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Abstract

Objective. The influence of trunk posture on musculoskeletal stability of the spine was investigated.

Design. A biomechanical model was developed to evaluate the influence of posture on spinal stability. Model performance was
assessed by comparing predicted muscle recruitment patterns with measured EMG activity from the trunk muscles during static
lifting exertions.

Method. An inverted double-pendulum model of the spine controlled by 12 muscle equivalents of the trunk was implemented to
determine spinal load and stability. Model input included trunk posture and lifted mass, output included muscle recruitment
patterns necessary to achieve stability of the spine and spinal load. EMG activity recorded from the trunk muscles of 10 subjects
were recorded during static exertions in various trunk flexion and asymmetric postures to compare with model output. Stable spinal
load was examined as a function of trunk flexion and asymmetry during the lifting exertions.

Results. Antagonsitic co-contraction was necessary to achieve spinal stability, particularly in upright postures. Stable spinal load
was increased in asymmetric postures as a result of antagonistic muscle recruitment, suggesting greater neuromuscular control is
necessary to maintain stability in asymmetric lifting postures. As trunk flexion angle increased, stability improved but spinal load
was greater.

Conclusions. Results illustrate that muscle recruitment patterns are more accurately explained by stability than by equilibrium
alone. Spinal stability is influenced by posture. Specifically, control of spinal stability is reduced in asymmetric postures associated

with low-back disorder risk.

Relevance

Traditional assessment of low-back disorder risk have focussed on spinal loading. Results illustrate that postural risk factors for
low-back pain may be partially attributable to stability considerations. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Risk of occupationally related low-back disorders
(LBDs) may be correlated with musculoskeletal stability
of the spine. Biomechanical assessments of occupational
LBD have traditionally focused on spinal load with
guidelines that suggest spinal compression below 3400 N
may be considered safe for a majority of the working age
population [1,2]. Conversely, injury associated with
spinal instability [3] may occur at compressive loads as
low as 88 N, possibly explaining the high incidence and
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risk of injury that frequently occur at low spinal loads
[4,5]. Fortunately, appropriate recruitment of muscle
activity permits stable support of extremely large spinal
loads [6,7]. However, select postures may limit the
ability of the neuromuscular system to maintain stabil-
ity.

Trunk posture during occupational lifting is associ-
ated with the risk of suffering a LBD [8]. Retrospective
studies conclude LBD risk during lifting is increased
when combined with twisting [9], lateral bending [4] and
asymmetric postures [10]. Biomechanical measurements
illustrate that antagonistic co-contraction of the trunk
musculature is increased in these high-risk postures [11—
13]. Recent efforts indicate antagonistic co-activity is
recruited to maintain spinal stability [14,15]. Thus, in-
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creased antagonistic co-contraction in these high-risk
lifting postures may indicate greater neuromotor effort is
necessary to prevent unstable failure and injury of the
spine. In other words, postural risk factors for LBD may
be partially explained by spinal stability. To understand
the mechanisms of low-back injury it is necessary to
estimate stability as a function of lifting posture.
Spinal stability can be estimated from computational
models of neuromuscular mechanics. Several analyses
have represented the spine as a two- or three-dimen-
sional inverted-pendulum [14,16,17]. These are an ex-
cellent means for investigating muscle recruitment
because the number of muscles approximates the de-
grees-of-freedom (DoF) of the model but they fail to
represent anatomic detail of the spine. Other models
include 5-7 vertebral segments with 90-180 muscle ele-
ments [18-21]. These provide anatomic realism but
cannot determine muscle recruitment distribution with-
out significant simplifications and/or a priori assump-
tions because the number of muscles far exceeds the
DoF of the system. A combined approach to evaluate
spinal stability may provide improved insight.

The goal of this research was to evaluate the influence
of trunk posture on spinal stability. It was hypothesized
that spinal stability is reduced in postures traditionally
recognized as high-risk conditions. To compensate for
reduced stability, increased trunk muscle co-activation
must be recruited in these postures, thereby explaining
previous myoelectric results. The hypotheses were tested
by implementing a biomechanical model of spinal sta-
bility and comparing results with measured trunk mus-

cle activity.

