch reflex: preperturbation activity (Pre: —50 to O ms),
short-latency reflex (SLR: 20 to 45 ms), long-latency reflex (LLR: 45 to 105 ms), and early voluntary response (eVOL: 105 to 200 ms). Center: the response
magnitude. Colored diamonds depict the group average response magnitude across the SLR, LLR, and eVOL time windows. Gray dots represent individ-

ual subject data. au, Arbitrary units, EMG, electromyogram.
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differences in peak hand displacements, peak joint dis-
placements, return times, or end point accuracy between
the two arms. When comparing the linearity of hand
paths between the two arms, we found a statistically sig-
nificant effect of hand (Table 1). The hand paths of the
dominant arm were more linear than the hand paths of
the nondominant arm (P = 0.001, d = —1.08). Linearity
analyses were also performed on the trajectories of the
shoulder and elbow joints, revealing a statistically signifi-
cant interaction between hand and perturbation direc-
tion (Table 1). Joint trajectories were more linear in the
dominant arm after the multijoint elbow flexion pertur-
bations (P = 0.018, d = —1.05). Statistical differences were
not observed in the remaining five perturbation condi-
tions (P =0.156-1.000, d = —0.71to 0.11).

Experiment 1: Preperturbation Activity, Preferred
Torque Directions, and Response Magnitude

Next, we investigated the stretch reflexes of the shoulder
muscles. We examined the preperturbation activity as well
as the PTDs and response magnitude across the different
phases of the stretch reflex (Fig. 3 and Fig. 4). The prepertur-
bation activity was not statistically different between the
dominant and nondominant posterior deltoid muscles [£(12) =
2.42, P = 0.130, d=0.67]. The PTDs of the shoulder muscles
were examined to determine whether stretch reflexes incor-
porate only local joint motion (PTDs closer to ®) or reflect an
internal model of limb dynamics (PTDs closer to ). In align-
ment with previous findings (24, 25, 27), the PTDs of the pos-
terior deltoid reflected local joint motion during the SLR

Pre SLR LLR eVOL Pre SLR LLR eVOL
20 SR | 20 g |
ERRE ERRE
15 S 15 S
= | i = |
= [ | = [ |
Q1 I Q1 L
= =
55| [ | m [ |
5 [ | 5 1 |
Dominant . |~| M ‘!_J l
Non-Dominant 0 i vl | 0 T
0 100 200 0 100 200
Time [ms] Time [ms]
20 Preﬁ ?Llll LLRI eVOL 3 20 Prec ?Llli LLRI eVOL
o = o
= I =, °e = |
S| 6 <
st 3 1| [ ) st & I [
= | 1 E ¢ = |
g N 5 4 L 5, N
(GRLY < [GRL
S [ I S = 1 |
& B 3 2 s t = B
5 [ I I 5 [ |
& o
[ I 3 o ]
- M o oo
0 ™ | 0 1 1 |
0 100 200 SLR LLR eVOL 0 100 200
Time [ms] Response Phase Time [ms]
20 Preg ?Lllz LLRI eVOL 20 Preq ?Llli LLR eVOL
O @
b [ I < 1
15 g1 I 15 g I
= | v = |
8 &
= [ I = [
g I Q" ||
= =
o [ =S| 1
5 [ 5 [
I I I |
0 1 | 0 T 1 |
0 100 200 0 100 200
Time [ms] Time [ms]

Figure 8. Brachioradialis muscle activity and response magnitude in experiment 1. Outside panels represent muscle stretch reflexes for each applied tor-
que and are oriented as in Fig. 2B. Colored lines indicate group averages of the dominant (blue) and nondominant (red) arms. Shaded areas indicate +1
SE. Solid vertical lines indicate perturbation onset. Vertical lines separate phases of the stretch reflex: preperturbation activity (Pre: —50 to O ms), short-
latency reflex (SLR: 20 to 45 ms), long-latency reflex (LLR: 45 to 105 ms), and early voluntary response (eVOL: 105 to 200 ms). Center: the response mag-
nitude. Colored diamonds depict the group average response magnitude across the SLR, LLR, and eVOL time windows. Gray dots represent individual

subject data. au, Arbitrary units, EMG, electromyogram.
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(means closer to ®). Starting in the LLR, the PTDs of the pos-
terior deltoid muscle in both arms were more closely aligned
with an internal model of the limb’s dynamics (means closer
to 7). PTDs of the posterior deltoid did not differ statistically
in any time window [SLR: £(12) = 0.30, P =1.000, d = 0.08; LLR:
t(12) = 1.24, P = 0.953, d=0.34; eVOL: t(12) = 0.35, P = 1.000,
d=0.10].

