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Abstract This paper focused on the relationship
between trunk stiffness and postural control during
unstable seated balancing. We hypothesized that an
increase in trunk stiffness would degrade postural con-
trol, and further hypothesized that signal dependent
noise (SDN), resulting in increased muscle force variabil-
ity, was responsible for this impairment. Ten subjects
balanced on an unstable seat during four randomized
conditions: normal balancing (control condition), trunk
muscle co-activation (active stiffness), arm muscle co-
activation (attention control), and belt (passive stiffness).
Center of pressure (CoP) and EMG data were collected
during three 20 s trials. Postural control was quantified
by CoP velocity (total path divided by sample time in
seconds). Trunk muscle co-activation resulted in signifi-
cantly higher CoP velocity than the control (P < 0.001)
and arm co-activation (P < 0.001) conditions. EMG
data confirmed that the trunk co-activation condition
had significantly higher muscle activity than the control
(P = 0.001) and arm co-activation (P = 0.001) condi-
tions. The belt condition, which increases passive trunk
stiffness, showed no degraded postural control, but inter-
estingly produced slightly lower levels of trunk muscle
activity than the control condition (P < 0.001).
Increased active trunk stiffness from muscle co-activa-
tion degraded postural control. Since the arm co-activa-
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tion condition showed no impairment, attention
demands cannot explain this result. Furthermore, since
passive trunk stiffness from wearing a belt did not affect
performance, it is believed that SDN from increased
trunk muscle recruitment, and not an altered postural
control strategy from increased joint stiffness, was
responsible for the impairment.

Keywords EMG - Signal dependent noise -
Lumbosacral orthoses - Neuromuscular control - Trunk
muscle co-activation

Introduction

The human spine is a complex mechanical structure,
which is inherently unstable. In vitro experimentation on
the lumbar spine has demonstrated that an osteoliga-
mentous spine (spine devoid of muscles) buckles under a
90 N load (Crisco et al. 1992). Clearly, the spine is inca-
pable of supporting any significant load, or for that mat-
ter, simply the mass of the upper body. In this sense, the
in vivo spine can be defined as being an unstable system.
Stability is achieved through the recruitment of trunk
muscles and the stiffness they provide (Bergmark 1989;
Crisco and Panjabi 1991). Once stability is achieved, the
spine system can be made more robust to external per-
turbations by increasing the trunk muscle antagonistic
co-activation (Gardner-Morse and Stokes 2001; Granata
et al. 2004).

Following injury, the spine may experience a loss of
passive stiffness which may make it less robust to pertur-
bations (Panjabi 1992a, b; Oxland et al. 1992). This is
often termed clinical instability. One possible strategy to
compensate for altered spinal mechanics would be to
encourage patients to increase their level of trunk mus-
cle co-activation to enhance spine stiffness (Stokes et al.
2000). However, with increased muscle activation, there
is also an activation dependent increase in force vari-
ability or signal dependent noise (SDN) (Slifkin and



Newell 2000; Christou et al. 2002; Hamilton et al. 2004).
As a result, the spine not only experiences external per-
turbations but also internal perturbations from noise
arising from additional motor unit recruitment. Is it
possible for internal noise from increased activation to
degrade performance of the trunk musculature? This
question has significant implications for the rehabilita-
tion strategy of increasing trunk stiffness through mus-
cle co-activation. Obviously, there are situations in
which increased trunk muscle co-activation is advanta-
geous to protect the spine from injury (i.e., before a
body check in hockey), but in situations where precise
motor control is required (i.e. standing, balance, or
gait), perhaps less co-activation and a more supple spine
is desirable to improve performance. Consequently, the
main goal of this paper was to determine if increased
spine stiffness degrades performance for tasks requiring
precise motor control. If increased stiffness leads to
impaired control, the secondary goal was to determine
the source for this degradation.

