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Weiler J, Gribble PL, Pruszynski JA. Goal-dependent modulation of the long-latency stretch response at the shoulder, elbow, and
wrist. J Neurophysiol 114: 3242–3254, 2015. First published October
7, 2015; doi:10.1152/jn.00702.2015.—Many studies have demonstrated that muscle activity 50 –100 ms after a mechanical perturbation
(i.e., the long-latency stretch response) can be modulated in a manner
that reflects voluntary motor control. These previous studies typically
assessed modulation of the long-latency stretch response from individual muscles rather than how this response is concurrently modulated across multiple muscles. Here we investigated such concurrent
modulation by having participants execute goal-directed reaches to
visual targets after mechanical perturbations of the shoulder, elbow, or
wrist while measuring activity from six muscles that articulate these
joints. We found that shoulder, elbow, and wrist muscles displayed
goal-dependent modulation of the long-latency stretch response, that
the relative magnitude of participants’ goal-dependent activity was
similar across muscles, that the temporal onset of goal-dependent
muscle activity was not reliably different across the three joints, and
that shoulder muscles displayed goal-dependent activity appropriate
for counteracting intersegmental dynamics. We also observed that the
long-latency stretch response of wrist muscles displayed goal-dependent modulation after elbow perturbations and that the long-latency
stretch response of elbow muscles displayed goal-dependent modulation after wrist perturbations. This pattern likely arises because motion
at either joint could bring the hand to the visual target and suggests
that the nervous system rapidly exploits such simple kinematic redundancy when processing sensory feedback to support goal-directed
actions.
EMG; feedback; goal-dependent activity; long-latency stretch response; reflex; movement

that executing goal-directed actions involves the rapid and flexible use of sensory feedback (Scott
2004; Todorov and Jordan 2002). This position is supported by
many demonstrations that muscular activity 50 –100 ms after a
mechanical perturbation (i.e., the long-latency stretch response) shows a range of modulation that reflects voluntary
motor control (for review see Pruszynski and Scott 2012;
Shemmell et al. 2010). Such modulation of the long-latency
stretch response reflects sensitivity to task demands (Dietz et
al. 1994; Doemges and Rack 1992a, 1992b; Hager-Ross et al.
1996; Marsden et al. 1981; Nashed et al. 2012), movement
decision-making processes (Nashed et al. 2014; Selen et al.
2012; Yang et al. 2011), routing of sensory information across
different muscles (Cole et al. 1984; Dimitriou et al. 2012;
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Marsden et al. 1981; Mutha and Sainburg 2009; Ohki and
Johansson 1999; Omrani et al. 2013), as well as knowledge of
the mechanical properties of the arm (Crevecoeur et al. 2012;
Crevecoeur and Scott 2013; Gielen et al. 1988; Koshland et al.
1991; Kurtzer et al. 2008, 2009, 2013, 2014; Pruszynski et al.
2011a; Soechting and Lacquaniti 1988) and environment (Ahmadi-Pajouh et al. 2012; Akazawa et al. 1983; Bedingham and
Tatton 1984; Cluff and Scott 2013; Dietz et al. 1994; Kimura
et al. 2006; Krutky et al. 2010; Perreault et al. 2008; Pruszynski
et al. 2009; Shemmell et al. 2009).
Perhaps the most studied feature of the long-latency stretch
response is people’s ability to intentionally modulate its amplitude. The first to demonstrate this type of goal-dependent
modulation was Peter Hammond (1956). In his study, participants were told to either “resist” or “let go” in response to a
mechanical perturbation that rapidly extended the elbow,
stretching the biceps muscle. He found that, although the
verbal instruction did not modulate the short-latency stretch
response (i.e., 25–50 ms postperturbation onset), the magnitude
of the long-latency stretch response was larger when participants were instructed to resist the perturbation. Since this
seminal work, similar patterns of goal-dependent modulation
have been shown in many muscles, including those acting at
the jaw (Johansson et al. 2014), shoulder (Kurtzer et al. 2014;
Nashed et al. 2012; Omrani et al. 2013; Pruszynski et al. 2008),
elbow (Cluff and Scott 2013; Colebatch et al. 1979; Crago et
al. 1976; Evarts and Granit 1976; Nashed et al. 2012, 2014;
Omrani et al. 2013; Pruszynski et al. 2008, 2011b; Ravichandran et al. 2013; Rothwell et al. 1980; Shemmell et al. 2009),
wrist (Calancie and Bawa 1985; Jaeger et al. 1982; Lee and
Tatton 1982; Manning et al. 2012), finger (Capaday and Stein
1987; Cole et al. 1984; Marsden et al. 1981), and ankle
(Gottlieb and Agarwal 1979; Ludvig et al. 2007).
The majority of previous studies examining goal-dependent
modulation of the long-latency stretch response have focused
on the assessment of individual muscles in isolation. However,
purposeful movements and corrective responses typically require coordinated recruitment of several muscles spanning
multiple joints. For example, even the seemingly simple act of
rapidly rotating a single joint requires the recruitment of
additional muscles at other joints to counteract interaction
torques (Gribble and Ostry 1999). Moreover, goal-directed
reaching actions can often be achieved by an infinite combination of shoulder, elbow, and wrist rotations (i.e., kinematic
redundancy; see Bernstein 1967). Although there is strong
evidence that the long-latency stretch response accounts for
interaction torques (Kurtzer et al. 2008, 2009; Pruszynski et al.
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2011a; Soechting and Lacquaniti 1988), little is known about
whether goal-dependent modulation of the long-latency stretch
response reflects kinematic redundancy. As a first step in
addressing this question, we used a unique 3 degree-of-freedom exoskeleton and concurrently assessed goal-dependent
modulation of long-latency stretch responses from muscles that
span the shoulder, elbow, and wrist while participants executed
goal-directed reaches to visual targets in the horizontal plane.
Beyond the ability to perturb these three joints independently,
this experimental task is interesting because it is the simplest
scenario that includes kinematic redundancy.
We had three specific objectives. First, we tested for goaldependent modulation of the long-latency stretch response at
the shoulder, elbow, and wrist. Although this effect has previously been demonstrated at each joint in isolation, to our
knowledge no previous work has concurrently assessed modulation from muscles that articulate the three proximal joints of
the upper limb. Second, we sought to identify potential relationships of the long-latency stretch responses between muscles of the upper limb. Specifically, we tested whether participants who showed relatively large goal-dependent activity
within the long-latency epoch at one muscle also showed
relatively large goal-dependent activity at other muscles. We
also tested whether the temporal onset of goal-dependent
muscle activity was constant across the muscles or reflected a
proximal-to-distal gradient associated with conduction delays.
Third, we examined whether modulation of the long-latency
stretch response reflects multijoint characteristics of goal-directed actions—specifically, kinematic redundancy and interaction torques. In our task, mechanical perturbations applied at
the elbow move the hand in such a way that the task can be
successfully achieved by responding with the wrist. The reciprocal relationship is also present—mechanical perturbations at
the wrist can be successfully counteracted by responses at the
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elbow. Thus we tested whether elbow perturbations yielded
goal-dependent modulation of the long-latency stretch response in wrist muscles, and vice versa. Furthermore, because
of intersegmental dynamics, rapidly flexing or extending the
elbow to move the hand to the target will generate shoulder
extension and flexion torques, respectively. Therefore, we also
tested whether elbow perturbations generated goal-dependent
long-latency stretch responses in shoulder muscles appropriate
to counteract these interaction torques.
METHODS