We compared the response magnitude of the posterior del-
toid muscles in the SLR, LLR, and eVOL time windows. The
response magnitude provides information about the overall
sensitivity of stretch reflexes across all perturbation direc-
tions. Provided the arms are displaced similarly and the
change in state of the limbs arising from the perturbation is
not different, larger response magnitudes would be expected
if the nondominant arm is controlled by mechanisms that
rely on the modulation of sensory feedback from individual
joints to alter the limb’s impedance (9-11). There were no sta-
tistical differences in the response magnitudes of the poste-
rior deltoid muscles in any time window of the stretch
response [SLR: £(12) = 1.73, P = 0.435, d = 0.48; LLR: £(12) = 0.82,
P=1.000, d=0.23; eVOL: t(12) = —1.05, P=1.000, d = —0.29].

We performed the same analyses on the stretch reflex of
the pectoralis major muscle (Fig. 5 and Fig. 6). No statistical
difference was detected in the preperturbation activity of the
pectoralis major muscle across the two arms [£(12) = 1.09, P =
1.000, d=0.30]. The PTDs of the pectoralis major muscle
were not statistically different across arms in the SLR [£(12) =
—0.17, P=1.000, d = —0.05], LLR [t(12) = —0.18, P=1.000, d =
—0.05], and eVOL [(12) = 2.14, P = 0.214, d =0.59] time win-
dows. Response magnitudes were not statistically different
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Figure 9. Experimental setup and perturbation-
evoked displacements in experiment 2. A: initial limb
configuration of the dominant and nondominant
arms in experiment 2. B: nonuniform distribution of
applied torque pulses for the dominant and nondo-

2Nm

minant arms after estimating limb inertia. We applied
combinations of elbow extension (EE), elbow flexion
(EF), shoulder extension (SE), and shoulder flexion
(SF) torques. C: near-uniform angular displacement
of the dominant and nondominant arms measured
50 ms after perturbation onset. D: group average
hand paths for all 8 perturbation directions. Note that
the data for the left arm have been reflected about
the vertical axis. Dashed circle indicates the outer
boundary of the goal target.

in the SLR [£(12) = 0.72, P = 1.000, d=0.19] and LLR [t(12) =
1.95, P = 0.300, d =0.54] time windows. However, the domi-
nant arm displayed a significantly larger response magni-
tude in the eVOL time window [t(12) = 3.83, P = 0.009,
d=1.06].

Preperturbation activity and stretch reflexes were also
compared across the dominant and nondominant brachiora-
dialis and triceps lateral muscles. Preperturbation activity
was not statistically different in the triceps lateralis [Fig. 7; t
(12) = 0.53, P=1.000, d = 0.15] or brachioradialis [Fig. 8; t(12) =
0.63, P =1.000, d=0.17] muscles when comparing across the
two arms. Moreover, the response magnitudes of the elbow
muscles were not statistically different in any epoch of the
stretch reflex [triceps lateralis: SLR: £(12) = 0.01, P = 1.000,
d=0.00; LLR: t(12) = 1.59, P = 0.553, d=0.44; eVOL: t(12) =
1.36, P = 0.795, d = 0.38; brachioradialis: SLR: t(12) = 0.20, P =
1.000, d=0.06; LLR: t(12) = —0.59, P = 1.000, d = —0.16;
eVOL: t(12) = —1.02, P =1.000, d = —0.28].

Experiment 2: Arm Kinematics and Motor Behavior

Behavioral responses and muscle stretch reflexes were
relatively consistent across the two arms in experiment 1.
However, small differences in shoulder and elbow motion
began within 50 ms of perturbation onset (12.2-14.3% or
0.055-0.065°). Although small, these differences in limb
motion could confound the analysis because of potential
differences in afferent feedback arising from the state of
the limbs (e.g., position, velocity, and acceleration) (39,
57). Accordingly, we performed a follow-up experiment to
control the motion of the shoulder and elbow joints at the
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Table 2. Outcomes of the two-way repeated-measures ANOVAs for motor behavior and applied torques in experi-

