SPINE Volume 23, Number 6, pp 706-716
©1998, Lippincott—Raven Publishers

B An Assessment of Complex Spinal Loads
During Dynamic Lifting Tasks

Fadi A. Fathallah, PhD,*t William S. Marras, PhD,* and

Mohamad Parnianpour, PhD*

Study Design. An electromyogram-assisted free-dy-
namic lifting model was used to quantify the patterns of
complex spinal loads in subjects performing various
lifting tasks.

Objectives. To assess in vivo the three-dimensional
complex spinal loading patterns associated with high
and low risk lifting conditions that matched those ob-
served in industrial settings.

Summary of Background Data. Combined loading on
the spine has been implicated as a major risk factor in
occupational low back disorders. However, there is a
void in the literature regarding the role of these simulta-
neously occurring complex spinal loads during manual
lifting.

Methods. Eleven male subjects performed symmat-
ric and asymmetric lifting tasks with varying speed and
weight. Reactive forces and moments at L5-S1 were
determined through the use of electrogoniometers and
a force plate. An electromyogram-assisted model pro-
vided the continuous patterns of three-dimensional spi-
nal loads under these complex lifting tasks.

Results. The results showed that complex dynamic
motions similar to those observed in risky industrial
tasks generated substantial levels of combined com-
pressive and shear loads. In addition, higher loading
rates were observed under these conditions. Unlike
loading magnitudes, loading rate was a better indicator
of dynamic loading because it incorporated both the
duration and magnitude of net muscle forces contribut-
ing to total spinal loading during the lifting conditions.

Conclusions. Quantification of spinal combined mo-
tions and loading in vivo has not been undertaken. This
study provided a unified assessment of the effects of
combined or coupled motions and moments in the in-
ternal loading of the spine. Dynamic lifting conditions
similar to those observed in risky industrial situations
generated unique complex patterns of spinal loading,
which have been implicated to pose a higher risk to the
spinal structure. The higher predicted loading and load-
ing rate during asymmetric lifting conditions can be
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avoided by appropriate ergonomic workplace modifica-
tions. [Key words: complex spinal loading, ergonomics,
lifting, low back disorder risk] Spine 1998;23:706-716

Low back disorders (LBDs) in occupational settings have
been considered the most significant musculoskeletal dis-
orders in both cost and prevalence.**275%% Manual
materials handling in general and lifting activities in par-
ticular have been implicated most often in relation to the
risk of occupation-related LBDs,”-37-58:60:61

Recent investigations of LBD risk factors in industrial
settings have emphasized the role of three-dimensional
trunk motion characteristics in conjunction with work-
place factors in relation to the risk of LBD.***2 In addi-
tion, results of a follow-up study of these efforts have
shown that elevated combined (complex) dynamic mo-
tions of the back were patterns specific to groups with
increased LBD risk.!” However, the effects of these com-
plex motions on the spinal structure iz vivo are not well
understood. These spinal motions are expected to gener-
ate complex loading patterns on the spinal elements (e.g.,
combined lateral shear and compressive loading). Pope
et al*’ have expressed the importance of quantifying
such complex combined loads; however, they indicate
that such a task is difficult to investigate under both field
and laboratory conditions. Biomechanical changes in
spine tolerance are also expected to occur when these
risk factors occur simultaneously. Shirazi-Ad1>*~%¢ has
demonstrated how strains in spinal disc anulus fibers are
dramatically increased under combined lateral and twist-
ing conditions, reaching levels that may exceed the tissue
tolerance limits. The findings in these latter studies as
well as those in other studies in vitro have implicated
combined loading of the spinal structure as a mechanism
for back injury.>#2%2¢ Therefore, for prevention of
LBD, it is essential to quantify the types and magnitudes
of the three-dimensional mechanical loading experi-
enced by the spinal structure when subjected to dynamic
combined or complex motions. Knowledge of this type
of information allows identification in detail of the situ-
ations that compromise the integrity of the structure and
thereby helps reduce injuries resulting from these condi-
tions. However, there is a void in the literature about the
role of these simultaneously occurring complex spinal
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loads during manual lifting. In most biomechanical stud-
ies in which spinal loads have been investigated, these
loads have been quantified in terms of univariate statis-
tics (e.g., average or maximum loading) without assess-
ing their temporal occurrences in conjunction with their
magnitudes.