Participants. Eighteen participants (13 men, 5 women; age range
19 –33 yr) volunteered for the present experiment. All participants had
normal or corrected-to-normal vision, and 17 reported being right
hand dominant. Prior to data collection participants provided written
informed consent. This study was approved by the Office of Research
Ethics at the University of Western Ontario and was completed in
accordance with the Declaration of Helsinki.
Apparatus and procedures. Participants completed the experiment
with a unique 3 degree-of-freedom exoskeleton robot (Interactive
Motion Technologies, Boston, MA; Fig. 1A). The exoskeleton allows
flexion and extension at the shoulder, elbow, and wrist in a horizontal
plane that intersects the shoulder joint, can apply mechanical flexion
or extension loads at all aforementioned joint segments, and is
equipped with encoders at each joint that measure movement kinematics (e.g., joint angles) and torque sensors to measure movement
dynamics. Visual stimuli were presented downward with a 46-in.
LCD monitor (60 Hz, 1,920 ⫻ 1,080 pixels, Dynex DX-46L262A12,
Richfield, MN) onto a semisilvered mirror that occluded vision of the
participant’s arm (Fig. 1B). Hand position was represented by a
turquoise circle (1-cm diameter), which reflected the Cartesian coordinates of the exoskeleton handle that the participants grasped. Participants were seated, and the lights in the experimental suite were
extinguished for the duration of data collection.
Each trial began with the participant moving his/her hand to a red
circle (i.e., home location: 2-cm diameter) that corresponded to the
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Fig. 1. A: schematic of the 3 degree-of-freedom exoskeleton robot that can apply flexion
and extension loads at the shoulder, elbow,
and wrist in the horizontal plane. B: top-down
view of the experimental setup. A semi-silvered mirror occluded vision of the participant’s hand. Flexion at the shoulder, elbow,
or wrist is indicated by an increase in the
magnitude of the joint angle (). C: position
of the targets when the shoulder, elbow, and
wrist were preloaded and perturbed by the
robot. Only 1 target was presented per trial.
D: trial timeline. i: Participants placed their
hand at the home position (1,000 ms). ii: A
flexion or extension ramping load was applied
at the shoulder (⫾3 Nm), elbow (⫾3 Nm), or
wrist (⫾1 Nm) (2,000 ms). iii: Visual hand
position feedback was removed, and a white
target circle was presented (2,000 – 4,000 ms).
iv: A commanded step torque (i.e., perturbation) was applied at the preloaded joint (⫾3
Nm: shoulder and elbow; ⫾1 Nm: wrist) and
displaced the hand toward or away from the
center of the target (IN and OUT conditions,
respectively). v: Participants moved their
hand into the target after the perturbation.
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hand position when the shoulder, elbow, and wrist were at 70°, 60°,
and 10° of flexion, respectively. Participants were verbally instructed
to adopt this joint configuration during practice trials— however, no
measures were taken to enforce this specific joint configuration during
data collection. After a 1,500-ms delay, a linearly increasing load was
applied for 2,000 ms at the shoulder, elbow, or wrist that plateaued at
a constant load of ⫾3 Nm at the shoulder or elbow or ⫾1 Nm at the
wrist (i.e., the preload). When the preload plateaued, visual hand
position feedback was removed (i.e., turquoise circle was extinguished). A white target circle (10-cm diameter) was then presented
adjacent to the home location at a position where the preload would
displace the participant’s hand directly toward the center of the target
or directly away from the center of the target. After the participant’s
hand was maintained at the home location for a random duration
(1,000 –2,500 ms), a commanded step torque (⫾3 Nm, ⫾3 Nm, or ⫾1
Nm at the shoulder, elbow, or wrist, respectively; rise time 2 ms) was
applied at the preloaded joint and would displace the participant’s
hand into the target (IN condition) or away from the target (OUT
condition; Fig. 1C). The participant’s task was to move his/her hand
into the target after the perturbation in ⬍375 ms. The commanded step
torque was removed after 1,300 ms. Performance feedback was
provided after each trial. If the participant’s response was inaccurate
(i.e., missed the target) or too slow (i.e., took longer than 375 ms to
reach the target), the target color would change from white to red to
indicate an error— otherwise, the target color would change from
white to green (Fig. 1D; see also Pruszynski et al. 2008).
Participants completed 20 trials of each of the 24 experimental
conditions (3 joint segments: shoulder, elbow, wrist; 2 preloads:
flexion, extension; 2 perturbation loads: flexion, extension; 2 targets:
left, right) in a randomized order totaling 480 trials. Trials in which
the participant moved outside the home location during the preload
period were aborted and rerun later in the experiment. Prior to data
collection participants completed practice trials until ⬃75% of their
responses were successfully executed.
One participant was unable to successfully keep the hand on the
home location in response to the preload during practice trials and was
thus removed from the experiment.
Muscle activity. The participants’ skin was abraded with rubbing
alcohol, and surface EMG electrode (Delsys Bagnoli-8 system with
DE-3.1 sensors, Boston, MA) contacts were covered with conductive
gel. The electrodes were then placed on the bellies of six muscles
[pectoralis major clavicular head (PEC; shoulder flexor), posterior
deltoid (DELT; shoulder extensor), biceps brachii long head (BI;
shoulder and elbow flexor, wrist supinator), triceps brachii lateral
head (TRI; elbow extensor), flexor carpi ulnaris (WF; wrist flexor),
and extensor carpi radialis (WE; wrist extensor)] at an orientation that
runs parallel to the muscle fibers. Although BI acts to flex the shoulder
and elbow as well as supinate the wrist, we analyzed its EMG activity
only in relation to elbow movement (i.e., as an elbow flexor). A
reference electrode was placed on the participant’s left clavicle. EMG
signals were amplified (gain ⫽ 103), band-pass filtered (20 – 450 Hz),
and then digitally sampled at 2,000 Hz.
Data reduction. Angular positions of the shoulder, elbow, and wrist
were sampled at 500 Hz. Hand position was computed by taking into
account the length of each participant’s arm segments (i.e., upper,
lower, wrist). Kinematic data were low-pass filtered (15 Hz, 2-pass,
2nd-order Butterworth) off-line. EMG data were band-pass filtered
(25–250 Hz, 2-pass, 2nd-order Butterworth) and full-wave rectified.
Muscle activity was normalized to the mean EMG activity of the last
200 ms of the preload period when that muscle sample was preloaded.
For example, PEC and WE muscles were normalized to their activity
in conditions where the exoskeleton applied a shoulder extension and
wrist flexion preload, respectively. Trials when the mechanical perturbation shortened the preloaded muscle were not analyzed (dashed
lines in Fig. 1C). These trials comprised 12 of the 24 experimental
conditions and were included so that participants could not predict the
torque direction the exoskeleton would apply at perturbation onset.