2. Methods

2.1. Model

A three-dimensional, two-segment model was devel-
oped to determine spinal stability as a function of trunk
posture and predict trends in antagonistic muscle ac-
tivity (Fig. 1). The two-segment geometry is unique,
allowing independent control of trunk flexion and
lumbar lordosis as well as requiring stabilizing support
against global and local buckling behavior [21]. The
model was exercised throughout a range of sagittal
flexion angles from upright to 45° of forward flexion and
at asymmetric postures from 0° to 20° of trunk twist.
Inter-vertebral resistance to motion or passive stiffness
was ignored as research indicates these passive compo-
nents contribute little to the stability of the trunk [14].

Twelve muscle equivalents were described including
the right and left recti abdominis, external obliques,
internal obliques, and paraspinal muscles incorporating
one- and two-segment muscles, e.g., inter-transversus
and longisimus thoracic equivalent muscles (Fig. 1).
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Fig. 1. Schematic representation of the stability model included a 3D
inverted double-pendulum supported by 12 muscles (six bilateral
muscle groups). Trunk mass and external load were applied at fixed
vector locations relative to the superior surface of the upper vertebra.
For clarity, the external oblique and internal oblique muscles have
been omitted from the figure but were included in the computational

analyses.

Muscle origins, insertions and cross-sectional areas were
established from published anatomy and modeling ef-
forts [22,23] (Table 1). Three-dimensional unit-moments
of each muscle about the vertebral base of the segments
were determined from the vector product of the muscle-
insertions and the unit-vector of muscle force. Muscle
force amplitudes were determined from equilibrium and
stability constraints. Equilibrium requirements estab-
lished six DoF and stability provided six constraints
thereby allowing force estimation of up to 12 muscle
groups. External load was represented as an 11.3 kg
mass fixed 15 cm anterior to the superior surface of the
modeled spine plus a trunk mass of 42 kg fixed 5 cm
anterior to the superior surface of the modeled spine
[24]. Thus, external loads rotated with the trunk causing
increased sagittal and lateral moments with trunk pos-
ture and requiring greater restorative muscle forces in
proportion to trunk flexion and asymmetry.

Stability requires the Hessian matrix of the system
potential energy must be positive definite. The potential
energies of the system were determined from muscle
stiffness and system geometry or posture (see [18] for a
description of potential energy and stability calculation
of the musculoskeletal spine). Muscle stiffness was es-
tablished as a linear function of force with a constant of
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Table 1
Anatomic representation of muscle origins and insertions*
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Vertebral inferior surface

Vertebral superior surface

X Rt lateral Y Anterior (cm) Z Cranial X Rt lateral Y Anterior (cm) Z Cranial

(cm) (cm) (cm) (cm)
Vertebra L, (origin) 0.0 0.0 0.0
Vertebra Li ower Origin 0.0 0.0 10.5
Vertebra Lypper Superior surface of Ly gyer 0.0 0.0 10.5

Muscle origin Muscle-insertion
Erector spine #1 4.5L, —6.0L, —4.2L, 4.5L1 ower —6.0L1 ower 6.3L1 ower
Erector spine #2 4.5L1 ower —6.0L 1 ower 6.3LLower 4.5Lupper —6.0Lypper 6.3Lupper
Erector spine #3 4.5L, —6.0L, —4.2L, 4.5Lupper —6.0Lypper 6.3Lupper
Rectus abdominis 4.0L, 8.0Ly —3.1L, 4.5Lypper 13.0Luypper 10.5Lypper
External oblique 6.0L, 10.0L, —3.1L, 13.0Lypper 6.0Lypper 10.5Lypper
Internal oblique 6.5L, —6.0L, 0.0L, 10.0Lypper 2.0Lupper 10.5Lypper

Ly: Superior surface of sacrum = inferior surface of Liower; LLower: LOWer vertebral segment; Luyper: Upper vertebral segment; Values represent vector
displacements from the inferior surface of the indicated vertebrae. All vectors rotate rigidly with the indicated vertebrae. All vectors with respect to Ly

do not move or rotate.

# All values are relative to the indicated vertebral base and rigidly rotate with the indicated vertebral segment. Only right side muscles are represented,

left side muscles are sagittally symmetric (negative value for X).

proportionality, ¢ = 5 and inversely proportional to the
muscle equilibrium length [19,21].

