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Abstract The nervous system can regulate the mechani-

cal properties of the human ankle through feed-forward

mechanisms such as co-contraction and rapid feedback

mechanisms such as stretch reflexes. Though each of these

strategies may contribute to joint stability, it is unclear how

their relative contribution varies when ankle stability is

threatened. We addressed this question by characterizing

co-contraction and stretch reflexes during balance of an

inverted pendulum simulated by a rotary motor configured

as an admittance servo. The stability of this haptic envi-

ronment was manipulated by varying the stiffness of a

virtual spring supporting the pendulum. We hypothesized

that co-contraction and stretch reflex amplitude would

increase as the stability of the haptic load attached to the

ankle was reduced. Electromyographic activity in soleus,

medial and lateral gastrocnemius, and tibialis anterior was

used to characterize co-contraction patterns and stretch

reflex amplitude as subjects stabilized the haptic load. Our

results revealed that co-contraction was heightened as

stability was reduced, but that the resulting joint stiffness

was not sufficient to fully counteract the imposed insta-

bility. Reflex amplitude, in comparison, was attenuated as

load stability was reduced, contrary to results from upper

limb studies using similar paradigms. Together these find-

ings suggest that the nervous system utilizes feed-forward

co-contraction rather than rapid involuntary feedback to

increase ankle stability during simple balance tasks. Fur-

thermore, since the stiffness generated through co-con-

traction was not sufficient to fully balance the haptic load,

our results suggest an important role for slower, volitional

feedback in the control of ankle stability during balancing

tasks.

Keywords Stretch reflex � Joint stability � Stiffness �
Co-contraction � Feedback � Ankle

Introduction

Maintaining a stable joint configuration requires the neu-

romuscular system to generate restoring forces through a

combination of feed-forward and feedback mechanisms.

Feed-forward commands can be executed in an open-loop

manner in the absence of sensory input from the periphery.

Co-contraction of antagonists represents the simplest

example of a feed-forward strategy. Feed-forward strate-

gies may also involve ballistic movements that are gener-

ated based on an estimate of the inverse dynamics of the

body and environment (Hanneton et al. 1997). This type of

predictive control is likely to be useful when disturbances

are predictable. However, this strategy is unlikely to be

relevant in the context of unexpected perturbations of

posture where movement is not preplanned. Feedback

commands involve a broader class of short and long

latency responses driven by sensory information from

J. M. Finley � Y. Y. Dhaher � E. J. Perreault

Department of Biomedical Engineering, Northwestern

University, Evanston, IL, USA

J. M. Finley � Y. Y. Dhaher � E. J. Perreault

Sensory Motor Performance Program, Rehabilitation Institute

of Chicago, Chicago, IL, USA

J. M. Finley (&)

Motion Analysis Laboratory, Kennedy Krieger Institute,

Room G-04, 707 N. Broadway, Baltimore, MD 21205, USA

e-mail: j-finley@jhmi.edu

Y. Y. Dhaher � E. J. Perreault

Department of Physical Medicine and Rehabilitation,

Northwestern University, Evanston, IL, USA

123

Exp Brain Res (2012) 217:53–66

DOI 10.1007/s00221-011-2972-9



numerous sources. The earliest of these responses is the

short latency stretch reflex (Gottlieb and Agarwal 1979;

Sinkjaer et al. 1988), followed sequentially by the medium

latency or M2 response (Toft et al. 1991), triggered reac-

tions (Gottlieb and Agarwal 1980), and volitional correc-

tions. These include those often referred to as predictive

control due to their anticipatory nature with respect to how

the current state of the body will lead to future motions

(Loram et al. 2005; Gawthrop et al. 2009). Although feed-

forward and feedback strategies may each augment joint

stability, their relative contributions and how these con-

tributions vary when stability is compromised remain

unknown.

In situations when the body is likely to experience

unexpected perturbations, co-contraction represents an

effective feed-forward strategy to counteract these distur-

bances. Co-contraction alters the impedance of the mus-

culoskeletal system and provides instantaneous resistance

to unexpected perturbations (Hirokawa et al. 1991; Carter

et al. 1993; Milner et al. 1995). If the increase in joint

stiffness resulting from co-contraction is of sufficient

magnitude, co-contraction could be a strategy for com-

pletely counteracting destabilizing forces such as gravity.

However, constant activation of antagonists can result in a

high energetic cost, making this strategy sub-optimal.

Additionally, using co-contraction to stabilize joints such

as the ankle may not always be feasible due to limitations

imposed by the limited stiffness of compliant tendons (de

Zee and Voigt 2001; Loram and Lakie 2002). Though co-

contraction is clearly useful for increasing joint impedance,

it is likely to be insufficient for tasks when stability is

highly compromised and must therefore be used in concert

with feedback strategies.

Feedback commands are likely to be more energetically

efficient than co-contraction and are associated with vari-

ous advantages and limitations. The most rapid form of

feedback-mediated control, the stretch reflex, has been

shown to make significant contributions to joint impedance

(Sinkjaer et al. 1988; Kearney et al. 1997). For example,

the reflex contribution to ankle stiffness has been estimated

to range from 28 to 85 Nm/rad for a single leg (Sinkjaer

et al. 1988). These contributions are likely to be most

relevant for rapid disturbances, as the muscle spindles

contributing to the stretch reflex are largely sensitive to

velocity (Gottlieb and Agarwal 1979). Longer latency

reflexes compose the next, most rapid line of defense and

may provide a more task-appropriate response resulting

from integration with transcortical networks (Christensen

et al. 2000). These responses, however, are not consistently

generated in all muscles of the ankle (Toft et al. 1989,

1991). As the transmission delays associated with the

choice of feedback increase, the likelihood of reducing

stability may also increase if feedback gains are large.

Therefore, it may be advantageous for the nervous system

to utilize the most rapid form of feedback in concert with

co-contraction in cases when joint stability is threatened.

