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Abstract

Objective. To estimate the three-dimensional spinal loads during various lifting and lowering
tasks.

Design. The in vivo measurements of the trunk dynamics, moments, and myoelectric
activity were used as inputs into an electromyographic-assisted model used to predict the
three-dimensional spinal loads.

Background. Previous studies of eccentric motions have investigated muscle activity, trunk
strength, and trunk moments. A void in the body of knowledge exists in that none of these
studies investigated spinal loading.

Methods. Ten subjects lifted (40° of flexion to 0°) and lowered (0° of flexion to 40°) boxes
while positioned in a structure that restrained the pelvis and hips. The tasks were performed
under isokinetic trunk velocities of 5, 10, 20, 40, and 80 deg s~ while holding a box with
weights of 9.1, 18.2, and 27.3 kg.

Results. Lowering strength was found to be 56% greater than lifting strength. The lowering
tasks produced significantly higher compression forces but lower anterior—posterior shear
forces than the lifting tasks. The differences in the spinal loads produced by the two lifting
tasks were attributed to differences in coactivity and unequal lifting moments (i.e. holding
the box farther away from the body).

Conclusions. The nature of the spinal loads that occur during lowering and lifting were
significantly different. The difference in spinal loads may be explained by different lifting
styles.

Relevance

This study revealed the importance of investigating lowering as well as lifting since these
types of motions result in drastically different EMG-torque relationships and, ultimately,
different spinal loading patterns. Furthermore, this study indicates the importance of taking
into account differences in lifting style (trunk moments) and the coactivity of the trunk
muscles when estimating loads on the spine. © 1998 Elsevier Science Ltd. All rights
reserved
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Introduction

Whereas research exploring various lifting tasks is
extensive, there has been limited investigation into
lowering tasks. Some evidence exists that the body
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reacts differently during these two types of lifting.
Henriksson et al.! found that the perceived exertion
for lowering tasks was less than that for lifting tasks.
Also, physiological factors such as heart rate and
oxygen consumption were lower for lowering than
lifting. Other researchers have found that the muscle
activity of the back extensor muscles was lower for
lowering tasks than for lifting tasks despite the gener-
ation of greater external torque®. Further evidence
that the muscle force generation capability is
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different under the two motions is the large differ-
ence in strength between lifting and lowering. Marras
and Mirka® found that the strength for lowering was
greater than lifting when the trunk was flexed
forward. These results were independent of trunk
asymmetry. Further, the trunk strength increased as
the lowering trunk velocity increased. Reid and
Costigan® found that lowering strength was about
20% higher than lifting strength for the trunk exten-
sors. Other researchers have seen larger strength for
lowering than lifting’.

Several researchers have used a rigid link model to
estimate the trunk moments imposed on the spine in
the evaluation of lowering and lifting exertions.
Differences in moments imposed on the spine would
indicate that different lifting styles were used during
the lowering and lifting motions. De Looze et al.
used a two-dimensional dynamic linked-segment
model to estimate joint moments about the hip,
ankle, knee, and L5/S1 joint. These authors found
that the external moments were slightly larger for
lifting compared with lowering. Similar results were
also found by Gagnon and Smyth®. However, Gagnon
and Gagnon® found the trunk moments during
lowering and lifting were equivalent under similar
dynamic conditions.

The above research has emphasized some under-
lying differences between lowering and lifting. In
general, individuals were stronger but have lower
muscle activities during lowering. This would indicate
that the capability of the trunk muscles to generate
force is different under the two lifting conditions.
However, none of these studies investigated the
resulting spinal loads under lowering and lifting. One
would expect that the nature of spinal loading would
be different since the muscle recruitment patterns
would change.

This study made adjustments to the dynamic
electromyographic (EMG)-assisted model developed
at the Ohio State University (OSU) over the past
decade'’-!7. This model predicts the three-dimen-
sional spinal loads at the lumbro-sacral joint (L5/S1)
(shear and compression). The model, which incor-
porates the ten major trunk muscles, accounts for the
change in coactivity that would be expected with
eccentric lifting. Thus, more realistic estimates of
spinal loads are expected. The OSU model has tradi-
tionally been validated for concentric lifting. In order
to use the model for eccentric tasks, the empirical
relationships needed to adjust the model for lowering
motion were determined. Adjustments to the model
included the development of length—strength and
force—velocity relationships needed to calculate
spinal loading accurately during lowering exertions.
The length—strength and force—velocity relationships
for lifting used in the model were computed by
minimizing the average variation in predicted muscle
gain as a function of muscle length and velocity!'>'®,

Similar techniques were used in this study to develop
these relationships for lowering motions.