There were two hypothesis tested in the current
paper. First, we hypothesized that increased trunk co-
activation leads to degraded postural control during
unstable seated balancing. If this is the case, there are a
few possible explanations for the degradation: increased
joint stiffness may alter postural control strategies
(Gruneberg et al. 2004), increased muscle activation
may increase SDN (Slifkin and Newell 2000; Christou
et al. 2002; Hamilton et al. 2004), or attention demand-
ing trunk muscle co-activation may interfere with the
control process (Weeks et al. 2003). We hypothesized
that degraded postural control results from SDN, and
not from other two sources. To test this hypothesis, sub-
jects’ postural control was compared between condi-
tions where joint stiffness was increased actively through
trunk muscles co-activation and passively through a
lumbar support provided by a belt to rule out the possi-
bility that altered postural control strategies caused the
degradation. Also, postural control was compared
between the trunk muscle co-activation condition and
the arm co-activation condition to determine if the addi-
tional attention demands caused the degradation. If the
performance in trunk co-activation condition was sig-
nificantly worse than in the other two conditions, it
could be argued that SDN was the main culprit for this
degradation.

Methods
Subjects

Ten subjects, free of any back pain for at least 1 year,
volunteered for this study and signed the consent form
approved by the Yale University Human Investigation
Committee. Anthropometric data are provided in
Table 1. No subjects reported having neurological or
musculoskeletal problems.
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Table 1 Number, mean age, height, weight, T9-L4 (SD) of male and
female subjects

Females Males
Number 4 6
Age (years) 20.5(1.7) 23.5(5.7)
Height (m) 1.67 (0.08) 1.79 (0.12)
Weight (kg) 55.6 (4.4) 77.0 (4.5)
T9-L4 (cm) 17.4 (1.8) 18.1(1.2)

Data collection

EMG signals were recorded from eight trunk muscles
using 1 cm diameter, Ag-AgCl, disposable surface elec-
trodes in a bipolar configuration. Following site prepara-
tion, the electrodes were placed with a center-to-center
spacing of 3 cm over the following muscles on each side
of the body: rectus abdominis (RA, 3 cm lateral to the
umbilicus), external oblique (EO, medial to the mid aux-
iliary line at the level of the umbilicus), thoracic erector
spinae (TES, 5cm lateral to T9 spinous process), and
lumbar erector spinae (LES, 3 cm lateral to L4 spinous
process). A reference electrode was placed laterally over
the 10th rib on the right side of the subject. In previous
studies, this electrode placement proved to maximize sig-
nal-to-noise ratio and demonstrated reduced levels of
cross talk (Cholewicki and McGill 1996; Cholewicki
etal. 1997). All EMG signals were band-pass filtered
between 20 and 420 Hz, differentially amplified (input
impedance = 100 GQQ, CMRR > 140 dB) and A/D con-
verted at a sample rate of 1,600 Hz.

Seated balancing was chosen to localize the effects of
trunk muscle control in a system that is inherently unsta-
ble. Subjects were placed on a seat equipped with leg and
foot supports to prevent any lower body movement
(Fig. 1) (Cholewicki et al. 2000). A 30 cm diameter poly-
ester resin hemisphere was attached to the bottom of the
seat that was placed on a force plate (Kistler Model
9286AA, Germany) at the edge of a table. Each subject
was instructed to maintain his/her balance while sitting
on the seat with arms crossed. A safety railing around
the force plate provided security in case of loss of bal-
ance.