The model solved for the set of muscle recruitment
that simultaneously satisfied equilibrium and stability.
Excessive co-contraction can be recruited to increase
stability beyond minimum requirements but is costly in
terms of spinal load and energy expenditure. Moreover,
in some postures equilibrium and stability constraints
may not be fully independent. Therefore, quadratic
optimization was performed with an objective function
to minimize the sum of muscle stress

12
min ZF,;asz, (1)
m=1
where F,, and ¢ are the force amplitude and stress-
squared matrix of muscles m = 1,...,12. The analyses
were subject to three constraints:

S x £ B = M, (2a)
ig( —— V) >

elg<50i 50, V) 0, (2b)

F,, < Gain - Area,,. (2¢)

First, the set of muscle forces must satisfy equilibrium
where r, f,, and Mg, are, respectively, the muscle-in-
sertion vector, unit-vector of muscle force and external
moment at the vertebrae. Second the set of muscle forces
and associated stiffness must satisfy stability wherein the
eigenvalues of the Hessian matrix of potential energy, V'
are greater than zero. Third, the set of muscle forces
must be within physiological limits expressed in terms of
muscle cross-sectional area, Area,,, and the force gen-
erating capacity per unit area, Gain = 50 N/cmz.

Muscle force generating capacity was also modulated by
muscle length as described as in published literature
regarding trunk biomechanics [25]. For presentation,
predicted muscle forces were expressed as a percentage
of the theoretical force generating capacity, i.e., percent
of maximum voluntary contraction (MVC). Model
performance was evaluated by comparing predicted
muscle recruitment to measured values of myoelectric
activity.

Spinal load was computed from the vector sum of
muscle forces and external load at the lumbar-sacral
inter-vertebral level. Spinal load was computed from
two separate conditions. First, an “equilibrium spinal
load” was determined from a set of optimized muscle
forces computed by satisfying equilibrium without
consideration of stability, i.e., ignoring the second con-
straint (Eq. (2b)). Second, a “‘stability spinal load” was
determined from the set of optimized muscle forces
satisfying both equilibrium and stability constraints.
The influence of posture on spinal stability was evalu-
ated by comparing ‘‘stability load” to ‘“‘equilibrium
load”. This difference represented the relative effort be-
yond equilibrium necessary to maintain stability.

2.2. Experiment

Five healthy males and five healthy females, 24-39
years of age, with no prior history of low-back pain
voluntarily participated in this experiment. Mean (SD)
subject height and weight was 172.0 (12.1) cm and 74.2
(17.7) kg, respectively. All subjects provided informed
consent approved by Human Investigations Committee
of the university. Electromyographic (EMG) activities
were recorded from the trunk muscles to compare with
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muscle recruitment predicted by the model. Subjects
performed static lifting tasks at forward flexion angles of
0° (upright), 15°, 30° and 45°, and at asymmetric pos-
tures of 0° (sagittally symmetric), 10° left twist, and 20°
left twist and all combinations of these flexion and
asymmetric postures. Subjects were required to hold a
weight of 11.3 kg cradled in their arms with the arms
crossed over their chest in each posture.

Static trunk postures were recorded using surface
mounted electromagnetic tracking sensors (Ascension
Technology, Burlington VT, USA). Two sensors were
placed over the subject’s spinous processes at T10 and
S1 and a third marker on the manubrium. Trunk flexion
was computed from the mean angular displacement with
respect to the upright posture and trunk asymmetry
from the axial rotation of the T10 and manubrium
markers with respect to the S1 sensor. Trunk flexion and
asymmetry angles were displayed as real-time to allow
participants to achieve and maintain the prescribed
postures.