Thus, there were two objectives of this study: first,
to develop the empirical relationships for length—
strength and force-velocity under lowering to be
incorporated into the model; second, to interpret the
resulting spinal loading during controlled lowering
and lifting.

The investigation of the lowering and lifting tasks
was limited to the active range of the extensor trunk
muscles.

Model adjustment and performance

In the EMG-assisted model, the three-dimensional
spinal loads are predicted by the vector summation of
the forces of the ten trunk muscles. The estimation of
muscle force is a function of the cross-sectional area,
muscle gain, normalized muscle activity, muscle
length and muscle velocity. The model utilizes the
following equation to estimate the muscle forces:

Muscle force

EMG

= | cross-sectional area x gain X ———
EMGI‘TI&X

x f(length—strength) x f(force—velocity)

In this equation, the muscle gain is an estimate of
the stress capacity of the muscle. The third term is
the measured muscle activity normalized to maximum
voluntary muscular activity. The last two terms are
the empirical relationships that define the
EMG-force relationship as a function of length and
velocity. Researchers have determined that length
and velocity change the maximum muscle force!?-22,
Thus, for any valid EMG-assisted spinal load model,
the length—strength and force—velocity factors need
to be developed.

The estimation of spinal loading during lowering
requires the development of the empirical relation-
ships between muscle torque and muscle length and
velocity. In order to do this, the method used by
Granata and Marras'® and Raschke and Chaffin'®
was employed which minimized the average variation
in the ratio of external to internal torque as a
function of muscle length and velocity. Since,
according to the logic, the internal moments need to
be equal to the external moments, the resulting
relationship mapped out from these ratios would then
describe the length—strength characteristic of the
extensor muscles. A similar technique was performed
to estimate the force—velocity relationship of the
trunk muscles.

The length—strength relationship for lowering was
found to be very similar to that found by Granata and
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Marras'® for lifting exertions (Figure 1). In both
studies, the length—strength (L-S) relationship was
described as a third-degree polynomial as determined
by regression techniques. The resting length L, for
the erector spinae muscles is the sagittal flexion
position at which the muscle has the greatest poten-
tial for force generation, approximately 20° of sagittal
flexion®?*. The differences between the estimated
L-S curves were found for extreme lengths of the
muscle resulting from slightly different fits of the
regression curves.

The force-velocity (F-V) modulation for the
lifting tasks was described as an exponential function,
as reported by others'>21-2224 Conversely, the
lowering force—velocity modulation was found to be a
constant at 1.56 (Figure 2). These relationships were
the ‘best’ fit equations derived from regression
methods. Whereas Sutarno and McGill** found a
similar F-V relationship for low level forces, they
found that the F-V relationship actually decreased
with faster lowering velocities when exerting at higher
loads. The differences between the relationships in
the two studies might have resulted from the methods
used to derive the relationships. In the current study,
the F-V relationship was derived from the muscle
forces, whereas Sutarno and McGill** based their
F-V curves on the EMG of the right erector spinae
muscle.

The value of gain for an individual should remain
constant under both lowering and lifting exertions;
thus, the F—V constant was set to the ratio of lifting
and lowering gains (averaged over all subjects). This

ratio indicates that individuals were stronger during
lowering than during lifting (56% more).

To determine the validity of the new length—
strength and force—velocity modulations, the
EMGe-assisted model was exercised for both lowering
and lifting. Model fidelity is indicated by the data in
Table 1. The model performance was evaluated via
gain, 7%, and average absolute error (AAE). Signifi-
cant differences between lifting and lowering
exertions were indicated (p<0.05). The gains
between the two types of lifts were almost identical.
For both lifting conditions, the gains were within
physiological limits (<100 Ncm~2)*%. The r* and
AAE indicate how well the model predicted the
internal moments compared with the measured
external trunk moments. The r* was actually better
for the lowering exertions (0.95) than the lifting tasks
(0.88). The value of r* indicates how well the
measured and predicted moment variabilities
coincide. Additionally, the lowering tasks had a lower
AAE than the lifting tasks. The AAE, which indicates
the magnitude of the difference between the
measured and predicted moments, was more impres-
sive when normalized as a function of moment.
Under both conditions, the AAE was less than 10%
of maximum sagittal trunk moment. Although both
the r* and AAE values were better for lowering
motions, the model performed well under both
conditions.