There is substantial evidence from upper limb studies

that stretch reflexes and co-contraction are both heightened

when joint stability is compromised. For instance, stretch

reflexes exhibit increased sensitivity during interactions

with compliant loads (Doemges and Rack 1992a, b; Dietz

et al. 1994; Perreault et al. 2008). These results suggest that

reflexes are useful for increasing stability when sufficient

postural stability is not provided by the environment. If

joint stability is further compromised by having individuals

interact with unstable environments, heightened co-con-

traction is commonly observed and may be accompanied

by a further increase in stretch reflex sensitivity (De Serres

and Milner 1991). This increased sensitivity can occur even

without accompanying changes in muscle co-contraction

(Krutky et al. 2010). Together these studies demonstrate

that contributions of feedback and feed-forward mecha-

nisms may be increased when limb stability is threatened.

However, the utility of the stretch reflex at the ankle rel-

ative to that observed in the arm may be limited due to

increased transmission delays, which can be approximately

twice that observed for proximal arm muscles at the

shoulder and elbow (Kearney et al. 1997; Krutky et al.

2010), slower muscle activation time constants (Buchthal

and Schmalbruch 1970) and the high compliance of the

Achilles tendon. Furthermore, the fact that the lower limbs

are commonly used to stabilize the entire body, a large

mass, long time-constant system, may reduce the need for

feedback adaptation at the fastest time scales. Thus, it

remains to be seen if lower limb stretch reflexes are

modulated with load stability, as has been observed in the

upper limb.

The purpose of this study was to examine how the

nervous system balances the contributions from co-con-

traction and stretch reflexes to regulate stability in the

lower limb. Though slower feedback responses mediated

through supraspinal pathways are clearly involved in

maintaining joint stability, it remains to be seen how the

most rapid feedback responses are modulated when sta-

bility is compromised. We chose the ankle joint as a model

system in the lower limb because of its relevance to

common tasks that require postural stability such as stance

and walking. In these experiments, ankle stability was

challenged by instructing subjects to balance a haptic load

designed to simulate the dynamics of an inverted pendu-

lum. Based on the findings from upper limb studies

(Doemges and Rack 1992a, b; Dietz et al. 1994; Perreault

et al. 2008; Krutky et al. 2010), we hypothesized that both

co-contraction magnitude and stretch reflex amplitude would

increase as the stability of the haptic load was reduced and

that these increases would lead to a corresponding increase
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in ankle stiffness. Identifying the interactions between

volitional and reflex-mediated control during interaction

with simulated loads may provide a basis for later studies

investigating control of joint stability during more natural

tasks like standing.

Materials and methods

Ethical approval

All experimental procedures were approved by the Insti-

tutional Review Board of Northwestern University (IRB

protocol #0673-010) and complied with the principles of

the Declaration of Helsinki. Written informed consent was

obtained prior to testing.

Subjects

Fifteen subjects (8 men and 7 women, ages 25–33) who

had no prior history of injury to the ankle participated in

this study. Ten subjects participated in the primary proto-

col. Three of these subjects and five additional subjects

were recruited for the control experiment.

Equipment

A computer-controlled brushless servomotor (BSM90N-

3150AX; Baldor Electric Company, Fort Smith, AR) was

used to apply angular rotations to the ankle joint. Angular

feedback was provided by an encoder with an effective

resolution of 6.3 9 10-5 rad. Forces and moments were

measured using a six degree-of-freedom load cell (630N80;

JR3, Inc, Woodland, CA), and the motor was controlled in

real-time using Matlab xPC�. A number of safety mecha-

nisms were implemented in the system including: software-

based amplitude limits of ±0.26 rad, inductive proximity

sensors (TL-W5E; Omron Industrial Automation,

Schaumburg, IL), an emergency stop button to cut power to

the motor, and hard stops at the end of the movement

range. Subjects were seated in a Biodex chair, and move-

ment of the trunk was minimized using a set of straps

placed across the torso (Fig. 1a). Each subject’s right knee

was flexed 0.52 rad (30�), and the foot was secured to an

aluminum footplate using straps placed across the forefoot

and heel. The ankle’s center of rotation was then aligned

with the axis of the motor and locked into position at

0.17 rad (10�) of plantar flexion. This configuration was

selected to be consistent with previous investigations of

reflex function in the ankle (Gottlieb and Agarwal 1979;

Kimura et al. 2003).

The purpose of this study was to quantify how volitional

muscle activity and stretch reflex amplitude are regulated

during interactions with stiff, compliant, and unstable

environments. In the stiff (S) environment, the motor was

controlled as a rigid position servo with a stiffness of

35 kNm/rad, and subjects generated an isometric torque

guided by visual feedback. This task served as a baseline

against which subjects’ performance in the remaining

position control tasks could be compared. In the remaining

compliant (C) and unstable environments (U1 and U2),

subjects controlled the position of a second-order load

guided by visual feedback of ankle position. For each of

these remaining environments, an admittance control

algorithm was used to simulate a haptic environment which

included an inertial element, an elastic element, and

gravity. The inertial element was designed to simulate the

dynamics of a pendulum rotating about the primary axis of

the ankle (Fig. 1b). For all subjects, this pendulum had a

mass (m) equal to 25% of the subject’s mass and a height

(l) of 1 m. The mass and height were selected so that

subjects could control its position without fatigue. The

simulated environment also included an elastic element of

stiffness Kenv in parallel with the pendulum. In addition to

these elements, a bias torque (sbias) equal to 5% of the

subject’s maximum voluntary contraction was applied in

dorsiflexion. Overall, the relationship between the torque

generated by the ankle (sankle) and the ankle’s position was

determined from the following equation,

sankle ¼ ml2€hþ Kload sin h� htarget

� �

þ Kenv h� htarget

� �
þ sbias ð1Þ

where h and htarget represent the actual and desired ankle

angle and Kload is equal to -mgl. If this relationship

is linearized about htarget, the relationship between the

motor torque and ankle position can be represented as

the sum of the load stiffness, Kload, and the stiffness of the

environment, Kenv. Our simulated mechanical system was

Fig. 1 Experimental setup for study of ankle control. a Subjects were

seated with their foot attached to a servomotor via a rigid foot plate.