Data analyses. Mean shoulder, elbow, and wrist angles as well as
hand position data were computed for each participant from 200 ms
before perturbation onset to 450 ms after perturbation onset. EMG
activity from an individual muscle was occasionally unusable because
of the surface electrode being dislodged by the robot. These data were
discarded and not analyzed. Of the remaining EMG data, mean
activity within the short-latency (i.e., 25–50 ms postperturbation
onset) and long-latency (i.e., 50 –100 ms postperturbation onset)
epochs were computed for PEC (n ⫽ 17/17), DELT (n ⫽ 15/17), BI
(n ⫽ 15/17), TRI (n ⫽ 16/17), WF (n ⫽ 17/17), and WE (n ⫽ 13/17)
on a trial-by-trial basis. For each muscle, mean EMG values were
submitted to a 2 (epoch: short latency, long latency) ⫻ 2 (condition:
OUT, IN) repeated-measures ANOVA.
To determine whether the relative magnitude of participants’ goaldependent activity was consistent across muscles, we computed
Spearman rank (i.e., rank-order) correlations with goal-dependent
muscle activity within the long-latency epoch for all pairwise muscle
combinations. Goal-dependent muscle activity was computed by determining the difference in mean EMG activity within the longlatency epoch between IN and OUT conditions from the stretched
muscle of the mechanically perturbed joint.
To estimate the temporal onset of goal-dependent EMG activity for
each participant, IN- and OUT-condition EMG activity from the
stretched muscle of the perturbed joint was used to generate an area
under a receiver operator characteristic time series from ⫺200 to 450
ms postperturbation onset (time series ROC curve). Six time series
ROC curves were computed for each participant— one for each
muscle that was stretched as a function of IN and OUT conditions.
Briefly, ROC curves quantify the probability that an ideal observer
could discriminate between two stimuli conditions: a value of 0.5
represents chance-level discrimination, whereas a value of 0 or 1
represents perfect discrimination (Green and Swets 1966). Time series
ROC curves were generated for each usable muscle sample.
We used segmented linear regression to fit the time series ROC
curves in order to quantitatively determine the onset of goal-dependent muscle activity. It is important to emphasize that this regression
technique is not specific to time series ROC curves—rather, segmented linear regression partitions any continuous independent variable into two separate segments that have a unique linear relationship
to a dependent variable in an unbiased fashion.
Figure 2 provides an example of how the segmented linear regression was used to estimate the onset of goal-dependent activity. Figure
2A shows a simulated time series ROC curve (injected with Gaussian
noise) that was constructed by setting the first 199 time samples to a
value of 0.5 (i.e., zero discrimination ability). At time sample 200 the
ROC curve diverges toward a value of 1. We fit time series ROC
curves with segmented linear regression by initially identifying the
first of three consecutive time samples where the ROC value was
⬎0.75 (i.e., “xend”). Two least-squares linear regression models were
then fit to the data in an iterative fashion. Model 1 fit data from
time sample x1 to time sample xi (restricted to a slope of 0; where x1
is the first time sample on the ROC curve and xi is the time sample
associated with the current iteration). Model 2 fit data from time
sample xi to xend. This process was iterated until xi ⫽ xend. For each
iteration, the residual sum of squares from model 1 and model 2 were
summed. The time sample associated with the iteration that yielded
the lowest cumulative sum of squares from models 1 and 2 served as
our estimate of when the ROC curve diverged from chance discrimination. Note that Fig. 2A shows three functions that fit the ROC data.
These functions reflect the segmented fits generated when xi equals
100, 200, and 300. Figure 2B shows the cumulative sum of squares of
these segmented fits and that the lowest cumulative sum of squares
occurs when xi equals 200. This iteration coincides with the time
sample where the ROC curve diverges from chance levels of discrim-
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muscles. To examine this issue in the context of our data set we
simulated pairs of ROC— using average noise levels and ROC rise
times based on our observed data—and shifted the goal-dependent
onset time of one curve relative to the other by 1-ms increments.
Noise and rise rates on simulated ROC curves were set to values
based on our empirical data. We then determined how many
participants would be required to reliably observe imposed differences in onset times at statistical power levels of 70%, 80%, and
90%. Importantly, given our sample size our simulations indicate
that we should be able to reliably identify differences in goaldependent onset times of 4 –5 ms (Table 1).

A

B

Cumulative Sum of Squares

RESULTS

Fig. 2. A: example time series receiver operator characteristic (ROC) curve
(gray line) where the curve diverges from chance discrimination at sample 200.
Two independent least-square linear models are fit to the data in an iterative
fashion where each successive iteration is associated with a successive timesample. Model 1 fits data from sample x1 to sample xi (restricted to a slope of
0; where x1 is the first time sample on the ROC curve and xi is the time sample
associated with the ith iteration). Model 2 fits data from sample xi to sample
xend (where xend is the first of 3 consecutive time samples ⬎ 0.75 on the ROC
curve). This procedure is repeated until xi ⫽ xend. Red, black, and purple lines
show how the time series ROC curve is fit when xi ⫽ 100, 200, and 300,
respectively. B: the cumulative sum of squares for model 1 and model 2 across
all iterations of xi. Red, black, and purple dots indicate the cumulative sum of
squares of model 1 and model 2 when xi equals 100, 200, and 300, respectively.
The time sample associated with the iteration that yields the lowest cumulative
sum of squares (i.e., xi ⫽ 200) denotes the estimate of when the ROC curve
diverges from chance levels of discrimination.