Therefore, the main objective of this study was to
describe quantitatively the magnitudes and patterns of
the simultaneous three-dimensional spinal loading oc-
curring under complex lifting conditions that are similar
to those expected in industrial lifting situations.

B Methods

Study Design. Eleven healthy male subjects volunteered to
participate in this experiment. Mean *+ SD age was 28.4 * 4.4
years, mean stature and weight were 180.7 * 3.7 cm and
78.6 * 10.8 kg, respectively. A questionnaire was administered
to each subject to ensure that there was no history of serious
back disorders, and to screen subjects with current back-
related discomforts.

The experiment consisted of a three-way within-subject de-
sign. The independent variables included lift type, speed of lift
(duration of movement), and weight handled. These variables
were chosen to replicate complex motion conditions under
varying workplace parameters similar to those observed in the
industrial settings.*"** The lift types investigated were sym-
metric lifts and asymmetric lifts. The sagittally symmetric lifts
were chosen to replicate closely the kinematic conditions ob-
served in the low-risk groups of a companion industrial
study.'”** Whereas, the asymmetric lifts were designed to gen-
erate multiplanar complex trunk motions that were more
unique to the medium and high risk groups (risk groups were
defined on the basis of historical LBD-related incidence
rates).*? Lift duration (speed) was set at three levels: low (2
seconds per lift), medium (1.5 seconds per lift) and high (1
seconds per lift). These lifting rates were chosen to replicate
dynamic motion patterns that corresponded to motion patterns
of the three occupational LBD risk groups: low, medium, and
high risk.'”**? Three weight levels were considered: low (22 N),
medium (67 N), and high (156 N). The weight levels were
determined on the basis of the distribution of weights observed
in industrial tasks.*"*? The low weight level corresponded to a
value between the 25th and the 50th percentile, the medium
level between the 50th and 75th percentile, and the high level
between the 75th and 100th percentile of the weight distribu-
tion. These weights were also chosen to match the moment
conditions of the risk database so that the patterns of three-
dimensional spinal loading during complex trunk motions
could be investigated.

The dependent variables consisted of the three-dimensional
spinal loading patterns (magnitudes and rates) at L5-S1 in
terms of the compressive, -anteroposterior shear, and medio—
lateral shear forces.

Apparatus and Modeling. Three-dimensional continuous
position, velocity, and acceleration of the trunk were deter-
mined using the lumbar motion monitor (LMM).*!%2 Three-
dimensional external forces and moments around L5-51 were
monitored by the combination of a Bertec 4060A force plate
(Bertec, Worthington, OH), and two electrogoniometers were
used to determine the continuous location and orientation of

the joint at L5-51 in three-dimensional space. One monitor, the
L5-51 locator, provided the three-dimensional distance vector
between the force plate center and the center of the joint at
L5-51 (three-dimensional locator), and the second monitor,
the pelvic orientation monitor, provided the orientation of the
joint at L5-S1 with respect to the pelvis.!5**® This information
was necessary to correct for three-dimensional motions of the
trunk relative to the force plate. This system provided a mech-
anism to monitor torque or moment around L5-51 during a
lift. The full description of the method and its validity and
reliability was detailed elsewhere.$

An electromyogram system collected signals from 10 pairs
of bipolar silver-silver chloride surface electrodes affixed over
the specific locations of 10 muscles of interest. The electrode
locations for the corresponding muscles were: 1) right and left
latissimus dorsi: most lateral portion of the muscle at T9; 2)
right and left erector spinae: at L3, 4 cm from the spinal mid-
line; 3) right and left rectus abdominis: 2 cm from the umbilicus
level, 3 cm from the abdomen midline; 4) right and left external
oblique: 10 cm from the abdomen midline at 45°, 4 cm above
the iliac crest; and 5) right and left internal oblique: 3 cm above