There were four balancing tasks: control, belt, trunk
co-activation, and arm co-activation. Each task was per-
formed with the eyes open and closed making a total of
eight conditions. The eyes open and eyes closed trials
were included to gauge the effect of visual feedback on
the relationship between trunk stiffness and postural
control during unstable seated balancing. The control
condition simply required subjects to balance on an
unstable seat. The belt condition produced an increase
in passive trunk stiffness and required subjects to bal-
ance on an unstable seat while wearing a QUIKDRAW
Pro" lumbosacral brace (Aspen Medical Devices, Irv-
ine, CA) (Fig. 2). For the trunk and arm co-activation
conditions, subjects were asked to elevate their muscle
co-activation, but not to a set level. The trunk co-activation
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Hemisphere
@=30cm

Fig. 1 Subject positioned in the unstable sitting apparatus. CoP
movements were recorded by the force plate located beneath the
hemisphere

was designed to increase active trunk stiffness and
required subjects to co-activate trunk muscles while bal-
ancing. Rectified and filtered EMG muscle activities
from the right RA and LES muscles were displayed on
an oscilloscope to provide subjects with visual feedback.
The arm co-activation condition was used as a control
for the trunk co-activation condition to see if the atten-
tion required for maintaining increased muscle activity
interfered with the performance of the balancing task.
Subjects were asked to contract their forearm muscles
while making a fist during unstable seated balancing.
No visual feedback was given to the subjects when per-
forming arm co-activation, however, we could observe if
their arms were co-contracted. Subjects did not appear
to have difficulty maintaining some increased level of

Fig. 2 Front and back view of
Aspen QUIKDRAW Pro™
brace

activation. No trials were removed from the analysis
because of insufficient trunk or arm co-activation.

Three trials were performed for each of the eight con-
ditions with a 30 s rest break between each trial. Data
collection, lasting 20s, was initiated after a subject
achieved a steady state. Subjects were asked to hold on
to the safety railing at all times between the trials to pre-
vent any additional learning. Subjects practiced each
task for 1 min both with eyes open and closed. The order
of the conditions was randomized between subjects to
minimize the effects of learning.

The raw EMG was full-wave rectified, and filtered
with a digital, zero-phase lag, low-pass Butterworth
filter (4th order, 2 Hz cut-off frequency). The EMG
data from each muscle was then normalized to % maxi-
mum voluntary contraction (MVC) as described by
McGill (1992). Since the requirement for equilibrium
requires that flexor and extensor torque be balanced,
any increase in extensor activity would most likely need
to be balanced by a corresponding increase flexor activ-
ity. Consequently, a ratio between flexors and extensors
was not used as an index of co-activation. Therefore,
EMG data were averaged across all eight trunk
muscles.

The center of pressure (CoP) velocity reflected the
mean displacement per second of CoP during the 20 s
trial. This measure was the most reproducible of all body
sway parameters and had the benefit of not being signifi-
cantly influenced by cognitive demands (Raymakers
et al. 2005). Figure 3 shows an example of CoP velocity
and EMG for two conditions: eyes open control (EOC)
and eyes open trunk co-activation (EOTC).

Data analysis

Preliminary statistics were performed on the data using
two repeated measures ANOVAs with the dependent
variables being CoP velocity and EMG. The independent
variables for each ANOVA were eyes (open and closed)
and condition (control, belt, trunk co-activation, arm co-
activation). Direction (anterior—posterior and lateral)
was also included in the ANOVA to determine if there
was a significant difference between the two directions
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for CoP velocity. Analysis included main effects along
with interactions.

Given significant effects from ANOVAs, the following
planned pairwise comparisons were performed. To test
the hypothesis that increased trunk muscle co-activation
leads to degraded postural control, two paired ¢ tests
were used that compared the dependent variables CoP
velocity and EMG for the control and trunk co-activa-
tion conditions. If this hypothesis were true, both CoP
velocity and EMG would be significantly higher for the
trunk co-activation condition than the control condition.

To test the hypothesis that SDN results in degraded
postural control, a planned paired ¢ test was used to
compare the dependent variable CoP velocity for the
trunk co-activation to the belt condition. If this hypothe-
sis were true, CoP velocity for the belt condition would
be significantly lower than the trunk co-activation condi-
tion, which would imply that increased joint stiffness
alone cannot account for diminished postural control.
To ensure that attention demands from increased muscle
recruitment did not affect the results, CoP velocity was
also compared between the arm and trunk co-activation
condition. If CoP velocity for the trunk co-activation
condition was significantly higher than the arm co-acti-
vation condition, it could be argued that additional
attention demands did not degrade postural control.