Further validation was completed by evaluating
data from an independent source: in this case,
kinematic and EMG data from Fathallah®® were
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Figure 1. The length-strength modulation found for lowering and lifting exertions.
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Figure 2. The force-velocity modulation found for lowering and lifting exertions.

analyzed. The lifts were sagittally symmetric lifts
performed under free-standing conditions at various
speeds and weights. The lifts required that the
subjects start in a sagittally flexed position (approxi-
mately 40° of flexion), lifted to the upright position,
pause for approximately 1s and then lower to the
sagittally flexed position. The 11 subjects were male
students with no history of back problems and ages
ranging from 23 to 38 years. For further details on
the subjects, the collection of data and the protocol
of the study refer to Fathallah®.

The EMG-assisted model with the new L—-S and
F-V modulation factors was used to evaluate the lifts
in the study just described®®. The gain values were
found to be well within the physiological limits, with a
low standard deviation between the subjects
(mean =41.8, sd=12.0). An average r°=09]
indicated that the internal moments fitted to the
external moments accurately. This was further
supported by the low standard deviation (sd = 0.05)
around that mean. The average absolute error
averaged about 11 Nm (sd =4.39) or 7.23% of the
maximum sagittal moment. These results indicate
that the model performed well during tasks which

contained both lowering and lifting motions. Based
on the above results for exertions containing both
lowering and lifting, the length-strength and velocity
modulations in the EMG-assisted model were
considered valid.

Methods
Subjects

Ten male students with no prior history of low back
pain volunteered to participate in the study. The ages
of the subjects ranged from 22 to 34 years. The
subjects had a mean (sd) height, weight, waist depth,
and waist breadth of 181.0 cm (6.6), 79.3 kg (12.6),
21.6cm (2.9), and 29.7 cm (3.2) respectively. These
anthropometric measurements were used in the
EMG-assisted model.

Experimental design

The lowering study was a three-way, within-subject
design. The independent variables were chosen to
include a range of workplace features that might be

Table 1. The model outputs for the lowering and lifting exertions in the study

Model output

Lowering exertions

Lifting exertions

Mean (sd) Mean (sd}
Subject gain 46.95 (22.93) 45.00 (19.93)
re* 0.95 (0.09} 0.88 {0.19)
AAE* (N m) 7.75 (4.74) 9.28 (6.36)
AAE of maximum sagittal moment (%) 5.52 (3.37) 8.21 (5.62)

*Indicates a significant difference at p <0.05.
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expected in industry. These included the following:
box weight, isokinetic trunk velocity, and type of
lifting task (lifting versus lowering). In order to
account for variability between the subjects, subjects
were used as a random effect. The lifting tasks
performed were lowering (eccentric) and lifting
(concentric). The box weights used in this study were
20 1b (9.1 kg), 40 Ib (18.2 kg), and 60 Ib (27.3 kg). The
trunk velocities were 5, 10, 20, 40 and 80 degs—'.
These weights and velocities were chosen to reflect
the values commonly found in industry?’. The trunk
velocities were performed under isokinetic condi-
tions. The subjects controlled their velocity by
monitoring a computer display of their instantaneous
velocity.

The dependent variables used in this experiment
consisted of maximum spinal loads. The spinal loads
computed were compression, anterior—posterior
(A-P) shear and lateral shear forces about the 1.5/S1
junction. These loads were computed using the OSU
EMG-assisted biomechanical model developed at the
Ohio State Biodynamics Lab described previously.

Apparatus

The Lumbar Motion Monitor (LMM) (Chattanooga
Group™, Inc., Hixson, USA) was used to collect the
trunk motion variables. The LMM is essentially an
exoskeleton of the spine in the form of a triaxial
electro-goniometer that measures instantaneous
three-dimensional position, velocity, and acceleration
of the trunk (see Figure 3). The light-weight design
of the LMM allowed the data to be collected with
minimal obstruction to the subject’s movements. The
LMM measured the angular movements between the
pelvis and the tenth thoracic vertebra. For more
information on the design, accuracy, and application
of the LMM, refer to Marras et al.’8.