Individuals used visual feedback of the foot plate angle to maintain

the target ankle position. b Subjects controlled an unstable haptic load

which behaved like an inverted pendulum supported by a torsional

spring of stiffness Kenv. The simulated pendulum had a mass equal to

25% of the subject’s mass and a height of 1 m
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stable when Kenv C |Kload|. This stability implied that the

system would return to its equilibrium point when per-

turbed. The overall stability of the system was manipulated

by varying the value of Kenv relative to |Kload|. For the

compliant environment, Kenv was equal to 1.25*|Kload|;

Kenv was set to 0.75*|Kload| and 0.5*|Kload| for the unstable

1 (U1) and unstable 2 (U2) conditions, respectively. It

should be noted that subjects would need to produce a

torque that is of equal magnitude and opposite sign of the

bias torque when each load is at its equilibrium point.

Electromyography

Bipolar, surface electrodes (model #272; Noraxon USA,

Scottsdale, AZ) were used to record EMG activity in soleus

(Sol), medial gastrocnemius (MG), lateral gastrocnemius

(LG), and tibialis anterior (TA). Standard skin preparation

techniques were used before applying each electrode to the

skin. The resulting signals were amplified using a Bortec�

AMT-16 system (Bortec Biomedical, Calgary, AB, Can-

ada), which has a bandwidth of 10–1,000 Hz, an input

impedance of 10 GX, and a common-mode rejection ratio

of 115 dB at 60 Hz. Analog signals were anti-alias filtered

using custom-built, differential input, 5th-order Bessel

filters with a cutoff frequency of 500 Hz and then sam-

pled at 2,500 Hz with a 16-bit data acquisition system

(PCI-DAS1602/16; Measurement Computing Corporation,

Norton, MA).

Protocol

Maximum voluntary contractions (MVCs) were recorded at

the beginning of each experiment, and these values were

used to normalize EMG activity across subjects. MVCs in

plantar flexion and dorsiflexion were performed against the

motor while the ankle angle was set at 0.17 rad (10�) of

plantar flexion. Each MVC trial was conducted for 5 s, and

two trials were performed in each direction. The MVC for

each muscle was computed by taking the maximum aver-

age rectified EMG amplitude calculated over a 50-ms

moving window, and the MVC torque was taken to be the

peak torque measured across both trials for each direction.

Subjects then performed either a torque or position-

matching task in each of the four environments imposed by

the servomotor. The torque-matching task was always

performed in the stiff environment with the ankle fixed at

0.17 rad (10�) of plantar flexion. Here, subjects were

instructed to maintain a torque of 5 ± 2% of MVC using

visual feedback of torque amplitude. Torque was displayed

as the height of a vertical bar on an LCD display. The range

of the feedback corresponded to 0–10% of MVC. The

desired torque was represented by a horizontal bar

spanning from 3 to 7% of MVC, which was found to be

consistent with the torque variability observed during the

position-matching tasks described below. Subjects’ control

strategy during this torque-matching task served as the

reference for the remaining position-matching tasks

because previous studies have demonstrated large differ-

ences in reflex amplitude between force- and position-

matching tasks (Doemges and Rack 1992a, b; Dietz et al.

1994; Perreault et al. 2008). The position-matching task

was performed in the C, U1, and U2 environments. During

this task, subjects were provided with a visual display of

ankle position and instructed to maintain 0.17 ± 0.017 rad

of plantar flexion, which was found to be consistently

achievable for all tested environments. Ankle angle was

displayed on an LCD monitor, scaled to represent a range

from 0.087 to 0.26 rad of plantar flexion. The desired

position target was placed at the middle of this range.

Because of the bias torque applied during the position-

matching tasks, subjects always exerted a plantar flexion

torque equal to 5% of MVC when the cursor was at the

center of the target. This resulted in a consistent ankle

position and torque across the position- and torque-

matching tasks. The order of each environment was ran-

domized for all subjects.

During each task, ramp and hold perturbations were

used to elicit stretch reflexes in the plantar flexors. A

single trial consisted of a period where subjects maintained

ankle torque or position followed by a randomly timed

perturbation. The perturbation had a velocity and ampli-

tude of 3.5 rad/s (200�/s) and 0.17 rad (10�), respectively.

Subjects required 2–10 s to achieve the desired torque or

position across all environments with trials in the U2

environment requiring approximately twice as much time

as trials in the S and C environments. The total perturba-

tion duration was only 300 ms, a small fraction of the total

trial duration. A total of 20 trials were performed in each

environment and at the conclusion of each trial, subjects

were free to begin the next trial in their own time. These

perturbation parameters were selected to be within the

range of reported parameters used in prior studies of

stretch reflexes at the ankle (Gottlieb and Agarwal 1979;

Grey et al. 2001; Kimura et al. 2003). For the compliant

and unstable environments, the motor was rapidly swit-

ched to a stiff position servo prior to perturbation onset as

has been described previously (Shemmell et al. 2009). To

minimize the probability of systematic muscle activation

in preparation for the perturbation, the interval between

perturbations was uniformly varied from 1 to 3 s. Subjects

were instructed to not react to the perturbation, as it has

been demonstrated that stretch reflexes are sensitive to the

instructions provided to the subjects (Hammond 1956;

Crago et al. 1976).
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Control experiment

A control experiment was performed to quantify the

influence of agonist–antagonist co-contraction on the

amplitude of stretch reflexes elicited in the plantar flexors.

Co-contraction is a means by which unstable loads can be

controlled, and co-contraction was observed in our exper-

iments. Because stretch reflexes are sensitive to changes in

co-contraction (Nielsen et al. 1994), we tested whether the

reflexes we observed during interactions with unstable

loads could simply result from co-contraction. In this

experiment, subjects initially performed the position-

matching task in the U2 environment and we computed the

mean activity in the plantar flexors and TA during the

100-ms prior to perturbation onset. In the subsequent task,

subjects matched the mean background activity measured

in the U2 environment while the ankle position was fixed

(Cocon task). As it was not feasible to match EMG activity

across all muscles, subjects were only provided with

feedback of Sol and TA. Sol was selected because it was

the primary plantar flexor used in each environment and

also because the stretch reflexes in Sol were larger than

those in the other plantar flexors. Once subjects maintained

the desired level of muscle activity, 20 perturbations

(velocity: 3.5 rad/s, amplitude: 0.17 rad) were applied to

assess the influence of co-contraction on reflex amplitude.