‘the posterior superior iliac spine, 10-12 c¢m from the spinal

midline at a 45° angle (lumbar triangle).37-4°

The electromyogram signals were first amplified and low-
pass filtered (1 kHz). The filtered signals were hardware recti-
fied and processed by a 20-msec moving average window (in-
tegration constant). An asymmetric reference frame374° was
used to solicit static maximum voluntary contractions (MVCs)
in six directions (flexion, extension, left and right twist, and left
and right lateral bending). These exertions were used to nor-
malize the electromyogram signals.

An electromyogram-assisted model provided estimates of
the internal moments required to achieve the balanced equilib-
rium conditions.?>-25-3%:38.3%:43 The model assumes that to
achieve dynamic equilibrium during a lifting task, the external
moments generated around L5-S1 must be balanced by mo-
ments generated internally by the musculature of the body.
Previous efforts were only capable of assessing spinal loads
while the pelvis was restrained in a fixture (e.g., Granata and
Marras®*). The current study extended the modeling so that it
could predict and validate spine loading during whole-body,
free-dynamic, complex lifting conditions, thereby eliminating
the need to restrain the pelvis to a fixture.® It should be noted
that this electromyogram-assisted modeling approach provides
estimates of the total loads generated at the center of the joint at
L5-S1.

During the experiment, the subject lifted a wooden box that
was filled with the weight associated with the prescribed con-
dition. The box was 30.5 cm X 30.5 X 23 cm with two handles
(3.8 cm in diameter and 11.4 cm in length) centered at its sides.
For each condition, the subject was provided with an auditory
signal (loud tone) indicating the lift pace by identifying the start
and end of each lift phase. This tone was necessary to control
the lift duration (speed). All the analog signals gathered from
the devices described earlier were collected at 100 Hz through
a 12-bit, 32-channel analog-to-digital (A~D) converter con-
nected to a 386-based microcomputer. Figure 1 shows a subject
performing a symmetric lift.

Experimental Protocol. Pairs of surface electrodes were ap-
plied to their respective sites using standard preparation proce-
dures.>® The subject was provided with written instructions
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detailing various parts of the experiment. The subject first per-
formed the six static MVCs in random order. A 2-minute rest
period was allowed between two exertions.® After all six
MVCs were collected, the subject was ready to perform the
dynamic lifting tasks. The subject was first fitted with the Lum-
bar Motion Monitor along with the proper attachments of the
three-dimensional locator and the pelvic orientation monitor.
The subject was permitted fime to familiarize himself with the
tasks, and to ask pertinent questions. Each task consisted of
two lifts and one lowering, with tones indicating the start and
end of each part.

In the symmetric condition, the box (weight) was placed on
a platform in front of the subject, just above knee height and at
a horizontal distance equal to his arm length. At the onset of the
tone, the subject was asked to lift the box from its location to a
position as close as possible to the body while maintaining
straight arms (this puts the vertical distance of the center of
load at approximately 20 cm below the iliac crest level). For the
complex (asymmetric) conditions, the box was placed in front
of the subject in the same manner as in the symmetric condi-
tion; however, in this case the subject was asked to set the box
down on another platform placed to his right at an angle per-
pendicular to the midsagittal plane. The platform height was
set at the level of the subject’s iliac crest and was placed at
approximately an arm’s length distance horizontally. For all
trials, the subject was instructed to maintain the arms and legs
as straight as possible (i.e., to perform a stoop lift). Within a
given type of lift (symmetric or asymmetric), the three weights
and speeds were presented in random order to control for car-
ryover effects. To avoid the potential of fatigue, the subject was
given at least a 60-second rest between exertions. The subjects
were instructed to take an additional rest period whenever they
so desired.