ment 2
Outcome Measure Effect F Statistics P Value n?
Shoulder angle at 50 ms Hand F(1,14)=4.47 0.053 0.004
Perturbation F(1.74,24.4) = 6,058.62 4.47e—-33 0.996
Interaction F(2.04,28.51) = 0.80 0.460 0.016
Elbow angle at 50 ms Hand F(1,14)=2.39 0.144 0.003
Perturbation F(1.75,24.53) = 3,843.72 7.82e—31 0.994
Interaction F(1.67,23.32) = 0.59 0.533 0.0M
Peak hand displacement Hand F(1,14)=6.83 0.020 0.044
Perturbation F(1.72,24.1) = 258.25 1.90e—16 0.804
Interaction F (3.48,48.74) = 3.05 0.031 0.016
Peak joint displacement Hand F(1,14)=2.19 0.161 0.009
Perturbation F (1.69,23.6) = 201.94 5.83e—15 0.736
Interaction F(2.47,34.62)=0.85 0.459 0.003
Return time Hand F(1,14)=4.30 0.057 0.014
Perturbation F(2.7,37.77) = 56.41 1.67e—13 0.327
Interaction F(2.73,37.17) = 0.91 0.437 0.004
End point accuracy Hand F(1,14) = 2.61 0.128 0.006
Perturbation F(2.6,36.34)=10.75 6.77e—05 0.185
Interaction F(3.28,45.89) = 2.21 0.094 0.009
Linearity of hand paths Hand F(114)=0.43 0.524 0.002
Perturbation F (3.36,46.99) = 90.05 3.00e—-20 0.713
Interaction F(3.06,42.81)=1.75 0.170 0.015
Linearity of joint paths Hand F(1,14)=0.12 0.730 0.000
Perturbation F(2.57,35.94)=70.72 2.17e—14 0.730
Interaction F(2.78,38.89) = 0.18 0.900 0.002
Shoulder torque Hand F(1,14)=0.35 0.565 0.000
Perturbation F (7,98) = 934.04 1.05e—86 0.983
Interaction F(7,98)=0.48 0.845 0.001
Elbow torque Hand F(1,4)=0.19 0.673 0.000
Perturbation F(7,98) =1296.25 1.38e—93 0.983
Interaction F(7,98)=9.70 3.97e—-09 0.027

Statistically significant effects are presented in bold.

onset of the LLR (50 ms after perturbation; Fig. 9C,
Table 2).

In contrast to experiment 1, no statistical differences were
exhibited in the linearity of hand paths, joint paths, or peak
joint displacements (Table 2). However, the peak hand dis-
placements were statistically different across the arms
(Table 2). After decomposing the ANOVA, we found that the
nondominant arm was displaced less in two of eight pertur-
bation directions (pure elbow extension and combined
elbow and shoulder extension, P = 0.032-0.040, d=0.85-
0.88), whereas no statistical differences were observed in the
remaining six perturbation directions (P = 0.384-1.000,
d=0.27-0.56). Note that the differences in behavior may
have arisen from the mechanical properties of the arms. In
fact, larger elbow torque pulses were required to displace the
dominant arm the same distance at 50 ms after perturbation
in two of eight perturbation directions (both 4.3% or 0.10
Nm, P = 0.048, d =0.83; Table 2). We did not observe statisti-
cal differences in torque pulses at the shoulder. Return times
and end point accuracy were not statistically different
between the arms (Table 2).

Experiment 2: Preferred Motion Direction and Response
Magnitude

Figure 10 displays the evoked muscle activity of the poste-
rior deltoid for each applied perturbation. The analyses were
focused on the PMDs and response magnitudes during the

SLR and LLR epochs. The design does not permit direct com-
parison of normalized preperturbation muscle activity
across the arms because the normalization was performed
relative to the average activity when holding the background
loads before perturbation onset. Similar to previous research
(25), the PMDs of the posterior deltoid were close to ©® (sin-
gle-joint motion) in the SLR time window, whereas the PMDs
were close to t in the LLR time window (Fig. 10 and Fig. 11).
The PMDs did not differ statistically within the SLR [£(14) =
0.30, P = 1.000, d=0.08] or LLR [t(14)=0.27, P = 1.000,
d=0.07] time windows. The response magnitude of the dom-
inant posterior deltoid muscle (Fig. 10 and Fig. 11) was statis-
tically larger in the SLR [£(14)=2.87, p = 0.025, d = 0.74]. There
were no statistical differences when comparing response
magnitudes in the LLR time window across arms [t(14) =
-0.19, P=1.000, d = —0.05].