ination. MATLAB code that executes the segmented linear regression
is provided in the Supplemental Material.1
The accuracy of this regression technique to estimate the onset of
goal-dependent muscle activity is influenced by the amount of noise in
the ROC curve and by the rate at which the ROC curves diverge from
chance discrimination (i.e., rise rate). We simulated ROC curves to
determine how the accuracy of the segmented linear regression is
influenced when these parameters are systematically manipulated.
Figure 3A shows two notable features of these simulations. The first
is that all combinations of noise and rise time result in an overestimation of goal-dependent onset time (i.e., an estimation larger than
the veridical goal-dependent onset time). The second is that the
magnitude of the overestimation is dependent on the amount of noise
in the ROC curve and is further accentuated based on the rise rate.
Given that ROC noise and rise rates influence the estimation of
goal-dependent onset times, it is important to consider how the
empirical noise and rise rate affect the ability of our regression
technique to demarcate small onset timing differences between
1
Supplemental Material for this article is available online at the Journal
website.

Features of behavior. Participants were required to quickly
move their hand into a visual target after a mechanical perturbation of the shoulder, elbow, or wrist that displaced their hand
either into the target (IN condition) or away from the target
(OUT condition). After perturbation onset, participants took on
average 15 ms and 301 ms to move their hand into the target
for the IN-condition and OUT-condition trials, respectively.
For OUT-condition trials participants required different
amounts of time to enter the target as a function of which joint
was mechanically perturbed (shoulder: 351 ms; elbow: 338 ms;
wrist: 215 ms).
Prior to commencing the experiment, participants were instructed to maintain a joint configuration during the preload
such that the shoulder, elbow, and wrist were at 70°, 40°, and
10° of flexion, respectively—a posture that would maintain
hand position at the home location. As noted above, however,
no measures were taken to enforce this posture during the
experiment. Thus participants were able to select from an
infinite set of upper limb joint configurations to maintain the
hand at this position. This ability to utilize kinematic redundancy is highlighted in Fig. 4, which shows how the adopted
joint angles of the shoulder, elbow, and wrist 2 ms prior to
perturbation onset differ as a function of the preload. Visual
inspection of Fig. 4, B and C, shows an inverse relationship
between the elbow and wrist angle that could be used to
maintain the required posture—an increase in elbow angle (i.e.,
increased flexion) was offset by a reduction in wrist angle (i.e.,
increased extension), and vice versa. We examined this finding
by computing the correlation between elbow and wrist angle on
a trial-by-trial basis for each participant. The computed correlation coefficients were submitted to a single-sample t-test,
which demonstrated that the mean of these correlation coefficients (⫺0.26) was reliably less than zero [t(16) ⫽ ⫺8.06, P ⬍
0.0001].
Mean hand displacement traces when the shoulder, elbow,
and wrist were perturbed are shown in Fig. 5, A–C. Solid and
dashed lines depict the hand path after an applied extension or
flexion perturbation, respectively, and blue and red traces
indicate IN and OUT conditions, respectively. Note that the
paths of the IN and OUT condition traces overlap for the initial
part of the movement. This initial overlap was expected because the exoskeleton applied the same load at perturbation
onset. The traces then diverge as participants counteracted the
unpredictable perturbation and moved toward the presented
target.
Changes in shoulder, elbow, and wrist angles following a
mechanical perturbation applied at any of the aforementioned
joint segments are depicted in Fig. 5D. More specifically, the
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Fig. 3. A: accuracy of the segmented linear regression to estimate the onset of goal-dependent EMG activity with varying amounts of noise and rise rates of the
time series ROC curve. Each data point reflects the mean estimate of goal-dependent onset times from 1,500 simulated ROC curves where the true onset of goal
dependence was set at 50 ms. Values ⬎ 0 reflect estimations ⬎ 50 ms. We set “100% noise” to the standard deviation of our experimental ROC data from 25
ms before perturbation onset to 25 ms after perturbation across all participants because values on the ROC curve within this epoch should theoretically be 0.5.
Simulated rise rates reflect the range of rise rates observed in the experimental ROC data. The mean rise rate from the experimental data was 19 ms. B, i–iv:
exemplar simulated time series ROC curves from the 4 extremes of the manipulated noise and rise rate combinations observed in A to demonstrate how the ROC
curve is influenced as a function of these 2 parameters.

figure shows how the changes in joint angles differ as a
function of IN and OUT conditions. Similar to Fig. 5, A–C, INand OUT-condition traces on each panel initially overlap,
which reflects how a mechanical perturbation initially influenced joint angles. OUT-condition traces diverge from their
IN-condition counterparts as participants counteracted the applied perturbation that displaced their hand away from the
presented target. Of note is the kinematically redundant relationship between the elbow and wrist. The OUT-condition
traces in Fig. 5Dviii show that when the elbow was mechanically perturbed the wrist was quickly incorporated (i.e., ⬃150
ms after perturbation) into a movement that transported the
hand to the target. The OUT-condition traces on Fig. 5Dvi
show a similar effect for elbow movement in response to a
perturbation applied to the wrist—that is, the elbow quickly
assisted movement of the hand toward the goal location after a
perturbation applied to the wrist.
Table 1. Summary of statistical power simulations
No. of Participants Required
to Identify Onset Differences
at Desired Power of:
Difference Between 2 Goal-Dependent
Onset Times, ms

70%

80%

90%

10
9
8
7
6
5
4
3
2
1

3
3
4
4
5
6
9
15
33
126

3
4
4
5
6
8
11
19
41
160

4
5
5
6
8
10
15
25
54
211

Results were generated with 10,000 simulations per onset difference and
desired power combination. Simulated time series receiver operator characteristic (ROC) curves used the mean noise and rise time values observed in our
experimental data.