Statistical Analysis. The performance of an electromyogram-
assisted lifting model was assessed by three measures: 1) R?
statistic, 2) average absolute error, and 3) muscle gain. R? rep-
resents the percentage of variance in the actual (measured) mo-
ments explained by the predicted moments; therefore, provid-
ing a measure of trend agreement between the two moments.
The average absolute error reflects the magnitude difference

Figure 1. A subject shown performing a symmetric lift.
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Figure 2. Measured extension moment versus the predicted mo-
ment of a typical symmetric lift.

between the measured and predicted moments. The muscle
gain parameter relates to how the muscles force production
capabilities per unit area (in Newtons per square centimeter)
match existing anatomic data. For each trial, gain is determined
by comparing muscle-generated (predicted) moments with
measured, applied moments at L5-S1. Physiologically valid
values for gain range between 30 and 100 N/cm?2.455%65 The
measured extension moment generated around L5-S1 com-
pared with the extension moment predicted by the electromyo-
gram-assisted model during a symmetric lift is shown in Figure
2. The association between these moments is indicated by R?,
which in this instance was 0.98 with an average absolute error
of 14.6 Nm and gain of 75 N/cm?.

To investigate the effects of weight, speed and lift type (sym-
metric vs. asymmetric) on the internal loading of the spine,
multivariate analysis of variance (MANOVA) was conducted.
The internal spinal loading was characterized by average max-
imum compression, anterior shear forces, and lateral shear
forces acting on the lumbar spine. The simultaneous occur-
rence of combined loading was quantified by bivariate (two-
dimensional) distributions of compression and anterior shear
forces and compression and lateral shear forces. Note that only
the lifting portions of the tasks were considered in all analyses
in this study. The bivariate distributions were statistically com-
pared among conditions, using the two-dimensional Kolmo-
gorov-Smirnov test.'® This test facilitated the comparison
among various conditions with respect to the extent of simul-
taneously occurring forces on the lumbar spine. Because the
experimental exertions were truly dynamic, rate of loading was
also quantified. This parameter has been shown to be a sensi-
tive measure for reflecting the effect of dynamic loads on spinal
tissue tolerance i vitro.%® Loading rate was estimated by dif-
ferentiating the compression and shear forces with respect to
time (in Newtons per second). For each condition, the average
maximum loading rate for all subjects was determined within
each of the three spinal loading directions (compression, ante-
rior, and lateral shear). Multivariate analysis of variance
(MANOVA) was performed to determine the effect of load,
lifting rate, and asymmetry on the magnitude and rate of net
joint reaction forces (compression, lateral, and anteroposterior
shear forces).
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Table 1. Multivariate Analysis of Variance (MANOVA)
and Analysis of Variance (ANOVA) for Maximum Spinal
Loading: Compression (COMP), Lateral Shear (LATSHR),
and Anterior Shear (ANTSHR}—Type | Error Probabilities
Shown Only for Significant Effects

N ANOVA
Condition MANOVA COMP LATSHR ANTSHR
Lift type (L) < 0.001 < 0.001 < 0.001 < 0.001
Weight (W) < 0.001 < 0.001 < 0.001 NS
Speed (S) NS NS NS NS
LXW < 0.001 < 0.001 < 0.001 NS
LxS NS NS NS NS
WxS$S NS NS NS NS
LXWXS NS NS NS NS

NS = not significant.

B Results

Extension moments for all conditions and all subjects
(198 total trials) were predicted with an average R* of
0.82 = 0.23, with 86% of those trials above 0.5 (0.7
correlation) and 41% above 0.9 (0.95 correlation). The
average absolute error of the predicted moments were
23+ 19Nmand 21 * 12 Nm, for the sagittal and lateral
directions, respectively. Subject gain values averaged to
include all exertions were 74.14 + 22.8 N/cm?, which
falls within the physiologically acceptable range of 30—
100 N/cm?. Thus, the model was able to predict external
trunk moments reasonably and was therefore assumed to
predict spinal loads reasonably.