PMDs and response magnitudes of the brachioradialis
muscle (Fig. 12 and Fig. 13) showed patterns similar to the
posterior deltoid. The PMDs were tuned toward ©® in the
SLR, whereas the PMDs were tuned to t in the LLR and no
statistical difference was detected in the LLR PMDs [t(14) =
0.75, P = 0.937, d=0.19]. However, a statistical difference in
PMDs was found during the SLR [£(14) = —2.61, P=0.042, d =
—0.67), with the dominant PMD being closer to ®. The
response magnitudes of the brachioradialis muscle did not
differ statistically in either reflex epoch [SLR: t(14) = 0.71, P =
0.984, d =0.18; LLR: £(14) = 1.07, P= 0.607, d = 0.28].

754 J Neurophysiol « doi:10.1152/jn.00152.2021 - www.jn.org
Downloaded from journals.physiology.org/journal/jn (098.109.218.081) on September 13, 2021.


http://www.jn.org

Q) SIMILAR STRETCH REFLEXES IN POSTURAL CONTROL ACROSS ARMS

Pre SLR LLR eVOL 5 Pre SLRLLR eVOL Pre SLR LLR eVOL
5 b Dominant g F I & [ I
=l | | NonlDominant o I | bt I |
| 4 | S|
g [ | g [ | g |1 I
= [ | =, ] I = |1 I
= I | = [ | = (|
g L g, I g I
&5 I | 0 [ =) |l
ol | b L | I
i | M | [ |
| | 0 [ | | | 1 |
0 100 200 0 100 200 0 100 200
Time [ms] Time [ms] Time [ms]
90°/
Pre SLRLLR eVOL EIbFIx Pre SLRLLR eVOL
o T I ) o T I
S Sl S
9 .5|Gain [au] 3
g 1 | g 1 I
— L | 1 T —
= LLR = | |
= I 180°/—0'5({ 007 = I
g I [ ShoExt (et ShoFlx I
@ I | o | |
o | | |
v W .
[ | | | | L
0 100 200 270°/ 0 100 200
Time [ms] EIbExt Time [ms]
Pre ?LII( LLR | eVOL 5 PreE ?Llll LLR | eVOL Pre: ?LII{ LLR | eVOL
=
S S b I
g | 4 g | g |
= I | = [ | = |1 I
= = 3 =
= I | = [ I = |1 I
g I | g, I | g I
@ [ | @ ] I &5 (|
1 boovirde. ! | | L aql | 1 b |
I (| I
o L | | 0 L | | 0 L |
0 100 200 0 100 200 0 100 200
Time [ms] Time [ms] Time [ms]

Figure 10. Posterior deltoid muscle activity, preferred motion direction (

PMD), and response magnitude in experiment 2. Outside panels display

stretch reflexes based on near-uniform elbow and shoulder angle displacements. The panels are oriented as in Fig. 9C. Colored lines indicate
group averages of the dominant (blue) and nondominant (red) arms. Shaded areas indicate +1 SE. Solid vertical lines indicate perturbation onset.
Dashed vertical lines separate phases of the stretch reflex: preperturbation activity (Pre: —50 to O ms), short-latency reflex (SLR: 20 to 45 ms),
long-latency reflex (LLR: 45 to 105 ms), and early voluntary response (eVOL: 105 to 200 ms). Center: a polar plot of the average PMDs and response

magnitudes of posterior deltoid stretch reflexes. The thin arrows reflect
cate the PMD and response magnitude during the LLR. The dashed blac

the PMD and response magnitude during the SLR. The thick arrows indi-
k line corresponds to the local PMD (®). The solid black line corresponds

to the ideal PMD (7). au, Arbitrary units; EIbExt, elbow extension; EIbFIx, elbow flexion; EMG, electromyogram; ShoExt, shoulder extension; ShoFlx,

shoulder flexion.

Control Comparisons

Preperturbation muscle activity in experiment 2 could not be
compared directly across the arms because of the normaliza-
tion procedure. Therefore, it is not possible to rule out differen-
ces in preperturbation muscle activity that could systema-
tically alter the impedance of the arm. As an internal control,
we compared the unnormalized muscle activity across all time
windows and muscles. Similar to the normalized data, no sta-
tistical differences were observed in reflexive muscle activity
between the dominant and nondominant arms. Note, however,
that comparisons of unnormalized muscle activity should be
interpreted with caution (see pDiscussioN for further details).