EMG activity was monitored through the use of
bi-polar electrodes spaced approximately 3 cm apart
at the ten major trunk muscle sites. The ten muscles
of interest were: right and left erector spinae; right
and left latissimus dorsi; right and left internal
obliques; right and left external obliques; right and
left rectus abdominis. For the standard locations of
the electrode placement for these muscles, refer to
Mirka and Marras®®. The raw EMG signals were
pre-amplified, high-passed filtered at 30 Hz,
low-passed filtered at 1000 Hz, rectified, and
integrated via a 20 ms sliding window hardware filter.

A force plate (Bertec™ 4060A, Worthington,
USA) was used to measure the kinetic variables of
the lifts. The subject was positioned into a pelvic
support structure (PSS) that was attached to the
force plate. The PSS restrained the subject’s pelvis
and hips in a fixed position (see Figure 4). Also, the
position of L5/S1 relative to the center of the force
plate remained constant for the entire experiment.

The PSS permitted the trunk moments to be
predicted accurately®’.

All signals from the above equipment were
collected simultaneously through a customized
Windows™-based software developed in the Biody-
namics Laboratory. The signals were collected at
100 Hz and recorded on a 486 portable computer via
an analog-to-digital (A/D) board. The data were
saved by the computer for subsequent analysis.

An additional computer was used to display the
instantaneous velocity recorded by the LMM in real
time. The signal was transferred from the LMM to
the computer through an A/D board and converted
into velocity by customized software. The computer
monitor was positioned directly in front of the PSS.
The signals of the LMM, force plate, and EMG
electrodes were input to the A/D board on the data
collection rack positioned behind the PSS.

Procedure

Upon arriving at the Biodynamics Laboratory,
subjects were provided with a brief description of the
study and experimental protocol. Subjects read and
signed a consent form. Next, anthropometric
measurements were taken. The surface electrodes
were then applied to the skin, using proper place-

Figure 3. The LMM.
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Figure 4. A subject performing an exertion for a given velocity, while positioned in the pelvic support structure.

ment procedures to sample the muscles of interest.
The impedance at each electrode site was kept below
1 MQ. The subject was then placed into a rigid struc-
ture that allowed maximum exertions to be
performed. After each maximum exertion, 2 min of
rest was given, in accordance with strength testing
procedures?!.

After the subjects were positioned into the PSS
and the LMM was attached to their back, neutrals of
the LMM and force plate were collected. These
neutrals were collected in order to determine the
initial position of the LMM for each subject standing
erect, along with the initial readings of a zeroed force
plate. The subjects performed the lifting and lowering
exertions. The lifts were completely randomized with
respect to the independent variables. Velocities were
controlled by the subject by following a trace through
a given region displayed on the computer screen
while attempting to keep their trunk position within
defined ‘tolerance’. All subjects were allowed to
practice at the different velocities until they were able
to remain within the tolerances. If the subject’s trace
fell outside the tolerance levels, the lift was repeated.
A 3% tolerance was used by displaying two lines that
were 1.5% above and below the target velocity. For
the concentric lifts, the subjects started the lift
bending forward at 40° of flexion and ended in an
upright position. Conversely, the lowering exertions
started in the upright position and ended when the
subjects were at 40° of flexion. The computer screen
displayed lines with a positive slope for the lifting
exertions and a negative slope for the lowering
exertions. Figure 4 shows a subject performing an
experimental exertion while watching the display on
the computer screen.

Data analysis

The kinematic, kinetic, and EMG data were used as
inputs in the EMG-assisted spinal load model. The
kinematic variables were measured and recorded by
the LMM. Customized software converted the
voltages into the respective angles, velocities, and
accelerations of the trunk. The EMG data were
normalized with respect to the maximum muscle
activity of each muscle (obtained at the beginning of
the study) with respect to length and velocity. The
kinematic, kinetic, and EMG data were imported into
the EMGe-assisted model to calculate spinal forces
and moments on the lumbosacral joint.

For all of the dependent variables, descriptive
statistics were computed. These descriptive statistics
included means, standard deviations, and maximum
values. Graphical representations were utilized to
help display various relationships. Analysis of
variance (ANOVA) statistical analyses then were
performed on all the dependent variables. For all
significant independent variables, post-hoc analyses,
in the form of Tukey multiple pairwise comparisons
were performed to determine the source of the signi-
ficant effect(s).

Results

Once the modulation factors were validated, the
model was employed to evaluate the spinal loads.
The anova indicated that several main effects and
interactions were significant (Table 2). The variable
‘Task’ refers to the type of lifting being performed
(lowering versus lifting motion). All the main effects
were significant for maximum A-P shear and