The results of the MANOVA for the magnitudes of
maximum three-dimensional loading showed a signifi-
cant interactive effect between weight and lift type (P <
0.0001; Table 1). This interaction was significant for
both compression and lateral shear (P < 0.0001), but not
for anterior shear. In Figure 3, the nature of this interac-
tion is depicted. With the exception of lateral shear under
symmetric lifts, maximum spinal loading significantly in-
creased with increases in the box weight (P < 0.001). For
the low weight condition, only lateral shear produced a
significant difference between the two lifting types. With
increase in the lift weight, the anterior shear was signif-
icantly different between the lifting types; and compres-
sion was significantly different only for the medium
weight condition (Newman—Keuls; P < 0.05; Figure 3).

To explore further the nature of combined (complex)
loading conditions on the spine, the simultaneously com-
bined compression and anterior shear, and combined
compression and lateral shear were investigated under
each weight lift type combination. The combined com-
pression and anterior shear observed for all subjects for
each of the weight levels for both the symmetric and
asymmetric lifts are shown in Figure 4. For each weight
level, the bivariate (compression—anterior shear) distri-
bution under the asymmetric condition was statistically
different from the symmetric condition (two-

dimensional Kolmogorov-Smirnov; P < 0.01). When
compared with their respective symmetric lifts, the asym-
metric lifts had a pronounced shift in their distributions
toward the regions of increased combined compression
and anterior shear. For example, the high weight asym-
metric lift condition had approximately 22% of the total
data observed under combined levels of more than 4000
N of compression and 400 N of anterior shear. In con-
trast, the respective high weight symmetric distribution
had approximately 13.5% of the total data observed
under these combined loading levels.

The bivariate distributions of compression and lateral
shear observed in all subjects for each of the weight levels .
for both the symmetric and asymmetric lifts are depicted
in Figure 5. As shown earlier, the magnitude of spinal
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* Symmetric versus asymmetric, significant at p < 0.05

Figure 3. Average maximum loading * standard deviation in all
spinal loading directions under each weight level for the symmet-
ric and asymmetric lifts. Note that the high weight asymmetric
condition is considered a high risk situation, whereas the low
weight symmetric condition would be considered a low risk situ-
ation.
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SYMMETRIC

loading significantly increased with the increase in
weight; however, for each weight level, the patterns of
combined loading differed between the symmetric and
asymmetric lifts. Similar to the combined compression
and anterior shear test, the asymmetric conditions had
substantial shift in thejr distributions toward areas of
simultaneously occurring high magnitudes of compres-
sion and lateral shear. However, under symmetric lifts,
the bivariate distributions showed that lateral shear was

101, 20 DERRA
LI

y W

maintained at rather low levels throughout the range of
compressive loading. For all three weights, more than
90% of the time the lateral shear was maintained at less
than 200 N during symmetric lifts (Figure 5). In contrast,
during asymmetric lifts, lateral shear was observed at
increased levels for a considerable portion of the time.
For instance, for the high weight asymmetric lifts, ap-
proximately 40% of the total data were observed at lat-
eral shear levels exceeding 200 N with some instances
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Figure 5. Bivariate compression and lateral shear distributions for each weight and lift combinations.

reaching higher than 1200 N, combined with substantial
magnitudes of compressive loading. This observation is
further explored in Figure 6, in which the bivariate cu-
mulative distribution functions of the high weight sym-
metric and asymmetric lifts are depicted. In this figure,
the presence of combined loading is indicated at elevated
magnitudes during asymmetric lifts. It should be noted,
as in the case of combined compression and anterior
shear, with each weight level the difference between the

symmetric and asymmetric lifts was statistically signifi-
cant (two-dimensional Kolmogorov-Smirnov; P <
0.01).