EMG were collected at 1000 Hz using bipolar surface
electrodes (Medicotest, Rolling Meadows, IL, USA)
from four bilateral sets of trunk muscles. Electrodes
were placed according to Mirka [26] including right and
left recti abdominis (RA), external obliques (EO), in-
ternal obliques (IO) and erector spinae (ES). Consider-
ing electrode locations, internal oblique activity was
representative of extensor and lateral effort whereas
external oblique myoactivity was considered flexor and
lateral [25,27]. Note that three modeled paraspinal
muscles per side were necessary to establish equilibrium
and stability. It has been assumed the sum of these ac-
tivities was represented by the surface EMG recording
from the ES. EMG signals were band-pass filtered be-
tween 30 and 450 Hz in hardware prior to data collec-
tion. The data were rectified and integrated using a 5 Hz
Hanning low-pass convolution software filter and nor-
malized to values collected during isometric maximum
flexion, extension, right-lateral twisting and left-lateral
twisting exertions. EMG data represented the average
isometric value from the middle three seconds of the five
second trial and were expressed as percent of MVC.

Statistical analyses were performed to determine the
effects of the lifting posture and load on muscle activity.
Repeated-measures ANovAa were performed for each
muscle with two independent variables including trunk
flexion and asymmetry and one stratification factor, i.e.,
gender. Analyses were performed using commercial
statistical software (Statistica, 4.5, Statsoft, Tulsa OK,
USA) with a significance level of 0.05 for all tests.

3. Results

The biomechanical model predicted antagonistic co-
activation must exist to maintain spinal stability during

the extension exertions. Equilibrium conditions without
consideration of spinal stability predicted no muscle
force from the rectus abdominis muscles (Fig. 2). This
was a necessary result of the optimization routine that
attempted to minimize the sum of muscle stresses
thereby compelling antagonistic co-contraction to ap-
proach zero. Conversely, when stability was considered
in addition to equilibrium the RA was recruited at a
mean level of 6.6% MVC (Fig. 3). Measured EMG ac-
tivity from the RA was significantly greater than zero
with a bilateral mean value of 4% MVC across all pos-
tural conditions (Table 2). Stabilizing RA force pre-
dicted by the model behaved similarly in both left and
right muscles, declining to zero with greater flexion an-
gles but increasing with asymmetry specifically in up-
right postures. Measured EMG data agreed with
stability model predictions associated with asymmetry,
increasing significantly with postural asymmetry (Table
3). Empirical EMG data demonstrated increased activ-
ity with trunk flexion in contrast to model predictions.
However, the change in EMG with trunk flexion was
less than 1% MVC.

Stability constraints resulted in external oblique re-
cruitment with an average force level of 13% MVC
whereas the equilibrium model predicted mean bilateral
activity less than 5% (Figs. 2 and 3). Measured EO ac-
tivity demonstrated a mean value 12% MVC in the left
EO and 6% in the right EO as a result of the asymmetric
loading (Table 2). Myoactivity from the EO demon-
strated a small but statistically significant increased with
trunk flexion, i.e., 0.5-5% MVC change from upright to
45° flexed postures (Table 3). Modeled EO recruitment
declined with flexion angle allowing potentiation of ex-
tensor moment. Right EO increased while left EO de-
clined with modeled trunk asymmetry to stabilize the
lateral moment. This asymmetric behavior was partic-
ularly notable in the upright postures wherein modeled
right EO reached recruitment levels of 55% MVC. As
predicted by the model the right EO increased signifi-
cantly with postural asymmetry (Table 3) although the
magnitude was less than predicted, peaking at 23%
MVC in asymmetric postures. Modeled recruitment of
the left EO was 24% MVC in sagittally symmetric up-
right postures and declined to zero in asymmetric and
flexed postures. Measured EMG from the left EO was
only 6% in sagittally symmetric upright postures but
similar to the model demonstrated a trend towards re-
duced activation with asymmetry although this trend
failed reach statistical significance.

The stability model predicted greater extensor muscle
forces than required by equilibrium conditions alone,
although the difference was notable only in near upright
postures. This increased force was necessary to offset the
stabilizing activity from the antagonistic muscles. To
permit comparison with measured myoelectric activity
recorded from the erector spinae (ES), the sum of the
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Fig. 2. Predicted muscle recruitment from equilibrium model without consideration of spinal stability.

three paraspinal muscles are presented. Both the equi- 42%. However, in upright postures greater ES activity
librium model and the stability model predicted in- was recruited by the stability model than predicted from
creased bilateral ES activity with trunk flexion. In flexed equilibrium alone, 28% vs 10% MVC. Measured ES
postures, the muscle force necessary to satisfy equilib- EMG levels in the upright posture were 20% MVC and
rium was sufficient to achieve stability so the predicted in flexed postures the mean activity was 37%. These
activity levels of the ES from the two models were agreed well with the stability model predictions. Neither

identical in forward flexed positions with a mean level of equilibrium nor stability mechanics predicted a large
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Fig. 3. Predicted muscle recruitment from model satisfying both equilibrium and stability.