These reflexes were compared to those measured in the U2

environment and to those measured in the stiff environment

when there was minimal co-contraction.

Data analysis

EMGs were processed by first removing the mean value,

then rectifying and normalizing to the EMGs recorded

during MVCs. For each trial in the stiff environment, the

mean torque during the 100 ms prior to perturbation onset

was computed. If the error between this torque and the

target torque was more than 2% of MVC, the trial was then

discarded. Similarly, for the remaining environments, the

mean position during the 100 ms prior to the perturbation

was computed. If the average position during this period

was greater than 0.017 rad (1�) from the target angle, the

trial was discarded. Of the 200 trials recorded for each

environment, these criteria resulted in the removal of 7

(4%), 22 (11%), and 36 (18%) trials for the C, U1, and U2

environments, respectively; no trials were removed from

the stiff environment protocols. Average responses for each

environment were computed using all trials that were not

excluded.

Feed-forward (co-contraction) and feedback (stretch

reflex) control strategies were assessed using the average

rectified EMG from each task. The feed-forward compo-

nent in each muscle was estimated as the average rectified

EMG during the 100 ms prior to perturbation onset,

referred to as the background EMG. Onset of the stretch

reflex was defined as the initial time following perturbation

onset when the subsequent EMG exceeded three standard

deviations above the average background activity for at

least 5 ms. Reflex amplitude was quantified as the mean

amplitude of the rectified EMG during the 20 ms following

the onset of the response. We tested for potential learning

and fatigue effects by comparing the average background

EMG and stretch reflex amplitude during the first five trials

and last five trials in each environment.

Changes in the mechanical properties of the ankle were

quantified using estimates of joint stiffness. Quasi-static

estimates of ankle stiffness were estimated by computing

the ratio of the mean change in torque (Ds) to the dis-

placement (Dh) during the hold portion of the perturbation

(Fig. 2). Displacement and torque data were averaged

within 100–200 ms following perturbation onset. This time

period was selected to center our estimates over the period

of peak reflex torque. During this period, the contributions

from inertial or viscous transients would be minimal. Any

observed changes in stiffness across environments would

reflect the combined contributions from feed-forward and

reflexive muscle activity. No efforts were made to sepa-

rately identify contributions from these sources during this

time period.

Fig. 2 Representative data used to calculate ankle stiffness. Steady-

state joint torque was averaged over a 100-ms window beginning

100 ms after perturbation onset (shaded area). Stiffness was quan-

tified by normalizing the average change in torque (Dt) to the

displacement amplitude (Dh). The torque at steady state included

contributions from both intrinsic joint mechanics and stretch reflex-

mediated muscle contraction, but no effort was made to differentiate

their relative contributions
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Statistical analysis

Linear mixed effect models, with subject number as a

random factor, were used to determine whether there was a

significant influence of the environment on the background

activity, reflex amplitude, and joint stiffness. Separate

analyses were performed for each output measure. Analysis

of variance (ANOVA) was used to identify significant

effects. Post hoc analyses comparing environments were

performed using the Tukey method. Significance was

assessed at the 5% level, and all statistical analyses were

performed in the R environment for statistical computing

(The R Foundation for Statistical Computing, Vienna,

Austria).

Results

Subjects successfully performed each task by staying

within the desired torque bounds in the stiff environment

and the desired position bounds in the remaining environ-

ments. For the stiff environment, subjects produced a mean

plantar flexion torque of 5.2 ± 0.4% (95% CI) of MVC

guided by visual feedback. In the remaining environments,

the measured torque was generated by the motor based on

the subject’s ankle position. Although the visual feedback

differed between the stiff and remaining environments,

both torque and position were matched across all condi-

tions (torque: P = 0.48, position: P = 0.82).

There was no difference in the background activity of

any muscle when comparing the average activity during the

first five and last five trials for each environment (all

P [ 0.4). This suggests that fatigue was not a factor in

these experiments and that the co-contraction strategy did

not change from the beginning to the end of any trial set.

Stretch reflex modulation

Stretch reflex amplitude varied with the mechanical prop-

erties of the environment. Across all environments, only a

single reflex response was observed in each of the plantar

flexors. The average latency of this response was 37 ± 0.6,

36 ± 0.6, and 36 ± 0.6 ms for Sol, MG, and LG, respec-

tively. Each of these latencies is consistent with the short

latency reflex (Toft et al. 1991). There was no difference in

reflex amplitude for any of the muscles when comparing

the average responses in the first five and last five trials for

each environment (all P [ 0.6), suggesting that the feed-

back strategy was consistent from the beginning to the end

of all trial sets. Reflex responses elicited during interactions

with the stiff environment were larger than those elicited in

the unstable environment (Fig. 3). For the subject shown in

Fig. 3, the stretch reflex elicited in the U2 environment was

smaller than the reflex in the stiff environment for all

muscles. These findings held for the group as well (Fig. 4).

Across all subjects, stretch reflex amplitude was signifi-

cantly attenuated in all muscles during interaction with the

most unstable (U2) environment relative to the stiff envi-

ronment (all P \ 0.05). This finding differs from similar

tasks in the upper limb where prior studies report height-

ened stretch reflex sensitivity during interactions with

compliant (Dietz et al. 1994; Perreault et al. 2008) or

unstable loads (Akazawa et al. 1983; De Serres and Milner

1991; Krutky et al. 2010).