The MANOVA of spinal load magnitudes indicated
that there were no statistically significant effects related
to the speed of lift (Table 1). However, the results of the
MANOVA for the loading rates showed a significant
main effect caused by speed and an interactive effect be-
tween speed and lift type (complex loading; P < 0.001;
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Table 2). In addition, there was a significant interaction
between lift type and the weight handled (P < 0.001) as
a function of lift speed (Figure 7). With the exception of
lateral shear under symmetric conditions, within each
weight level the loading rates significantly increased with
speed (P < 0.05). In many instances, the loading rates
under the high speed conditiéns were almost double
those observed under the low speed conditions. The
loading rates increased with weight of the load, with
distinct patterns observed between the two lifting types.
Within each weight level, loading rates under the asym-
metric (complex) lifts were almost consistently higher
than those of the symmetric lifts. This was especially
evident under the high weight condition for compression
and lateral shear.

m Discussion

Results of previous epidemiologic studies have impli-
cated trunk combined or simultaneously occurring mo-
tions and loading as potential risk factors for occupa-
tion-related low back disorders and have emphasized the
importance of quantifying three-dimensional factors to
understand better the loads on the spine during
work, 3293348 However, before this research, the levels
of simultaneously occurring loads that may become
problematic were not well understood. The results of this
study have provided estimates of how the combined
three-dimensional loads act on the lumbar spine during
various lifting conditions. Although the compressive
forces reported in these results were within the range
reported in results of several studies that shared similar
experimental conditions,!1%-12:14:19-21.28,32 the (hree-
dimensional loading experienced in the spinal structures
has been quantified in very few dynamic lifting studies. In
most studies, only the compressive loads are reported in
the findings, without quantification of the shear forces.
In this study, complex three-dimensional loading was
assessed quantitatively iz vivo. The study is unique be-
cause it is designed to account not only for the effects of
dynamic motion variables and inertial forces on the net

Table 2. MANOVA and ANOVA for Maximum Spinal
Loading Rates: Rate of Compression Rate (R_COMP), Rate
of Lateral Shear (R_LATSHR), and Rate of Anterior Shear
(R_ANTSHR}—Type | Error Probabilities Shown Only for
Significant Effects

ANOVA

Condition MANOVA R_COMP R_LATSHR R_ANTSHR
Lift type (L) < 0.001 < 0.001 < 0.001 NS
Weight (W) < 0.001 < 0.001 < 0.001 < 0.001
Speed (S) < 0.001 < 0.001 < 0.001 < 0.001
LxW < 0.001 < 0.001 < 0.001 NS
LxS < 0.001 NS < 0.01 NS
WxS§ NS NS NS NS
LXWXS NS NS NS NS

NS = not significant.

(a) Symmetric lifts; high weight
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(b) Asymmetric lifts; high weight

Figure 6. Compression and lateral shear bivariate cumulative dis-
tribution functions for the high weight symmetric (a) and asym-
metric (b) lifts.

external moment, but also the effects on the internal
loading and muscular recruitment parameters. In most
three-dimensional biomechanical models (e.g., the in-
verse dynamics approach) the external moments are
computed. However, electromyogram-assisted models
are the only class of models that can incorporate the
intersubject and intertrial variability on the internal
loading of the spine. In results of prior studies,?%:37:40
substantial influence of the trunk velocity and accelera-
tion profiles on the recruitment strategies solicited by the
nervous system under similar external moment condi-
tions have been observed. Therefore, this added sensitiv-
ity of the model allows the projection of the complete
effects of workplace factors and dynamic motion profiles
on the spinal loads and their rates. Ultimately, this ap-
proach allows the identification of loading patterns that
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Figure 7. Average maximum loading rate in all spinal loading
directions under each weight-speed combination for the symmet-
ric and asymmetric lifts. Note that the high weight-high speed
asymmetric condition is considered a high risk situation, whereas
the low weight-low speed symmetric condition would be consid-
ered a low risk situation.

expose the spinal structures to loading levels that may
exceed their tolerance limits and could lead to injury.
These situations could be identified and abated through
proper workplace design. In sum, the level of detail pro-
vided by the current approach allows determination of
the magnitudes and temporal occurrences of combined
loading and assessment of the sensitivity of these loading
patterns to workplace characteristics.