Stretched muscles display rapid goal dependence. Our first
objective was to test whether the stretched muscle that articulated the mechanically perturbed joint displayed goal-dependent long-latency stretch responses. Figure 6, A and B, show an
exemplar participant’s trial-by-trial TRI EMG activity after
elbow flexion perturbations for IN (Fig. 6A) and OUT (Fig. 6B)
conditions. Note the increased EMG activity within the longlatency epoch for the OUT- compared with IN-condition trials.
Group EMG results for the six stretched muscles are shown in
Fig. 7. Figure 7, A–F, specifically contrast the group mean
EMG activity for IN and OUT conditions from ⫺25 ms before
perturbation onset to 125 ms after the perturbation, whereas
Fig. 7, G–L, depict participant mean EMG activity within the
short- and long-latency epochs as a function of IN and OUT
conditions. Repeated-measures ANOVAs revealed reliable
main effects of epoch and condition as well as their reliable
interaction across all muscles. Interactions were decomposed
with paired-sample t-tests. Mean EMG activity for all muscles
within the short-latency epoch did not differ between IN and
OUT conditions. In contrast, mean EMG activity within the
long-latency epoch was reliably larger for OUT conditions
compared with their IN-condition counterparts for all six muscles. Test statistics, degrees of freedom, and P values for all
post hoc contrasts are provided in Table 2. The same pattern of
results was observed when post hoc contrasts were completed
with a nonparametric (i.e., Wilcoxon signed rank) test.
Magnitude and temporal relationships of goal-dependent
activity between muscles. Our second objective had two components. We wanted to determine whether the magnitude of
participants’ goal-dependent activity within the long-latency
epoch from one muscle was related to the magnitude of their
goal-dependent activity within the long-latency epoch from the
other muscles. To make this assessment, we computed Spearman rank correlation coefficients for all pairwise muscle combinations (Table 3). This analysis revealed positive correlations
for all pairwise comparisons that were particularly strong for
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Fig. 4. Shoulder (A), elbow (B), and wrist (C) joint angles 2 ms prior to
perturbation onset plotted as a function of preload (Sh, shoulder; El, elbow;
Wr, wrist; Ex, extension; Fl, flexion). Horizontal black lines indicate the
instructed joint position for the respective joint segments. Error bars represent
1 SD.

muscles at the same joint (i.e., PEC and DELT, BI and TRI,
and WF and WE).
We also sought to determine the temporal onset of goaldependent activity across muscles. We did so by using segmented linear regression to fit the time series ROC curves that
were computed for each muscle sample (see METHODS). Figure
8A depicts one time series ROC curve of an exemplar muscle
sample (WF) fit with our regression technique. The estimated
onset time of goal-dependent activity for this muscle sample
was 73 ms after perturbation onset. Estimates of goal-dependent onset times were computed for all muscle samples (Fig.
8B) and submitted to an independent-samples one-way
ANOVA to determine whether these times differed as a function of muscle. Results of this analysis yielded no reliable
differences [F(5,86) ⫽ 0.66, P ⫽ 0.67]. Although no differences were observed, it is important to note that several of
these estimates fall well outside the long-latency epoch and
were obtained from muscles that did not show goal-dependent
long-latency stretch responses. We reran this analysis with
only the estimates from muscles that showed reliable mean
EMG differences (i.e., P ⬍ 0.05) between IN and OUT
conditions within the long-latency epoch (Fig. 8B). Results of
this analysis also yielded no reliable differences [F(5,48) ⫽
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0.52 P ⫽ 0.76]. The mean estimate for the onset of goaldependent activity across muscles was 64 ms (SD ⫽ 16) after
perturbation onset.
We further tested whether goal-dependent onset times differed across muscles by identifying a total of 22 elbownonelbow muscle pairs (e.g., BI and PEC, TRI and WE) across
all participants that both displayed reliable (i.e., P ⬍ 0.05)
goal-dependent long-latency stretch responses after an elbow
perturbation. ROC curves were generated for these muscle
samples, each fit with our segmented linear regression technique to estimate the onset of goal-dependent activity and then
compared with a paired-sample t-test. We again found no
reliable difference in goal-dependent onset time between elbow
muscles and muscles at the shoulder or wrist after an elbow
perturbation [t(21) ⫽ 0.78, P ⫽ 0.48]. The mean estimate for
the onset of goal-dependent activity of elbow and nonelbow
muscles following an elbow perturbation was 66 ms (SD ⫽ 16)
after perturbation onset.
Multijoint modulation of long-latency stretch response. Our
third objective was to examine whether modulation of the
long-latency stretch response reflected two multijoint characteristics of goal-directed actions: kinematic redundancy and
interaction torques. In terms of kinematic redundancy, we
sought to determine whether modulation of the long-latency
stretch response of elbow muscles would display an appropriate
pattern of goal-dependent activity when the wrist had been mechanically perturbed. We also sought to address the reciprocal
relationship—that is, to determine whether long-latency stretch
response of wrist muscles would display appropriate goal-dependent activity after mechanical perturbations of the elbow.
Figure 9A shows the mean EMG profile of TRI activity in
response to a perturbation that flexed the wrist, whereas Fig.
9D shows the mean EMG profile of BI activity following a
perturbation that extended the wrist. Both panels contrast the
EMG activity in response to a perturbation that displaced the
hand into the target (IN condition) and away from the target
(OUT condition). Paired-sample t-tests revealed that longlatency stretch responses had larger activity for the OUT
condition compared with their IN-condition counterpart for
both TRI [t(15) ⫽ 3.06, P ⫽ 0.008] and BI [t(14) ⫽ 2.30, P ⫽
0.037]. A similar effect was observed for muscles that articulate the wrist when the elbow was mechanically perturbed.
Figure 9B depicts activity of the WE in response to a mechanical perturbation that flexed the elbow, whereas Fig. 9E depicts
WF activity following a perturbation that extended the wrist.
Results show that long-latency stretch responses were larger
for OUT conditions compared with IN conditions for both WE
[t(12) ⫽ 2.21, P ⫽ 0.047] and WF [t(16) ⫽ 3.22, P ⫽ 0.005].
It is possible that these findings were due to rapid muscular
cocontraction following a perturbation at an adjacent joint that
displaced the hand away from the target. For example, after a
wrist extension perturbation that moved the hand away from
the target, it is possible that WF and WE rapidly cocontracted.
To test this possibility, we performed four additional comparisons that contrasted activity of the long-latency stretch response when the perturbation displaced the hand in or away
from the target. Specifically, we compared WF long-latency
activity following an elbow flexion perturbation; WE longlatency activity following an elbow extension perturbation; BI
long-latency activity following a wrist flexion perturbation;
and TRI long-latency activity following a wrist extension
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A

B

C

D

Fig. 5. A–C: hand paths produced when the perturbation was applied to the shoulder, elbow, and wrist, respectively. Extension and flexion perturbations are
denoted by solid and dashed lines, respectively. IN and OUT conditions are denoted by blue and red lines, respectively. D: changes in shoulder (top), elbow
(middle), and wrist (bottom) angles in response to mechanical perturbations applied to the shoulder (left), elbow (center), or wrist (right). Flexion and extension
perturbations are denoted via dashed and solid lines, respectively. IN and OUT conditions are shown by blue and red traces, respectively.