Modulation of volitional activity

The changes in reflex amplitude across environments were

accompanied by changes in background activity in all

muscles. As the controlled load became more unstable,

subjects increased the level of agonist–antagonist co-

contraction. This increase in co-contraction was reflected

by an increase in background activity in TA as the envi-

ronment was changed from stiff to compliant and increased

activity in MG, LG, and TA as the environment was

Fig. 3 Perturbation trajectories and corresponding reflex responses

for subject S4. Ankle perturbations with an amplitude of 0.17 rad

(10�) were applied at 3.5 rad/s (200�/s). In each of the first two panels,

positive values correspond to dorsiflexion. Mean, rectified EMG

responses are shown for both the stiff environment (black line) and

the most unstable environment, U2 (grey line). Consistent short

latency stretch reflexes were elicited in each of the plantar flexors in

both environments. However, the stretch reflex in each muscle was

attenuated in the U2 environment relative to the stiff environment

though the perturbation trajectories were matched in each condition
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changed from U1 to U2 (Fig. 5). Since the level of vol-

untary EMG co-varied with changes in the mechanical

properties of the environment, it is possible that the

observed changes in stretch reflex amplitude (Fig. 5) could

simply reflect this change in voluntary EMG.

Indeed, the observed changes in voluntary EMG produced

reductions in stretch reflex amplitude independent of chan-

ges in the mechanical properties of the environment. This

was determined by measuring reflex responses at matched

levels of voluntary EMG in the stiff and U2 environments

(Fig. 6). In the control condition, subjects interacted with the

stiff environment and produced the same level of EMG in Sol

and TA as was measured in the U2 environment (Sol:

P = 0.60, TA: P = 0.43). The standard deviation of Sol and

TA activity was similar in the control condition and the U2

environment (Sol: P = 0.11, TA: P = 0.38), which suggests

that there was a comparable degree of reciprocal agonist–

antagonist activity between these tasks. Analysis of the

group data revealed that the amplitude of the Sol stretch

reflex in the U2 and control conditions was comparable

(P = 0.90), and each was significantly less than the stiff

environment (both P \ 0.01). Though subjects received

feedback of only Sol and TA during the Control trials,

background activity in LG was also matched between con-

ditions (P = 0.54). Similar to Sol, reflex amplitude in LG in

both the U2 and control conditions was significantly less than

the stiff condition (both P \ 0.001). In MG, reflex amplitude

in the control condition was less than both the stiff condition

(P \ 0.001) and U2 condition (P \ 0.001), but background

activity was not matched across conditions (P = 0.027).

Together, these data indicate that changes in co-contraction

alone could cause changes in reflex amplitude comparable to

those observed during interactions with unstable mechanical

environments.

Joint stiffness modulation

The observed agonist–antagonist co-contraction resulted

in increased ankle stiffness in the most unstable (U2)

Fig. 4 Average reflex amplitude for each environment. Reflexes

were quantified as the mean amplitude of the rectified EMG over a

20-ms window following reflex onset. Data are group responses. Each

row represents a different muscle. Within each plot, different bars
correspond to different environments and the dashed horizontal lines
indicate the average reflex amplitude in the stiff environment. Error
bars represent 95% confidence intervals for the mean EMG amplitude

across all subjects. Significant differences were assessed using a

linear mixed effect model with subject as a random effect. This

method removed subject variability before making comparisons

across environments

Fig. 5 Average background activity for each environment. Back-

ground activity was quantified as the mean amplitude of the rectified

EMG over a 100-ms window preceding movement onset. Data are

group responses. Each row represents a different muscle. Within each

plot, different bars correspond to different environments and the

dashed horizontal lines indicate the average background activity in

the stiff environment. Error bars represent 95% confidence intervals

for the mean EMG amplitude across all subjects. Significant

differences were assessed using a linear mixed effect model with

subject as a random effect. This method removed subject variability

before making comparisons across environments
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environment (Fig. 7a). Although co-contraction varied

across environments, the average joint stiffness did not

differ significantly between the Stiff, Compliant, or U1

environments (all P [ 0.05). The largest ankle stiffness

was observed in the U2 environment, corresponding to the

task where the highest level of background EMG was

observed. Since subjects did not increase reflex sensitivity

as a strategy to compensate for the unstable load dynamics,

it is possible that co-contraction provided a sufficient

increase in joint stiffness to offset the negative load stiff-

ness in the unstable environments. This was investigated by

calculating the net stiffness of the ankle, environment, and

haptic load (Kank ? Kenv ? Kload) for both the U1 and U2

environments. For the U1 environment, the net stiffness

was indeed positive (Fig. 7b), indicating that ankle stiff-

ness due to co-contraction and stretch reflexes was suffi-

cient to offset the negative stiffness of the environment.

However, this was not the case in the U2 environment.

Although co-contraction did result in an increase in ankle

stiffness in the U2 environment (Fig. 7a), this increase in

stiffness was not sufficient to produce a net positive stiff-

ness for the coupled system. This suggests that contribu-

tions from sources other than co-contraction and stretch

reflexes were used to stabilize the load in this environment.

Fig. 6 Influence of co-contraction of tibialis anterior (TA) on reflex

amplitude in the plantar flexors. a Mean background activity in each

muscle. The minimal activation of TA observed in the stiff condition

indicates that there was limited co-contraction for this task. However,

co-contraction was observed in the most unstable environment (U2).

In the control condition, subjects produced the same level of Sol and

TA activity observed in U2 while interacting with the stiff load.

b Mean stretch reflex amplitude in each of the plantar flexors. Data

are group responses. Each muscle is represented by a different set of

bars. EMG from the stiff, U2, and control conditions is represented by

the black, grey, and open bars, respectively. Error bars represent 95%

confidence intervals for the mean EMG activity across subjects. Stars
represent significant differences at the 5% level

Fig. 7 Estimated ankle stiffness. a Average ankle stiffness for each

environment. There was no significant difference in ankle stiffness

between the S, C, and U1 environments. Ankle stiffness increased

from the U1 to U2 environments, reflecting the increased co-

contraction observed in the U2 environment. b Net stiffness of the

ankle and simulated load. The net stiffness includes the linearized

load stiffness, the stiffness of the simulated supporting spring, and the

stiffness of the ankle. The positive net stiffness in the U1 environment

indicates that the coupled system has a stable equilibrium position.