To minimize the possibility of family-wise type I error,
a critical value of P = 0.01 was used for all analyses.

Results

ANOVA results for CoP velocity showed that the main
effect of eyes and condition were significant (see Table 2

Time (sec)

and Fig. 4), but direction of path and interactions were
not. CoP velocity was higher with the eyes closed than
with the eyes open (mean CoP velocity, eyes closed
22.6 mm/s (& 6.83), open 13.5 mm/s (£ 2.73)). ANOVA
results for EMG showed that the condition effect was
significant, but not the eyes effect or their interaction
(Table 2).

CoP velocity was significantly higher in the trunk co-
activation condition than the control (P < 0.001) and
the arm co-activation (P < 0.001) conditions (Fig. 4a).
As expected, significant differences were observed in
EMG between trunk co-activation condition and both
control (P = 0.001) and arm co-activation conditions
(P = 0.001) with the trunk co-activation EMG being
higher than the other two conditions (Fig. 4b).

Results also confirmed that CoP velocity was signifi-
cantly lower in the belt condition than the trunk co-acti-
vation condition (P = 0.002). No differences were found
for CoP velocity between belt and control condition
(P = 0.282). Interestingly, EMG was significantly lower
in the belt condition compared to the control condition
(T =436, P < 0.001).

Discussion

There were two main questions being addressed with this
study: (1) does increased trunk muscle activity degrade
postural control during unstable seated balancing? and
(2) is SDN responsible for this impairment? Results
clearly support both hypotheses: increased trunk co-acti-
vation was shown to degrade postural control, and this
degradation was only observed during increased trunk
muscle recruitment.
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Fig. 4 a CoP velocity and b EMG (% MVC) grouped by condition.
Asterisks indicate significant differences (P < 0.01).

There are a few possible confounders for this study
that need to be addressed. First it is possible that the
stiffness from the belt is less than the stiffness produced
from trunk co-activation. In a previous study, we found
that the passive increase in trunk stiffness from a belt is
equivalent to, if not more than, the increased stiffness
due to trunk muscle co-activation for similar levels
found in the current study (Cholewicki et al. 1999).
Next, it is also possible that enhanced proprioceptive
feedback from wearing a belt could significantly
improve balance performance. The degradation from
increased joint stiffness could have been mitigated by
improvements in body awareness. There are a few rea-
sons why we believe this may not be the case. Our previ-
ous work investigating trunk proprioception while

Table 2 CoP velocity and EMG ANOVAs

wearing a belt showed that changes occur over a period
of weeks and that these changes were not consistent
(Cholewicki et al. 2006). Since our subjects were not
given time to acclimatize to the belts, it appears unlikely
that increased proprioception could explain improve-
ments in postural performance. In addition, it would be
expected that improvements in postural control from
the belts would be more pronounced in the eyes closed
condition since the dominant sensory feedback of vision
was removed. Our results showed that there were no
differences in performance between the control and belt
condition when the eyes were closed suggesting no sig-
nificant proprioceptive advantage was gained. Thus,
SDN remains the likely explanation for the poorer pos-
tural control under the increased trunk muscle co-acti-
vation condition.

CoP velocity obtained in this study match closely
those found in previous studies using similar proto-
col(Cholewicki et al. 2000; Silfies et al. 2003). The CoP
velocity in the current study for the control condition
was 21.5 mm/s (eyes closed) and 11.8 mm/s (eyes open).
Silfies et al. values for similar conditions were approxi-
mately 22 mm/s (eyes closed) and 12 mm/s (eyes open),
and in the Cholewicki et al. study, values for the eyes
open condition were 10.5 mm/s. Our study along with
previous work illustrates the importance of visual feed-
back in postural control. However, visual feedback did
not affect the relationship between trunk stiffness and
postural control.