J Neurophysiol « doi:10.1152/jn.00152.2021 - www.jn.org

Combined Experiments: Correlations of Motor Behavior
and Stretch Reflexes between the Dominant and
Nondominant Arms

Because of the similarity of outcome measures across the
two arms, we investigated the relationship in motor behavior,
PTDs/PMDs, and response magnitudes between the dominant
and nondominant arms. Pearson’s product moment correla-
tions were used to quantify the relationship between peak
hand and joint displacements, return times, hand and joint
path linearity, and end point accuracy across the arms.
Motor behavior was averaged across perturbation directions.
Correlations were also calculated between PTDs/PMDs and
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Figure 11. Preferred motion direction (PMD) and response
magnitude of posterior deltoid stretch reflexes in experi-
ment 2. Colored diamonds depict the group average
PMDs and response magnitude of the dominant (blue)
and nondominant (red) shoulder extensors across the
short-latency reflex (SLR) and long-latency reflex (LLR)
time windows. Gray dots represent individual subject
data. Dashed black line corresponds to the local PMD (©®).
Solid black line corresponds to the ideal PMD (t). au,
Arbitrary units. *P < 0.05.
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Response Magnitude [au]
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response magnitudes of the posterior deltoid LLRs and the
response magnitude of LLRs in the brachioradialis muscle
(Fig. 14). The two arms showed strong positive correlations
in kinematic responses to the perturbations (r>0.69, P <
0.001), a moderate positive correlation in PTDs/PMDs
(r=0.43, P = 0.013), and strong positive correlations in
response magnitudes of the posterior deltoid (r=0.57, P <
0.001) and brachioradialis muscles (= 0.66, P < 0.001). The
correlations in outcomes of the two arms suggest that stretch
reflexes evoked by sudden imposed loads during postural
control are similar in the dominant and nondominant arms.

DISCUSSION
Summary

A prominent hypothesis in the field of sensorimotor control
is that the nervous system uses specialized mechanisms for
controlling the dominant and nondominant arms. It has been
proposed that the dominant hemisphere leverages an internal
model of limb dynamics to produce efficient movements,
whereas the nondominant hemisphere relies on impedance
mechanisms through sensitive but local modulation of sen-
sory feedback to control static arm postures (9-11). We tested
this hypothesis in terms of stretch reflexes evoked by mechan-
ical loads during postural control (24, 25). The approach
allowed us to examine how well the directional sensitivity of
each arm’s responses reflected the intrinsic dynamics of the
arm (reflecting an internal model) and overall sensitivity to
limb displacement (reflecting impedance control). In most
comparisons, we found no statistical differences but moder-
ate to strong correlations in the internal model of limb dy-
namics and sensitivity to muscle stretch when comparing
responses across the two arms. Collectively, the results do not
support the idea that the dominant arm specializes in the use
of internal models and the nondominant arm in impedance
control through elevated reflex gains when countering sud-
den loads imposed during upper limb posture control.

Similar Internal Model of Limb Dynamics between the
Dominant and Nondominant Arms during Posture
Control

Previous studies have shown that the reflexes of upper
limb muscles are sensitive to local joint motion during the
SLR but account for the motion of other joints in the LLR
(24-27). Likewise, we found that the PTDs and PMDs of
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shoulder and elbow muscles in both arms accounted for
limb dynamics in the LLR time window. In contrast, the SLR
typically reflected local joint motion. Note that a statistical
difference in the PMDs of the brachioradialis muscle was
observed in the SLR time window in experiment 2. This dif-
ference is likely caused by small imperfections in enforcing
uniform joint motion when disturbing the arm in different
directions (Fig. 9C). Overall, the PMDs of both arms were
more closely aligned with sensitivity to single-joint motion
(aligned with ©; Fig. 12 and Fig. 13) than they were aligned
with multijoint motion reflecting an internal model of limb
dynamics (alignment with t). The statistical difference was
caused by the PMD of the SLR being more closely aligned
with single-joint motion in the dominant brachioradialis
muscle. A moderate positive correlation was observed in the
PTDs and PMDs of the shoulder muscles in the LLR time
window. Thus, we argue that the internal model of limb dy-
namics that was utilized by stretch reflexes during postural
control was similar across the arms.

Similar Roles of Sensory Feedback in the Dominant and
Nondominant Arms during Posture Control

Behavioral outcomes and response magnitudes were used
to investigate differences in controlling the posture of the
dominant and nondominant arms. In both experiments,
return times and end point accuracy did not differ statistically
between the two arms. The behavioral responses were vari-
able across participants, yet strongly correlated across the
arms. Specifically, individuals who were displaced farther by
the perturbation, had longer return times, had more linear
hand and joint paths, or had higher end point accuracy
tended to display similar behavior with both arms (Fig. 14).