change in ES recruitment with asymmetry, although in
upright postures the stability model reduced right ES
activity by 13% MVC, and increased left ES levels by
11%. Similarly, measured activity in asymmetric lifting
postures were associated with trends that reduced right
ES EMG slightly, less than 2%, and increased left ES
activity by 4.5%. These changes failed to reach levels of

a priori statistical significance (P = 0.055 and P = 0.169
for the left and right muscles, respectively).

Internal oblique muscles provided extensor moments
and lateral stabilizing effects. Equilibrium model results,
stability models results, and measured EMG demon-
strated bilateral increase in 1O activity with trunk flexion
and asymmetry. In the flexed postures, predicted 10
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Table 2
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Mean values of integrated EMG of trunk muscles during static lifting exertions

Flexion Asymmetric RES LES RRA LRA REO LEO RIO LIO
angle (°) angle (°) (%MVC)  (%MVC)  (%MVC)  (%MVC)  (%MVC)  (%MVC)  (%MVC)  (%MVC)

0 19.1 21.7 3.2 3.5 9.2 6.1 9.1 9.8

0 10 21.3 19.3 3.3 3.7 10.7 4.5 10.8 8.5

20 23.5 20.6 4.6 4.1 18.3 5.3 13.7 12.1

0 27.1 29.4 34 3.5 10.4 6.0 11.6 12.6

15 10 28.2 29.0 3.8 3.7 14.3 4.8 12.7 13.8

20 31.1 28.0 4.6 4.2 17.9 5.5 15.7 15.3

0 32.8 354 3.6 4.0 12.0 4.6 13.9 15.2

30 10 34.2 35.5 4.2 4.1 16.1 4.9 14.8 17.2

20 344 32.0 5.5 5.1 22.6 5.9 17.5 19.9

0 37.1 40.0 39 4.7 14.3 7.1 15.9 17.7

45 10 37.1 35.5 4.5 4.3 17.5 4.9 14.2 19.3

20 37.9 34.6 5.5 5.2 23.1 5.8 21.0 23.9

Table 3
ANOVA results and statistical significance (P-value) of integrated EMG of trunk muscles during static lifting exertions

RES LES RRA LRA REO LEO RIO LIO
Gender 0.376 0.094 0.037 0.070 0.694 0.009 0.221 0.171
Flexion angle 0.000 0.000 0.000 0.005 0.000 0.000 0.049 0.168
Asymmetry 0.169 0.055 0.001 0.000 0.215 0.000 0.020 0.001
Gender x angle 0.000 0.004 0.091 0.160 0.032 0.000 0.053 0.068
Gender x asymmetry 0.002 0.341 0.599 0.270 0.795 0.150 0.137 0.835
Angle x asymmetry 0.968 0.866 0.340 0.267 0.652 0.808 0.647 0.394

RES: right erector spinae, LES : left erector spinae; RRA: right rectus abdominis, LRA: left rectus abdominis; REO: right external oblique, LEO: left
external oblique; RIO: right internal oblique, LIO: left internal oblique; Bold values highlight significant effect (P < 0.05).

recruitment from the two models were identical, ranging
from mean levels of 27% and 35% depending upon
asymmetry. Measured 1O activation in these same pos-
tures ranged from 15% to 23% MVC. In the upright
postures, the stability model predicted greater 10 re-
cruitment than the equilibrium analyses, particularly in
asymmetric postures. The extrordinary recruitment of 1O
activity in these postures suggests reduced spinal stability
in upright-asymmetric postures. Measured EMG also
demonstrated increased recruitment with asymmetry,
but the recorded myoelectric magnitudes were much
smaller than predicted from stability requirements.

Gender influenced muscle recruitment levels in spe-
cific muscles (Table 3). In general, female subjects re-
cruited greater activity than males in the ES and EO
muscle groups during flexed postures. Conversely, the
female subjects recruited lower activity from the RA and
10 muscles than males, although this difference reached
statistical significance only for the right RA. This gender
difference in recruitment patterns has been noted in
previous efforts [28]. Whether it influences spinal sta-
bility must be examined in future research.