Here, stability implies that the system would return to its equilibrium

point when perturbed, Despite the co-contraction observed in the U2

environment, the net system remains passively unstable. Error bars
represent the 95% confidence intervals and significance is indicated at

the 5% level
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Evidence for volitional contribution to joint

stabilization

Though the net stiffness of the coupled system remained

negative in the most unstable environment, subjects were

able to actively maintain the target position prior to the

perturbation, providing evidence to active control beyond

the regulation of joint stiffness. For each environment,

three trajectories of ankle angle prior to perturbation onset

are shown for a single subject (Fig. 8a). In the compliant

and U1 environments, the variability in ankle position

remains low and the subject was able to hold his ankle near

the center of the target throughout the 1-s window. In the

U2 environment, however, the variability in ankle position

was significantly greater than the corresponding trajecto-

ries in the compliant and U1 environments. Though the

peak-to-peak displacements were largest in this environ-

ment, subjects were able to maintain their ankle position

within the target window even though the net stiffness of

the coupled system was negative (Fig. 7b). This trend held

across subjects (Fig. 8b), as the standard deviation of ankle

position, was larger in the U2 environment relative to the

compliant or U1 conditions (P \ 0.05).

Discussion

The present study was performed to assess how changes in

load stability influence both feed-forward muscle activa-

tion and reflex excitability in the ankle musculature. We

hypothesized that subjects would compensate for unstable

loads by increasing the magnitude of agonist–antagonist

co-contraction and also by increasing stretch reflex excit-

ability. Our results demonstrated that individuals did

indeed increase the magnitude of co-contraction to stabilize

the ankle as stiffness was reduced. This increase in co-

contraction was reflected by an increase in ankle joint

stiffness, consistent with the idea that feed-forward stiff-

ness control is used in part to compensate for reduced

stability. However, this co-contraction led to a reduction in

stretch reflex sensitivity. To our knowledge, this is the first

study to demonstrate a reduction in stretch reflex amplitude

during tasks that require enhanced stability. This finding is

in contrast to similar studies in the upper limb, each

reporting increased reflex sensitivity as stability is com-

promised (De Serres and Milner 1991; Doemges and Rack

1992a, b; Dietz et al. 1994; Perreault et al. 2008; Krutky

et al. 2010). Though our results do not support the

hypothesis that rapid, involuntary reflexes are used to

compensate for compromised stability in the lower limbs;

our findings suggest that joint stability is actively con-

trolled through a combination of feed-forward co-activa-

tion and longer latency, volitional intervention.

Potential mechanisms

A number of central and peripheral mechanisms could

contribute to the reduction in reflex excitability observed in

the current study. Increases in the level of tonic activity in

the plantar flexors during the most unstable condition could

reduce the fraction of the motor neuron pool available to

fire in response to afferent input. However, within the

torque range used in this study, reflex amplitude typically

becomes greater with increasing levels of background

activity (Gottlieb and Agarwal 1979; Mirbagheri et al.

2000; Cronin et al. 2008), making this an unlikely expla-

nation for our results. Alternatively, TA activity also was

increased in these tasks and disynaptic reciprocal inhibition

from TA spindle afferents onto the plantar flexors could

have influenced our results. In the cat, these projections

extend to the MG, LG and SOL (Nichols 1994). Similar

projections in humans could contribute to our observed

modulation of reflexes in all measured plantar flexor

muscles, even though changes in co-contraction were

observed only in the MG and LG muscles, but not the SOL.

A confounding report is that this source of inhibition is

typically reduced during voluntary activation of the soleus

Fig. 8 Variability in ankle position during stabilization. a Trajectories

of ankle position prior to perturbation onset. For each environment,

three trajectories are shown for the same subject. As the load becomes

less stable, larger ankle excursions are observed, but they remain with

the target window. b Average standard deviation of ankle position

over a 1-s period immediately prior to the perturbation. Comparable

variability was observed in the C and U1 environments, but variability

was increased in the most unstable environment (U2). Error bars
represent 95% confidence intervals
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(Nielsen and Kagamihara 1992), making it unclear how

much reciprocal activation can contribute to our results.

Another explanation for the observed reflex attenuation

could be presynaptic inhibition of Ia terminals from

descending sources (Nielsen and Kagamihara 1993; Nielsen

et al. 1995). The co-contraction of TA and the plantar

flexors in the most unstable environment may have con-

tributed to a change in ‘‘central set’’ during this task. The

resulting command to TA could contribute to the smaller

reflexes observed in the plantar flexors through presynaptic

inhibition (Nielsen et al. 1995). Though estimates of pre-

synaptic inhibition were not performed in our study, our

observation of reduced reflex excitability during co-con-

traction alone is consistent with this mechanism. It is also

possible that the reflexes were attenuated because of the

small sways which occurred while subjects were within the

target. Passive movement of the ankle has been shown to

reduce the amplitude of the H-reflex (Brooke et al. 1995),

possibly due to a depression in Ia transmission (Hultborn

et al. 1996). While we cannot rule out this possibility, the

reduction in reflex amplitude during the isometric control

studies strongly suggests that a change in the central set

contributed to at least a portion of the reflex behavior

observed during the balancing of the unstable loads.

The influence of co-contraction on the stretch reflex may

depend on the strength of the descending co-contraction

command. Nielsen et al. (1994) characterized the influence

of co-contraction on stretch reflexes in the ankle over a

wide range of activation levels. They observed a reduction

in stretch reflex amplitude in four of seven subjects, but

only during weak co-contraction. As the level of co-con-

traction was increased, stretch reflex amplitude became

larger relative to responses elicited during isolated plantar

flexion, suggesting that sufficiently high levels of co-con-

traction can facilitate the stretch reflex. The contraction

levels used in our study correspond to the weak levels of

activation described by Nielsen and these levels were set

by the magnitude of the unstable load that subjects were

able to successfully balance. Hence, even though increased

levels of co-contraction may lead to larger stretch reflexes,

these increases are unlikely to be present during most tasks

which challenge ankle stability.