In terms of trunk muscle activation comparisons, the
average trunk muscle EMG in the control condition was
approximately 4% MVC. This is slightly higher than the
observed trunk muscle co-activation of approximately
2% MVC found during stable standing (Cholewicki et al.
1997). But this elevated level of activity could be
expected since unstable dynamics tend to increase muscle
co-activation (Milner and Cloutier 1993; Milner 2002).
Interestingly, the reduction in trunk EMG observed with
the belt could reflect its stabilizing potential (Cholewicki
2004).

In contrast to our findings, Gruneberg et al. (2004)
concluded that passive stiffening of the trunk and hip
increases the likelihood of loss of balance during stand-
ing (laterally and/or backwards). They showed that
increased trunk and hip stiffness resulted in altered
movement patterns for maintaining balance after pertur-
bations. They also found that healthy subjects could not

CoP velocity

EMG

Eyes (open, closed) Fyr_ | = 289.37, P < 0.001* Fy_ 1 =002, P = 0885

a

a

Condition (control, belt, arm
co-activation, trunk co-activation)

Eyes x condition

Direction (AP, lateral)

Eyes x direction

Eyes x condition x direction

Fy_y=787,P < 0.001*

Fy_ 3= 4194, P < 0001*

Fy_3=1048,P = 0699

a




rapidly modify movement strategies sufficiently to
account for this increased stiffness. This does not appear
to be the case for our seated balancing task since the
increased stiffness to the trunk via passive bracing did
not impair postural control. Differences between the task
and amount of passive restraint between the studies may
explain these discrepancies. Also in contrast to our find-
ings, other studies have shown improved task accuracy
with additional muscle co-activation. Selen et al. (2005)
using a modeling approach found that any negative
effects from increased SDN were offset by the benefits
from increased mechanical impedance during co-activa-
tion. Gribble et al. (2003) also showed that accuracy was
improved in a reaching task with increased co-activation
of muscles crossing the shoulder and elbow joints. How-
ever, in these studies, the systems were anchored to sta-
tionary objects, whereas in our study, the trunk was
supported by the unstable seat and the whole system was
free to move. Therefore, increased co-activation would
not have the same affect on mechanical impedance of the
system. It simply increased the amount of noise in the
system without the benefits of resisting movement from
perturbation.

In conclusion, this study demonstrated that increased
trunk muscle co-activation leads to degraded postural
control during unstable seated balancing. However, these
conclusions cannot be simply extrapolated to other
tasks. Typically, there is a trade-off between a system’s
performance and energy cost with more energy being
required to minimize performance errors. But increased
stiffness of one sub-system will not necessarily result in
improved performance of the entire system. First, there is
likely an optimum amount of stiffness within each sub-
system that is required for stability and performance. As
shown with our experiment, the SDN becomes an issue
when increased stiffness is achieved via muscle co-activa-
tion beyond some optimal level. For example, if subjects
increased co-activation beyond their naturally selected
level in the experiment of Gribble et al. (2003), it is possi-
ble that the accuracy of arm movement could begin to
decline. Second, the relationship between stiffness and
performance is dependent on the task and the task objec-
tives. For example, the objective for a person with low-
back pain (LBP) balancing in our apparatus may be to
minimize spine movement. Increased muscle co-activa-
tion would be helpful for such a task objective, but not
for balance performance (Radebold et al. 2001). Most
likely, the central nervous system chooses the appropri-
ate stiffness for all joints to optimize performance of the
entire system, metabolic costs, or some other objectives
(i.e., tissue loading, pain, etc.) and their combination.
And finally, in terms of LBP rehabilitation, exposing
patients to various tasks with different objectives should
be encouraged during the treatment period to foster
optimal muscle co-activation levels.
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