In contrast to the idea of hemispheric specialization (9-
11), response magnitudes were not statistically larger in the
nondominant arm. In fact, the response magnitude was ele-
vated in the dominant pectoralis major muscle within the
eVOL time window in experiment 1. The nature of the torque
combinations produced larger elbow joint displacements
(Fig. 20), such that differences in pectoralis major activity
would have less influence on behavioral outcomes compared
with the activity of the elbow muscles. This may explain
why we did not observe statistical differences in peak
hand displacements across the arms. In experiment 2, the
dominant posterior deltoid displayed elevated responses
in the SLR time window. The small amplitude and brief
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Figure 12. Brachioradialis muscle activity, preferred motion direction (PMD), and response magnitude in experiment 2. Outside panels display muscle
stretch reflexes based on near-uniform angular displacements of the elbow and shoulder joints. The panels are oriented as in Fig. 9C. Colored lines indi-
cate group averages of the dominant (blue) and nondominant (red) arms. Shaded areas indicate +1 SE. Solid vertical lines indicate perturbation onset.
Dashed vertical lines separate phases of the stretch reflex: preperturbation activity (Pre: —50 to O ms), short-latency reflex (SLR: 20 to 45 ms), long-la-
tency reflex (LLR: 45 to 105 ms), and early voluntary response (eVOL: 105 to 200 ms). Center: a polar plot of the average PMDs and response magnitude
of brachioradialis stretch reflexes. The thin arrows reflect the PMD and response magnitude during the SLR. The thick arrows indicate the PMD and
response magnitude during the LLR. The dashed black line corresponds to the local PMD (®). The solid black line corresponds to the ideal PMD (). au,
Arbitrary units; EIbExt, elbow extension; EIbFIx, elbow flexion; EMG, electromyogram; ShoExt, shoulder extension; ShoFlx, shoulder flexion.

duration of the SLR compared with the LLR may explain
why there were no corresponding statistical differences in
behavioral measures, including peak joint displacements,
return times, end point accuracy, or the linearity of hand
and joint paths.

Another possible explanation is that the biarticular
muscles were upregulated to increase the impedance of the
nondominant arm (58). In agreement with this idea, Walker
and Perreault (36) showed a selective increase in the back-
ground activity and stretch responses of the biarticular
muscles when countering postural perturbations with the
nondominant arm. However, when controlling for differen-
ces in background muscle activity in the analysis, there were
no statistical differences in biarticular stretch reflexes between

J Neurophysiol « doi:10.1152/jn.00152.2021 - www.jn.org

the two arms. When the analysis was restricted to younger
adults who were closer in age to our sample, Walker and
Perreault (36) observed statistically increased long-latency
stretch reflexes in the monoarticular elbow muscles in the
nondominant arm. Although it is possible that the biarticular
muscles were selectively upregulated in the nondominant
arm in our study, the effect sizes for differences in the stretch
reflexes of the monoarticular muscles were generally of small
to moderate amplitude, with the exception of the effects
noted above. Some muscles displayed larger responses in the
dominant arm and others in the nondominant arm. In short,
the lack of consistent differences in directional tuning (inter-
nal model) and variable gains of muscle responses (response
magnitudes), both within and across the arms, does not
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Figure 13. Preferred motion direction (PMD) and
response magnitude of brachioradialis stretch reflexes
in experiment 2. Colored diamonds depict the group
average PMDs and response magnitude of the domi-
nant (blue) and nondominant (red) elbow flexors across
the short-latency reflex (SLR) and long-latency reflex
(LLR) time windows. Gray dots represent individual sub-
ject data. Dashed black line corresponds to the local 225
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PMD (®). Solid black line corresponds to the ideal PMD
(7). au, Arbitrary units. *P < 0.05.
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provide clear evidence that reflexes are specialized in posture
control.