It should be noted that our measure of co-contraction is

unable to differentiate between a sustained increase in tonic

activity and an attempted rapid alternation of agonist–

antagonist activity. However, if this rapid alternation was

present in the U2 environment, we would have expected to

see more variability in muscle activity in this task relative

to the isometric control task and this was not the case.

Furthermore, during our isometric control study, we

observed a reduction in reflex amplitude comparable to

what was found during the stabilization task. Since it is

unlikely that significant alternating activity would be

observed in this task, our data suggest that the smaller

reflex responses were most likely due to a change in tonic

activity.

Comparison with task-dependent modulation

in the upper limb

The influence of the mechanical properties of the envi-

ronment on co-contraction and reflex excitability appears

to differ between the upper and lower limbs. Both single

and multi-joint studies in the upper limb report larger

stretch reflexes during control of compliant loads relative

to the responses measured during interaction with stiff

loads (Doemges and Rack 1992a, b; Dietz et al. 1994;

Perreault et al. 2008). Although a torque-matching task is

used with the stiff load, whereas a position-matching task is

used with the compliant load, the added inertial dynamics

and reduced stiffness associated with the compliant load is

sufficient to elicit larger stretch reflexes. In contrast to

these findings, we observed no difference in reflex ampli-

tude in the compliant environment when compared to the

stiff environment. As load stability was further reduced, we

did observe an increase in co-contraction similar to previ-

ous observations of control of the upper limb during

interactions with unstable loads (Akazawa et al. 1983; De

Serres and Milner 1991; Krutky et al. 2010). Despite this

similarity, the resulting modulation of stretch reflex

amplitude opposed previous reports as responses increased

in amplitude in previous studies (Akazawa et al. 1983; De

Serres and Milner 1991; Krutky et al. 2010), but grew

smaller in our study.

This apparent discrepancy in the role of the stretch

reflex might be explained by differences in the mechanics

underlying the control of ankle stability during standing

balance, for which the lower limb muscles are typically

used, and the control of upper limb posture. Due to the

mass of the body supported by the ankles, the time con-

stant of the system they must stabilize is much longer

than that seen by the arm, when supporting typical loads

that can be lifted above horizontal. Thus, any perturbation

from a given posture will grow much faster in the upper

limb relative to the lower limb. Because of this, volitional

reactions may be too slow to restore arm posture fol-

lowing unexpected disturbances, leaving stretch reflexes

as the most effective means of maintaining stability. In

contrast, the slower movements associated with standing

balance are not likely to necessitate the rapid corrections

necessary in the upper limb. Although our experiments

were not conducted during standing and did not replicate

many critical features of standing balance control such as

body-weight support and trunk motion, they did utilize

ankle loads with time constants similar to those observed

during standing balance. It would be interesting to
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observe how the neuromotor systems controlling upper

and lower limb posture adapt to loads with time constants

different than those encountered during typical functional

tasks.

Contribution of co-contraction to ankle stability

The observed increases in co-contraction with reduced load

stability are consistent with regulation of joint posture via

stiffness control. However, although subjects were able to

stabilize the most unstable load, the stiffness generated via

co-contraction was not sufficient to stabilize this load

without feedback contributions from other sources. There

has been controversy for some time regarding the contri-

bution of intrinsic mechanics to ankle stability, most

notably in inverted pendulum models of stance. The debate

primarily revolves around whether intrinsic ankle stiffness

is sufficient to maintain balance, as suggested by some

(Kelton and Wright 1949; Fitzpatrick et al. 1992; Winter

et al. 1998, 2001), or whether active modulation of muscle

activity is required (Morasso and Schieppati 1999; Loram

and Lakie 2002; Morasso and Sanguineti 2002; Peterka

2002). Our results support the latter proposition, demon-

strating that co-contraction is used to increase ankle stiff-

ness during the interaction with unstable loads, but that

these increases alone are likely insufficient to provide

stability. If co-contraction was a sufficient strategy for

stance, we would expect that the stiffness generated in our

task would be sufficient for the much smaller load which

we simulated, but this was not observed. It is important to

note that although the gastrocnemius was shortened in our

experiments relative to its length during stance, this is not

likely to explain the insufficient joint stiffness we observed.

Prior estimates of ankle stiffness measured with the knee in

a more flexed position (80� from neutral) demonstrated that

high levels of co-contraction could result in an ankle

stiffness of up to 230 Nm/rad which is more than twice the

stiffness that was measured in the current study (Nielsen

et al. 1994). Furthermore, the EMGs we recorded indicated

that subjects never exceeded more than 17% of the acti-

vation in their SOL, MG, LG and TA. Together, these

results suggest that subjects may have been capable of

producing a larger stiffness, but chose a lower level of

muscle activity.

Though insufficient to guarantee stability, moderate

levels of co-contraction may simplify the task of feedback

control. To use delayed feedback to stabilize a system

about an unstable equilibrium point, it is generally neces-

sary for the time constant (s) of the system to be larger than

the corresponding feedback delay (Milton et al. 2009). This

time constant is a measure of how fast the system deviates

away from equilibrium following perturbations or changes

in initial conditions. For the simulated pendulum in our

study with a height l = 1 m, the effective time constant

s ¼
ffiffiffiffiffiffiffi
l=g

p
� 320 ms. A lower bound for the feedback delay

corresponding to volitional intervention can be estimated

based on volitional reaction times and the time constants

for muscle activation. For instance, at the ankle, reaction

times during simple choice tasks typically extend beyond

120 ms (Gottlieb and Agarwal 1980). These delays are

compounded by the twitch times of the ankle musculature

which, at least in the plantar flexors, are *75 ms (Buchthal

and Schmalbruch 1970). Hence, a reasonable estimate of

the fastest time between registration of disturbances at the

joint and subsequent changes in torque would be *200 ms.

This provides a safety margin of only *120 ms, and this

margin would likely be much smaller due to the processing

time associated with choosing the appropriate intervention

strategy. Co-contraction could greatly increase the avail-

able time to react. For example, the stiffness of the ankle in

our most unstable environment increases the time constant

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ml2= mgl� Kankð Þ

p
� 480 ms on average, providing

an additional 160 ms. Therefore, moderate augmentation

of stiffness via co-contraction, which alone is insufficient

for stability, may still play an important role in the

maintenance of balance. Such co-contraction is not

commonly observed during quiet stance (Carpenter et al.