Spinal load was markedly increased when stability
constraints were included in the model (Fig. 4). The
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Fig. 4. Stability constraints resulted in greater spinal compression than
equilibirum analyses without consideration of stability. Greater neu-
romuscular control is necessary to maintain stability in asymmetric
lifting postures resulting in increased stability spinal load.

external load was small so mean spinal compression was
only 720 N in the upright posture according to the
equilibrium model. Conversely, in upright postures ad-
ditional muscle recruitment including antagonistic co-
contraction was necessary to maintain spinal stability
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thereby increasing spinal load. In the upright, sagittally
symmetric posture, the stability model predicted a
compressive spinal load 156% greater than the equilib-
rium model, with a mean level of 1815 N. Equilibrium
spinal load increased to a mean value of 2150 N in
forward flexed postures. In these flexed postures the
high levels of muscle contraction necessary to satisfy
equilibrium was sufficient to achieve spinal stability so
the stability model predicted similar levels of spinal
compression. Asymmetric lifting also generated in-
creased spinal load. The stability load increased from a
mean level of 1775 N in symmetric lifting tasks (aver-
aged across all flexion angles) to a compression of 2155
N during simulated lifting tasks with 20° of trunk
asymmetry. Thus, high-risk postures were associated
with reduced spinal stability and increased spinal load.

4. Discussion

It was proposed that LBD risk associated with
asymmetric and forward flexed lifting exertions may be
related in part to reduce spinal stability in these pos-
tures. To test these hypotheses a model of spinal sta-
bility was developed and exercised in various static
trunk postures. Spinal stability required greater muscle
recruitment than was necessary to satisfy equilibrium
alone. This resulted in greater spinal load when con-
sidering stability constraints, more than 150% of the
equilibrium load in upright postures. The spinal load
associated with stability increased with asymmetry sug-
gesting greater muscle recruitment was necessary to
stabilize the spine in asymmetric conditions. Thus, sev-
eral factors have been identified that help to explain the
risk of LBD associated with asymmetric lifting. These
include spinal load, muscle recruitment capacity and
spinal stability.

To maintain stability muscle recruitment was neces-
sary that dramatically increased spinal load during the
asymmetric lifting exertions. Spinal load has been cited
as a principle biomechanical factor contributing to LBD
risk [29-31]. It has been noted elsewhere that antago-
nistic co-activity is increased in asymmetric lifting tasks
[12] causing greater spinal compression in these postures
[32,33]. During asymmetric lifting modified muscle re-
cruitment patterns are necessary to offset lateral com-
ponents of trunk moment and establish equilibrium
[27,34,35]. The current results demonstrate these equi-
librium recruitment patterns during 20° asymmetric
postures were associated with as much as 21% increase
in spinal compression over sagittally symmetric exer-
tions. However, a biomechanical explanation for the
increased antagonsitic co-activation in these postures
has until now never been described. Antagonistic co-
contraction has recently been identified as a necessary
component in the maintenance of stability [14]. Current

results suggest this stabilizing recruitment dramatically
increases spinal compression and the change in com-
pression with asymmetry may exceed 30%. Although the
lifting loads and associated spinal compression levels
were small in these analyses, at increased exertion levels
or under dynamic conditions stability requirements may
require spinal compression loads that approach injury
tolerance levels.