In line with the strong correlations observed in behavioral
outcomes, strong positive correlations were found between
the response magnitudes of the posterior deltoid and bra-
chioradialis stretch reflexes across the arms, such that indi-
viduals tended to display similar sensitivity to muscle stretch
with both arms. Similar results were also obtained when
examining the unnormalized muscle activity. Although there
is no gold standard for normalizing muscle activity, a recent
consensus paper cautioned against comparing unnormalized
muscle activity because of factors related to electrode place-
ment and impedance of the recordings that may influence
the amplitude and quality of EMG signals (59). However,
Besomi and colleagues (59) also noted that unnormalized
muscle activity can be used to assess whether findings are ro-
bust after other normalization procedures. We compared
unnormalized muscle activity in experiment 2 to rule out sys-
tematic differences in preperturbation muscle activity that
could arise, for example, if the nervous system used tonic
coactivation to alter the impedance of the nondominant arm.
Although electrode placement, skin preparation, and amplifi-
cation were standardized to the best of our abilities to miti-
gate differences in muscle recordings, the results should
nevertheless be interpreted with caution. Normalizing the
muscle activity to reference loads (as used in experiment 1)
would mitigate this limitation.

Note that the magnitudes of the short- and long-latency
reflexes were elevated, and early voluntary responses muted,
when comparing responses in experiment 2 with experiment
1. These differences are expected, as they arise from the
background loads used to preexcite the motor neuron pool
and amplify reflex responses in experiment 2 (37-39, 54).
Despite differences in the size of the responses across the
two experiments, the relative scaling of reflexes across the
dominant and nondominant arms was qualitatively similar.
This effect was evident when we transformed the data within
each experiment, pooled the responses across the two experi-
ments, and found a strong positive correlation in the magni-
tude of posterior deltoid and brachioradialis responses
across the two arms (Fig. 14). Finally, the amplitude of the
early voluntary response was muted when comparing the
results of experiment 2 with experiment 1. The difference in
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early voluntary responses is expected because of the dura-
tion of the torque pulse perturbations in experiment 2 (80
ms), which can cause a pronounced downregulation of mus-
cle activity within ~30 ms of the offset of torque perturba-
tions of amplitude similar to the perturbations used in
experiment 2 (53, 60). Collectively, the behavioral data and
muscle signatures of feedback control suggest that the nerv-
ous system uses similar feedback gains to control the posture
of the dominant and nondominant arms.

Comparisons to Previous Paradigms

To our knowledge, past studies have focused on the
response magnitude of stretch reflexes in bimanual tasks
(61-63), interlimb differences in responding to tendon taps
at the wrist (64) or perturbations applied at the elbow (36).
Although these data provide insight on the response magni-
tude of stretch reflexes in controlling the arms or their coor-
dination, they do not permit direct comparison of the
internal model of limb dynamics across the two arms. For
example, Aimonetti et al. (64) observed greater stretch
reflexes in the dominant wrist in the absence of difference in
H reflexes, whereas Walker and Perreault (36) observed
greater stretch reflexes in the nondominant elbow muscles
during a posture control task. One possible explanation for
Walker and Perreault’s findings (36) is that the authors pre-
loaded elbow muscles in the direction of the impending per-
turbation, which may modulate long-latency reflexes in
posture control even in the absence of differences in back-
ground activity (65, 66). Individuals in our experiments
countered six (experiment 1) or eight (experiment 2) different
torque perturbations in block-randomized order. When pres-
ent in experiment 2, the background loads preexcited the
brachioradialis and posterior deltoid muscles but did not cue
the direction of the perturbation. Collectively, the experi-
mental design may have limited the ability to use specific
strategies to anticipate and counter the perturbations with
the nondominant arm.

Another possible explanation is the nature of the posture
tasks in our experiments. Participants were required to
return their hand to the start position within a specified time
window when displaced by the perturbation (500 ms).
Previous studies did not impose an explicit task goal (64), or
participants were instructed not to resist the perturbations
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Figure 14. Correlations of motor behavior and stretch reflexes between the dominant and nondominant arms. Panels display standardized outcomes of
the dominant (x-axis) and nondominant (y-axis) arms for peak hand displacements (A), peak joint displacements (B), return times (C), linearity of hand
paths (D), linearity of joint paths (E), end point accuracy (F), preferred torque direction (experiment 1) and preferred motion direction of the posterior del-
toid muscle in the long-latency reflex (LLR) time window (G), response magnitude of the posterior deltoid muscle in the LLR time window (H), and
response magnitude of the brachioradialis muscle in the LLR time window (/). The data were averaged across all perturbations for each individual. Filled
circles indicate individual data points for experiment 1. Open circles indicate individual data points for experiment 2. Dashed black line displays unity.

and did not have to return to the target to complete the trial
(36). The nervous system is capable of altering feedback con-
trol and generating flexible responses to accommodate dif-
ferent task demands (67, 68). This flexibility has been
observed when comparing the amplitude of long-latency
reflexes in the dominant arm between tasks with different
timing demands (41, 45), locations and shapes of the behav-
ioral goal (48, 69), obstacles in the environment (70), and
coordination across the arms (61-63, 71, 72). Goal-directed
responses seem to rely on activity in the primary motor