perturbation. Note that these comparisons are of the antagonist
muscles from the conditions previously tested. Results of these
comparisons showed either that there was no reliable difference in the activity of the long-latency stretch response between OUT and IN conditions [BI: t(14) ⫽ ⫺1.47, P ⫽ 0.16;
WF: t(16) ⫽ ⫺1.38, P ⫽ 0.19; WE: t(12) ⫽ 1.09, P ⫽ 0.30]
or that the long-latency stretch response was reliably smaller
for OUT-condition trials relative to their IN-condition counterpart [TRI: t(15) ⫽ ⫺3.16, P ⫽ 0.006]. Thus long-latency
stretch responses of wrist muscles displayed selective goaldependent activity when the elbow was mechanically perturbed
in a manner that assisted in transporting the hand to the goal
location. The same was also true for long-latency stretch
responses of elbow muscles when the wrist was mechanically
perturbed.
In terms of interaction torques, we sought to determine
whether elbow perturbations generated goal-dependent longlatency stretch responses in shoulder muscles appropriate to

counteract interaction torques (see also Kurtzer et al. 2014).
Figure 9C shows the mean EMG profile of DELT activity in
response to a perturbation that flexed the elbow, whereas Fig.
9F shows the mean EMG profile of PEC activity following a
perturbation that extended the elbow. Both panels contrast the
EMG activity in response to a perturbation that displaced the
hand into the target (IN condition) and away from the target
(OUT condition). Paired-sample t-tests demonstrated that
when the elbow was perturbed into flexion DELT long-latency
stretch responses were reliably larger for OUT-condition trials
compared with their IN-condition counterparts [t(14) ⫽ 3.11, P
⫽ 0.008]. Furthermore, when the elbow was perturbed into
extension PEC long-latency stretch responses were also
larger for OUT-condition trials compared with IN-condition
trials [t(16) ⫽ 2.91, P ⫽ 0.01]. These shoulder responses are
appropriate to counteract interaction torques generated by
the elbow motion used by participants to transport their
hand into the target. To rule out general cocontraction of all
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Fig. 6. A and B: an exemplar participant’s triceps brachii lateral head (TRI) EMG data from trials in which an elbow flexion perturbation moved the hand into
(IN condition; A) or away from (OUT condition; B) the target. Dark colors reflect greater activity compared with light colors, and each row depicts data from
a single trial. Black vertical line denotes perturbation onset, and orange vertical lines demarcate the long-latency epoch. C: traces of elbow angle over time after
elbow flexion perturbations for all trials shown in A and B. Black vertical line denotes perturbation onset, and blue and red traces reflect IN and OUT conditions,
respectively.

shoulder muscles in response to elbow movement, we contrasted OUT- and IN-condition DELT long-latency stretch
responses when the elbow was perturbed into extension and
OUT- and IN-condition PEC long-latency stretch responses
when the elbow was perturbed into flexion. Results showed
that long-latency stretch responses of the DELT were reliably smaller for the OUT condition compared with their
IN-condition counterparts when the elbow was perturbed
into extension [t(14) ⫽ ⫺2.15, P ⫽ 0.05], whereas there
was no reliable difference between OUT and IN conditions
for the PEC long-latency stretch responses following a
perturbation that flexed the elbow [t(16) ⫽ ⫺1.46, P ⫽
0.16]. These findings again demonstrate a selective and
appropriate modulation of the long-latency stretch response
to complete the goal-directed action.

DISCUSSION

We assessed modulation of short-latency and long-latency
stretch responses from shoulder, elbow, and/or wrist muscles
while participants responded to mechanical perturbations by
placing their hand into visually defined spatial targets. The
targets were strategically placed such that the same perturbation displaced the hand directly into or away from a target—a
manipulation previously shown to elicit robust goal-dependent
activity in the long-latency epoch at the shoulder and elbow
(Pruszynski et al. 2008). Unlike previous studies using this
approach, we focused on the concurrent modulation across
multiple muscles that span the three proximal joints of the
upper limb. Important in this effort was a unique robotic
exoskeleton that can measure and perturb movement at the
shoulder, elbow, and wrist while the participant’s hand is
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J

E

F

K
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Fig. 7. EMG activity from the stretched muscle that articulated the perturbed joint. A–F: group mean EMG activity for IN and OUT conditions. Shading around
EMG activity represents 1 SE. G–L: mean EMG activity for each participant within the short-latency (SL) and long-latency (LL) epochs as a function of IN and
OUT conditions. Muscles that articulate the shoulder, elbow, and wrist are presented at top, middle, and bottom, respectively. Note that no muscle shows a reliable
difference between IN and OUT conditions within the short-latency epoch whereas EMG activities within the long-latency epoch are larger for OUT conditions
compared with their IN-condition counterparts for all muscles. PEC, pectoralis major clavicular head; au, arbitrary unit.
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Table 2. Statistics of EMG comparisons between OUT and IN conditions from stretched muscles

Stretched Muscle
PEC
DELT
BI
TRI
WF
WE

Short-Latency Stretch Response

Long-Latency Stretch Response

Degrees of Freedom

t-Ratio

P Value

t-Ratio

P Value

16
14
14
15
16
12

⫺1.12
0.10
⫺0.38
0.28
⫺1.84
⫺1.55

0.28
0.92
0.71
0.78
0.08
0.15

3.68
3.48
3.59
2.80
2.98
2.54

0.002
0.004
0.003
0.01
0.009
0.03

Positive t-ratio reflects larger EMG activity for OUT compared to IN condition. PEC, pectoralis major clavicular head; DELT, posterior deltoid; BI, biceps
brachii long head; TRI, triceps brachii lateral head; WF, flexor carpi ulnaris (wrist flexor); WE, extensor carpi radialis (wrist extensor).

constrained to move in a horizontal plane at the level of the
shoulder. We report four principal findings. First, goal-dependent modulation of the mechanically stretched muscle was
never present in the short-latency epoch but always present in
the long-latency epoch. Second, the relative magnitude of a
participant’s goal-dependent activity at one muscle was positively correlated with the relative magnitude of the goaldependent activity at the other muscles. Third, the temporal
onset of goal-dependent activity was statistically indistinguishable across the proximal-to-distal muscles of the arm. And
fourth, goal-dependent activity was coordinated across muscles
spanning the elbow and wrist joint such that mechanical
perturbations applied at one joint were readily countered by
responses at the other joint. Taken together, our results
strengthen the claim that long-latency stretch responses are
flexibly coordinated across muscles to support goal-directed
actions.
Goal-dependent modulation of mechanically stretched
muscles. We observed both short-latency and long-latency
stretch responses in muscles that were lengthened by the
mechanical perturbation. Consistent with many previous studies, we found no evidence of goal-dependent modulation in the
short-latency epoch for any muscle (for review see Pruszynski
and Scott 2012). That is, we found no reliable difference in the
evoked muscle response when contrasting the IN and OUT
conditions for the same applied mechanical perturbation. Despite the lack of modulation observed with our task, it is
important to emphasize that the short-latency stretch response
is not immutable. Indeed, many studies have shown substantial
changes in the sensitivity of the short-latency stretch response
at the transition between posture and movement (Duysens et al.
Table 3. Spearman rank correlation coefficients for magnitude of
participant goal-dependent activity between muscles
Muscle
PEC
DELT
BI
TRI
WF