2001), but it is used for in more difficult tasks such as

standing on unstable surfaces (Gantchev and Dimitrova

1996) or walking along balance beams (Llewellyn et al.

1990).

Influence of series elasticity on the contributions

of co-contraction and stretch reflexes

A discussion of the role of co-contraction and stretch

reflexes during control of ankle stability must also address

the limitations imposed by the mechanics of the Achilles

tendon. It is known that the maximum stiffness achievable

through co-contraction is limited by the stiffness of the

Achilles tendon (Hof 1998; Loram and Lakie 2002; Mor-

asso and Sanguineti 2002). Previous measurements of

ankle stiffness during co-contraction have reported values

near 280 Nm/rad (Nielsen et al. 1994) and up to 400 Nm/

rad for contractions near 50% of MVC (Kearney and

Hunter 1990). While these values are not sufficient to

maintain postural stability during upright stance (Morasso

and Schieppati 1999), they would be sufficient to maintain

ankle stability during our experiments. For the most

unstable load in our task, a stiffness of 140 Nm/rad would

be sufficient for a 70-kg subject, and this is well within the

range of values reported in the literature. Thus, it does not

appear that the control strategy subjects used was con-

strained by the limited stiffness of the Achilles tendon.
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Relevance to previous studies on the control

of 2nd-order loads

The results of our study extend the current body of knowl-

edge regarding how the nervous system controls unstable

loads with long time constants. Our observation of increased

ankle sway as load stiffness was reduced is consistent with

the larger sways reported when changes in the inertia (Loram

et al. 2006) or stiffness of a manually controlled second-

order load have been used to alter stability (Lakie et al. 2003;

Chew et al. 2008). Using a spectral analysis of wrist move-

ments during manual pendulum control, Chew et al. (2008)

concluded that there was little or no change in the contri-

bution of reflexes when load stability was reduced. This

conclusion was based on invariance of the high-frequency

components of wrist movements when stiffness was reduced.

However, because this was a closed-loop task, the role of

stretch reflexes cannot be easily inferred from analysis of the

sway power spectrum, as acknowledged in the original study.

Nevertheless, our more direct measures of reflex sensitivity

are consistent with these previous conclusions and further

provide evidence of a limited role for reflex activity when

posture is perturbed.

Modulation of stretch reflexes in the lower limb

during balance control

The observed reduction in stretch reflex amplitude during

control of unstable loads is consistent with reported

observations of H-reflex modulation during challenging

postural tasks. Such results have been reported during

tandem stance (Trimble and Koceja 2001; Taube et al.

2008), stance on unstable surfaces (Solopova et al. 2003;

Taube et al. 2008), beam walking (Llewellyn et al. 1990),

and ballistic leg extension (Holl and Zschorlich 2011).

Although each of these studies revealed a reduced influ-

ence of sensory feedback when postural stability was

challenged, H-reflex studies do not account for possible

changes in fusimotor drive. If present, increased fusimotor

drive could counteract the reduction in the efficacy of

afferent transmission assessed by the H-reflex. By quanti-

fying the mechanically induced stretch reflex, we have

demonstrated that any potential changes in fusimotor drive

are not sufficient to offset the reduced transmission of

afferent input to motor neurons. These results suggest that

the nervous system is organized in such a way as to limit

the reflex contributions to ankle stability in conditions

when postural stability is compromised.

There appear to be certain situations when challenges to

postural stability result in increased reflex amplitude in the

lower limbs. Krauss and Misiaszek (2007) demonstrated

that H-reflex amplitude is enhanced at heel-strike when

fore-aft trunk perturbations are applied during locomotion.

The apparent difference between these findings and those

described above may reflect differences in the biome-

chanical demands of stance and locomotion. During stance,

balance is least stable in the saggital plane (Winter et al.

1998), whereas stability is compromised primarily in the

frontal plane during locomotion (Bauby and Kuo 2000). If

the reduced reflex gains reported above are indeed asso-

ciated with challenges to postural stability, they would be

expected to be greatest for perturbations along the least

stable directions. This would predict a reduction in reflex

sensitivity when perturbations are applied in the medio-

lateral direction during locomotion, as has been observed

during beam walking (Llewellyn et al. 1990).

It is important to note that subjects were seated in our

experiments and that conclusions regarding how our results

pertain to standing balance must be made with caution.

Subjects were not in a weight-bearing position and the semi-

flexed position of the knee may have particularly limited the

contributions of the gastrocnemius. However, our conditions

were selected so that load stability could be controlled pre-

cisely and to focus on the contributions of peripheral affer-

ents in a manner consistent with previous studies (Gottlieb

and Agarwal 1979; Grey et al. 2001; Kimura et al. 2003).

Nevertheless, the agreement between our results and those

from the standing tasks described above suggests that the role

of afferent feedback during balance can be assessed during

simpler tasks in which subjects control a load mimicking that

mechanics of their own bodies. Our results may also be

directly relevant to perturbations encountered during stum-

bling when large and rapid perturbations, such as those used

in this study, are often encountered.

Conclusions

In summary, our results suggest that the influence of feed-

forward strategies must be accounted for to fully under-

stand the task-dependent contribution of feedback mecha-

nisms in postural control. We found that reducing the level

of support provided by the environment leads to altered

feed-forward control as evidenced by increased co-con-

traction. This co-contraction is accompanied by a reduction

in reflex amplitude leaving slower, potentially volitional

commands as the likely source of the necessary feedback

control. Though the role of stretch reflexes in tasks that

compromise stability differs between the upper and lower

limbs, this may simply reflect an optimal tuning of feed-

back commands to the mechanics of the musculoskeletal

system. Use of higher level feedback during balance tasks

is likely ideal because it enables the nervous system to

integrate information from multiple sensory modalities and

generate the appropriate commands necessary to maintain

balance.
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