J Neurophysiol « doi:10.1152/jn.00152.2021 - www.jn.org

cortex (73-76), cerebellum (77), and primary somatosen-
sory cortex (78, 79). The dorsal premotor area may also be
involved in setting the gain of long-latency reflexes. A
recent study demonstrated that cooling the dorsal premo-
tor area reduces the gain of feedback responses and leads
to larger limb displacements in monkeys (40). Each of
these areas projects to the spinal cord and influences its
excitability during voluntary motor actions. Collectively,
these mechanisms may serve to alter the control of goal-
directed motor actions.
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Motor Behavior Is Influenced by Differences in Limb
Inertia

We employed two different protocols to investigate how
individuals countered mechanical perturbations during upper
limb posture control. We applied the same mechanical pertur-
bations at both arms in experiment 1, whereas we evoked the
same joint motion shortly after perturbation onset in both
arms in experiment 2. We did not observe statistical differences
in end point accuracy or in return times between the two arms.
In our first experiment, there were small but quantifiable dif-
ferences in elbow and shoulder joint motion at 50 ms after per-
turbation onset. The differences in joint motion reduced the
linearity of hand and joint paths when the nondominant arm
was displaced by the same perturbation. The differences in ini-
tial displacement were too early to reflect sensory feedback
when factoring in conduction delays (74), the transformation
from muscle activity to force production (80, 81), and motion
of the limb (30, 51). Instead, we argue that these differences
reflect inertial properties of the limb that dominate initial
motion after a perturbation (39, 82).

In view of these limitations, we performed a second
experiment in which we applied torque pulses that elicited
prescribed patterns of joint motion and accounted for differ-
ences in limb inertia (25). The approach enabled more pre-
cise control over limb motion until the onset of the long-
latency reflex (50 ms after perturbation) and eliminated any
statistical differences in the linearity of hand paths and joint
paths caused by the perturbations. However, the differences
in limb inertia meant that larger elbow joint torques were
required to displace the arms the same distance at SO ms af-
ter perturbation. As a result, the applied torques produced a
small, but statistically significant increase in the peak hand
displacement of the dominant arm. Our findings are consist-
ent with studies that reported greater bone mineral density
(83), longer and heavier humeri (84), and larger mass in the
dominant arm (85) and a reduction in muscle area in the
nondominant forearm (86). Collectively, these morphologi-
cal differences may increase the inertia of the dominant arm
(87) and cause the small but quantifiable differences in limb
motion observed in our first experiment.

Posture Control versus Reaching Movements

A potential limitation of our study is that we only exam-
ined how the nervous system attempts to maintain the pos-
ture of the dominant and nondominant arms. Indeed, past
studies suggest that M1 neurons spontaneously change their
load sensitivity during the transition from posture to move-
ment, which suggests that the two tasks involve different
control mechanisms (88). Recent research has also intro-
duced the idea of serial hybrid control to understand how
the nervous system controls reaching movements in the
dominant and nondominant arms. The framework suggests
that the nervous system initiates movement with both arms
relying on an internal model of limb dynamics and switches
to impedance control to attain and hold the goal target (89,
90). After initiating the reach, the nervous system may more
rapidly switch to controlling the impedance of the nondomi-
nant arm, presumably by increasing the gains on sensory
feedback (89, 90). Further research supports the idea that
separate mechanisms are involved in controlling reaching
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movements versus maintaining a static posture at the move-
ment end point (91, 92). The proposed framework might
apply to self-initiated movements and not transfer to stretch
reflexes in posture control. However, recent studies have
reported similar adaptation of internal models when reach-
ing independently with each arm in the presence of force
fields (93, 94). It seems that the nervous system can adapt
equally well to novel loads with either arm (93) and that
interlimb transfer of motor adaptation is bidirectional
between the arms (94). Taken together, our results in combi-
nation with recent studies suggest that differences in con-
trolling the two arms may be task dependent and could be
further addressed by future studies.

Conclusions

In summary, our findings reveal similar behavioral
responses and stretch reflexes to sudden loads imposed when
controlling the posture of the dominant and nondominant
arms. Further research is required to understand in which
contexts the nervous system might use different modulation
of behavioral responses and stretch reflexes to control the
posture and movement of the upper limbs.
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