DELT

BI

TRI

WF

WE

0.454
0.09 (15)

0.075
0.79 (15)
0.308
0.31 (13)

0.282
0.29 (16)
0.314
0.25 (15)
0.631
0.02 (14)

0.512
0.04 (17)
0.543
0.04 (15)
0.493
0.06 (15)
0.238
0.37 (16)

0.560
0.05 (13)
0.413
0.18 (12)
0.269
0.37 (13)
0.170
0.58 (13)
0.648
0.02 (13)

Top value in cells reflects the computed Spearman correlation coefficient.
Bottom values in cells reflect the P value and no. of participants (in parentheses) associated with each correlation.

1993; Komiyama et al. 2000; Mortimer et al. 1981) and over
the course of cyclical movements such as gait (Akazawa et al.
1982; Capaday and Stein 1986; Forssberg et al. 1975; Zehr and
Chua 2000; Zehr and Haridas 2003). In fact, previous work has
shown that directly reinforcing the magnitude of the H reflex—
an electrical analog of the short-latency stretch response— over
several days or weeks can yield progressive increases or
decreases in its magnitude (Carp et al. 2006; Chen et al. 2006;
Christakos et al. 1983; Thompson et al. 2009; Wolf and Segal
1996; Wolpaw 1987; Wolpaw et al. 1983).
In contrast to the short-latency stretch response, all muscles
showed robust goal-dependent modulation in the long-latency
epoch, starting ⬃65 ms after perturbation onset. This difference between the short-latency and long-latency stretch responses likely reflects differences in the neural circuitry that
underlies the muscle activity in these epochs (for reviews see
Matthews 1991; Pruszynski 2014; Pruszynski and Scott 2012;
Shemmell et al. 2010). Briefly, the timing of the short-latency
stretch response, appearing on the muscle ⬃25–50 ms after
perturbation onset, requires that it engage a spinal circuit
mediated by relatively large-diameter afferent fibers (PierrotDesilligny and Burke 2005). The neural basis of the longlatency stretch response is more complicated (for review see
Pruszynski and Scott 2012), as it likely reflects the temporal
overlap of several sources at multiple levels of the neuraxis,
including spinal cord, brain stem, and cortex (Cheney and Fetz
1984; Evarts and Tanji 1976; Grey et al. 2001; Kimura et al.
2006; Kurtzer et al. 2010, 2014; Lourenço et al. 2006; Matthews 1984; Matthews and Miles 1988; Omrani et al. 2014;
Pruszynski 2014; Pruszynski et al. 2011a; Schuurmans et al.
2009; Shemmell et al. 2009). An added complication is that
these distinct neural generators may have unique or overlapping functional capacity. For example, it has been demonstrated that the long-latency stretch response can be functionally segregated into two components: one that is sensitive to
task goals but not the preperturbation load environment and
another that is sensitive to the load environment but not task
goals (Pruszynski et al. 2011b). Interestingly, follow-up work
revealed that both of the goal-dependent and load-dependent
components account for the intersegmental dynamics of the
arm (Kurtzer et al. 2014).
The neural basis of goal-dependent modulation within the
long-latency epoch—the focus of the present study—is also
largely unknown. One possibility is that such modulation
reflects processing within a transcortical pathway centered on
primary motor cortex (for reviews see Matthews 1991;
Pruszynski 2014; Pruszynski and Scott 2012). Neurons in
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A

B

Fig. 8. A: time series ROC curve from an exemplar muscle sample [flexor carpi
ulnaris (WF; wrist flexor)]. The goal-dependent onset time for this sample was
estimated to be 73 ms after perturbation onset. B: estimates of goal-dependent
onset time from all muscle samples are shown as gray dots, whereas black dots
represent the estimates of goal-dependent onset times from muscle samples
that demonstrated reliable goal-dependent activity within the long-latency
epoch. One estimated biceps brachii long head (BI) onset time was not
estimated because one participant’s BI ROC curve never exceeded 0.75.
DELT, posterior deltoid; WE, extensor carpi radialis (wrist extensor).