Physiologic cost in terms of spinal load and muscle
co-contraction energy requirements may entice the
neuromuscular system to rely less on preparatory
muscle recruitment and more on reaction mechanics to
maintain spinal stability. To achieve static stability
antagonistic recruitment up to 45% MVC greater than
equilibrium levels were required. Measured EMG data
demonstrated significant antagonistic activity where
none was required to satisfy equilibrium. Thus, the
motor control system clearly responds to spinal sta-
bility requirements. This agrees with our previous ef-
forts demonstrating that antagonistic coactivation
changes with stability requirements even when equi-
librium conditions remain constant [15]. However,
measured antagonistic muscle activity did not approach
the extraordinary levels predicted by the stability
model. This difference may be explained by neuromotor
response mechanics. It is well recognized that postural
disturbances to the trunk elicit well coordinated re-
sponse activation in the muscles [36-38]. These myo-
electric responses represent feedback control for the
biomechanical system. Unfortunately, existing stability
models, including the model described in the current
study, fail to account for the dynamic feedback re-
sponse of the system and thereby overestimate the re-
quired magnitude of recruitment co-activation.
Analyses by Granata et al. [28] and Cholewicki et al.
[39] agree that neuromuscular response dynamics play
a significant role in stabilizing the spine. The difference
between predicted and measured muscle recruitment
suggesting greater reliance upon the dynamic neuro-
muscular response in asymmetric postures. Published
measurements illustrate that muscle responses including
feedback gain and delay are limited by various factors
including posture and fatigue [40]. Failure to recruit an
appropriate and timely activation response will risk
instability injury. Future efforts must incorporate reflex
and response mechanics in biomechanical assessment of
spinal stability.

Although spinal stability may be improved with
trunk flexion the risk of injury from spinal overload is
enhanced in these postures. Muscle stiffness provides the
primary mechanism of static stability in analyses of the
spine [24]. Active muscle stiffness increases with con-
tractile force [41], therefore large muscle forces associ-
ated with flexed postures [42] serves to increase stiffness
and stability. This is observable in the results wherein
the compressive load from equilibrium analyses and
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stability converge with trunk flexion. Unfortunately,
spinal load is dramatically increased in these postures so
the risk of overload injury is manifest. However, the
suggestion of improved stability in flexed postures must
be tempered by model design limitations. Trunk flexion
may imposes large translation forces on the spine re-
quiring more advanced analyses including 6-DoF per
joint for the evaluation of stability [24] rather than the
pure rotational behavior examined in the current ana-
lyses. Passive stability the osteoligamentous spine [43]
and modified neuromotor response dynamics [36] may
reduce stability in flexed postures. The role of stability
and its interaction with spinal load as etiologic factors
describing LBD risk in trunk flexion requires further
research.

The model performed well, predicting antagonistic
co-contraction, correctly predicting general trends in
extensor muscle activation and typically predicting ap-
propriate muscle activation. The two-segment inverted-
pendulum representation of the spine was unique,
permitting analyses to predict activity in the major trunk
muscles because the six equilibrium and six stability
constraints matched the number of muscles. However,
discrepancies between predicted and measured muscle
recruitment illustrate model performance limitations.
Specifically, the model predicted reduced flexor co-con-
traction with trunk flexion whereas the empirical mea-
surements demonstrated a small but statistically
significant increase in flexor activity. This is in contrast
to results published by Cholewicki et al. [14] wherein
similar reduction in flexor activity was predicted from
their stability model but contrary to our EMG mea-
surements they reported a significant trend towards re-
duced anterior muscle activity with trunk flexion. An
important assumption in stability models are the rela-
tion between muscle force and stiffness. Our model
employed a constant of proportionality of ¢ = 5 based
upon the theoretical results of Gardner-Morse et al. [24].
Conversely, Cholewicki et al. [14] employed a propor-
tionality constant of ¢ = 30 in their single inverted-
pendulum model of spinal stability. This value will
influence the magnitude of antagonistic co-contraction
and associated spinal load necessary to achieve stability
but will not affect trends, i.e., stability is influenced by
postural asymmetry and trunk flexion regardless of this
design parameter. Thus, results suggest spinal stability is
reduced in lifting postures traditionally associated with
high-risk for LBDs.

5. Conclusion

This research has demonstrated that lifting posture
can influence musculoskeletal stability of the spine.
Analyses were based upon a biomechanical model that
predicted recruitment patterns in 12 muscle equivalents

necessary to stabilize a two-segment, 6-DoF spine.
Measured muscle activity agreed with model predicted
recruitment. Results demonstrate antagonistic co-con-
traction is necessary to achieve stability and greater
neuromuscular control is necessary to maintain stability
in asymmetric lifting postures. Although estimated sta-
bility can be maintained in flexed postures spinal load
increases significantly. Risk of occupational LBDs as-
sociated with lifting posture may be partially influenced
by musculoskeletal stability of the spine.
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