primary motor cortex respond quickly to mechanical perturbations (Cheney and Fetz 1984; Evarts and Fromm 1977; Evarts
and Tanji 1976; Picard and Smith 1992; Pruszynski et al.
2011a, 2014; Wolpaw 1980), and these responses are sensitive
to the instructed action (Evarts and Tanji 1976; Omrani et al.
2014; Pruszynski et al. 2014). Recent work using a paradigm
similar to the one used in our experiment has shown that, after
a mechanical perturbation, neurons in the monkey primary
motor cortex are modulated as a function of the movement goal
and that such modulation occurs early enough to generate
changes in muscle activity in the long-latency epoch (Pruszynski et al. 2014). It is important to note, however, that although
neurons in primary motor cortex respond to a mechanical
perturbation within 20 ms of perturbation onset, goal-dependent activity does not arise until ⬃40 ms after perturbation
(Evarts and Tanji 1976; Omrani et al. 2014; Pruszynski et al.
2014). This transition from goal-independent to goal-dependent activity may result from intrinsic processing within primary motor cortex or an efference copy of processing performed in other cortical or subcortical structures. One possible
structure is the dentate nucleus of the cerebellum. Dentate
neurons show goal-dependent activity ⬃30 ms after perturbation onset (Strick 1983), and cooling this area yields a reduction in perturbation-related responses in primary motor cortex
(Hore and Vilis 1984). Another possibility is oligosynaptic
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circuits in the spinal cord. Spinal interneurons are well suited
to generate goal-dependent activity within the long-latency
epoch as they rapidly receive sensory information from the
periphery and descending modulatory input from the brain
stem and cerebral cortex (Pierrot-Deseilligny and Burke 2005).
Indeed, a biologically realistic model of the spinal circuitry that
receives relatively simple control inputs can generate stabilizing responses to force perturbations (Raphael et al. 2010), akin
to the long-latency stretch response.
Goal-dependent modulation of long-latency stretch response
across muscles. Many studies have demonstrated goal-dependent modulation of the long-latency stretch response from
muscles at the shoulder, elbow, and/or wrist (for review see
Pruszynski and Scott 2012). To our knowledge, however, our
work is the first to concurrently analyze goal-dependent modulation from muscles at all these joints. Simultaneously recording and analyzing responses from multiple muscles that span
multiple joints yielded two notable findings.
We found that the relative magnitude of goal-dependent
modulation was consistent across muscles. That is, a participant who showed a relatively large (or small) difference
between evoked responses for IN and OUT conditions at one
muscle tended to also show a relatively large (or small)
difference at the other muscles. Such a finding suggests that the
neural network that supports the long-latency stretch response
receives a common goal-dependent input that is used to modulate all muscle activity. Neurons in primary motor cortex are
a possible target for such a common input as they often make
functional connections with more than one muscle spanning
several joints (Buys et al. 1986; Fetz and Cheney 1980;
McKiernan et al. 1998). Further studies should investigate this
possibility. In addition to our analyses, which focused on mean
EMG responses across muscle samples, it would be interesting
to test whether and how goal-dependent activity is structured
on a trial-by-trial basis. For example, in terms of kinematic
redundancy, muscles that both contribute to task success may
show a reciprocal amount of goal-dependent activity on a
trial-by-trial basis. We were unable to reliably assess this type
of relationship because we collected 20 trials per experimental
condition and previous work suggests that ⬃40 trials are
required to reliably correlate long-latency stretch response at
the single-trial level (Pruszynski et al. 2011b).
We also found that goal-dependent activity began ⬃65 ms
after perturbation onset regardless of whether the muscle
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Fig. 9. A and D: TRI and BI activity when the
wrist was mechanically flexed and extended,
respectively. Panels contrast EMG activity as
a function of IN (blue traces) and OUT (red
traces) conditions, and the region between the
vertical dashed lines is the long-latency epoch. Shading around EMG activity represents
1 SE. B and E: same format as A and D but for
WE and WF when the elbow was mechanically flexed and extended, respectively. C and
F: same format as A and D but for DELT and
PEC when the elbow was mechanically flexed
and extended, respectively.
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spanned the shoulder, elbow, or wrist. Our finding runs counter
to previous work demonstrating that shoulder muscles are
activated prior to elbow muscles during voluntary reaching
movements (Karst and Hasan 1991) and was unexpected given
afferent and efferent conduction delays. Conduction velocities
of ⬃50 –70 m/s (Ingram et al. 1987; Macefield et al. 1989) and
the ⬃30- to 50-cm distance between the shoulder and wrist
muscles would yield goal-dependent activity at shoulder muscles 9 –20 ms prior to wrist muscles. Although this asynchrony
may be slightly overestimated because we have not accounted
for all physiological details (e.g., precise nerve innervation
pattern; neuromuscular architecture), it is important to note that
even small conduction delays could have functional consequences for the execution of goal-directed actions, which can
require temporal precision on the order of 1–2 ms (Hore and
Watts 2011). Our results indicate that the neural network that
supports the long-latency stretch response may account for
conduction delays by sending goal-dependent signals to distal
muscles prior to proximal muscles—a process that apparently
sacrifices the absolute response latency of muscles spanning
proximal joints for a coordinated response across muscles
spanning multiple joints. Although the neural implementation
of this process is unknown, the cerebellum is a likely node, as
individuals with cerebellar damage display abnormal timing of
the long-latency stretch response compared with healthy control subjects (Kurtzer et al. 2013). Indeed, a hallmark of
cerebellar damage is the inability to coordinate voluntary
movement (e.g., ataxia, dysdiadochokinesia, dysmetria), and
previous functional brain imaging, patient and animal studies
have shown that this region is involved in motor tasks that
require accurate timing (Conrad and Brooks 1974; Ivry and
Keele 1989; Vilis and Hore 1980) and precise joint coordination (Bastian et al. 1996; Diedrichsen et al. 2007).
Flexible routing of sensory feedback. Previous findings have
shown that salient sensory information can elicit goal-dependent activity in the long-latency epoch within muscles that
were not mechanically stretched. For example, Marsden and
colleagues (1981), in their “tea-cup experiment,” found goaldependent activity in right arm muscles when a participant’s
left arm was pulled forward. If the participant was holding an
adjacent table with the right hand, long-latency stretch responses were generated in the right triceps after the perturbation, which helped stabilize the body. However, if the participant was holding an object in the right hand, long-latency
stretch responses were no longer elicited in the right triceps but
instead were generated in the right biceps, which helped keep
the object stable. Similar findings have been demonstrated in
finger muscles during object manipulation (Cole et al. 1984), in
facial muscles during speech (Abbs and Gracco 1984), and
in arm muscles during bimanual coordination (Dimitrou et al.
2012; Mutha and Sandberg 2009; Omrani et al. 2013).
We observed a similar phenomenon whereby goal-dependent activity in the long-latency epoch was elicited in muscles
that were not directly stretched by the mechanical perturbation.
In our experiment the visual targets were placed such that
participants could succeed at the task by counteracting perturbations applied at the elbow with movement at the wrist, and
vice versa. Participants exploited this relatively simple kinematically redundant relationship. Behavioral analysis revealed
that the unperturbed joint began to transport the hand toward
the target ⬃150 ms after perturbation onset. Critically, the

magnitude of the long-latency stretch response increased in
wrist (or elbow) muscles when an applied elbow (or wrist)
perturbation displaced the hand away from the target. The
response at the unperturbed joint was not merely an unselective
increase in activity to stiffen the joint (i.e., cocontraction)—
rather, long-latency stretch responses selectively displayed
goal-dependent activity only in muscles that were appropriate
for transporting the hand toward the target.
Our results motivate testing whether long-latency stretch
responses can account for more complex redundancy scenarios
that arise, and can be exploited, during voluntary arm movements. When aiming a gun, for example, repeatedly pointing
the barrel toward the target could be achieved by selecting the
same set of shoulder, elbow, and wrist angles on each shot—a
solution that does not exploit kinematic redundancy. However,
Scholz and colleagues (2000) demonstrated that participants do
exploit kinematic redundancy in this type of task. That is,
participants selected various joint configurations that were
structured so that the net effect kept the gun’s barrel pointed at
the target. Demonstrating that the long-latency stretch response
can account for the full scope of the arm’s kinematic redundancy would be an important step toward further establishing
that executing goal-directed actions involves the rapid and
flexible use of sensory feedback.
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