Combined Loading
The complex lifting conditions (asymmetric dynamic
lifts) facilitated further understanding of the unique pat-
terns of complex motions observed in groups of elevated
risk in industrial settings.!” Asymmetric lifting condi-
tions in general, and particularly those that had a com-
bination of high weight and high lifting speed (velocity)
exhibited pronounced shifts in their combined compres-
sive and shear forces distributions. The shift in the dis-
tributions was always observed toward elevated magni-
tudes of combined loading (compression—anterior shear;

compression-lateral shear). This indicates that, for a
given weight lifted, the manner by which the worker
performs the lifting task can have a dramatic effect on the
nature of the loading patterns on the spine. This may be
a key element in explaining the mounting epidemiologic
evidence that implicates asymmetric lifting in LBDs. Un-
like symmetric lifts, during asymmetric lifting, the person
is subjected to substantial levels of simultaneously occur-
ring compressive and shear forces for a good portion of
the lift. These types of loads may well surpass the spinal
tissue tolerance and could lead to injury. There is enough
empirical evidence to support this hypothesis.

Shirazi-Adl et al,*? using finite element modeling,
found that the disc anulus was not vulnerable under pure
compressive loading. Duncan and Ahmed!? have shown
that with an intact facet joint, axial rotation does not
impose unusual stress on the structure. However, simul-
taneous loading in multiple directions (combined load-
ing) may constitute a key factor in explaining the failure
mechanism of spinal structures. The results of Gunzburg
et al’s?® in vivo experiment indicated that the axial range
of motion of the lumbar functional units decreased with
flexion, suggesting that the facets restricted the axial ro-
tation. This was hypothesized to be that the bracing ac-
tion of muscular activities caused more load to be carried
by the facets. The altered muscular. activation during
complex loading'®*® may alter the internal load sharing
within the elements of the functional spinal units,>*’
and therefore, may augment the risk of injury.>*>=>*
Shirazi~Adl et al*® have shown that when lateral bending
and twisting occur simultaneously, the disc fiber strain
increases markedly. Shirazi-AdI’* has also shown that
when axial torque is combined with compression, the
disc fibers located at the posterolateral and posterior lo-
cations of the spine become more vulnerable when com-
bined with bending moments. In addition, in reporting
results of a more recent study, Shirazi-AdI*® noted that
when lateral bending and twisting occur during lifting,
facet compressive and shear contact loads increase sig-
nificantly. This may increase the risk of facet injury and
degeneration.

Therefore, when performing industrial tasks that in-
volve complex motions, such as those generated during
asymmetric lifting, it is suspected that the worker may be
at an increase risk of back injury. Quantifying and re-
ducing the percentage of time the worker is exposed to
combined loading may provide an effective means of mini-
mizing the risk of back injury during lifting activities.

Loading Rate
Assessing load rate in vivo could further improve the
assessment of combined loading by providing additional
insight into the effects of dynamic factors on the complex
patterns of spinal loading. Loading rate in the lateral
direction combined with compressive loading rate
seemed to provide a key element in distinguishing be-
tween the symmetric and the complex asymmetric lifts.
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For example, under low weight conditions, both the
compressive and anterior shear rates were comparable
between the symmetric and asymmetric lifts. However,
the lateral shear loading rate was substantially elevated
in the asymmetric conditions. Furthermore, when the
load increased, compressive loading rates were signifi-
cantly increased for the asymmetric lifts in combination
with the elevated lateral shear loading rates. Thus, shear
loading rate increases much more with asymmetric lifts
and is increased greatly with greater weight of the lift.
This may explain why the complex patterns of simulta-
neously occurring lateral and twisting velocities ob-
served in industrial tasks were specific to medium and
high risk groups.!” These complex dynamic motions of
the trunk seem to generate substantial combined loading
rates (and magnitudes), which pose greater risk to the
spinal structures. It is the combination of spinal force
magnitudes and their temporal patterns (i.e., loading
rates) that may provide the distinguishing factor in ex-
plaining the risk imposed on the spine during manual
work. However, comparing loading levels to spinal tis-
sue tolerance obtained under simple, nondynamic in
vitro conditions may not be suitable (especially in that
very few risky conditions in this study exceeded these
simple tissue tolerances). There seems to be enough em-
pirical evidence to support such a notion,'1+46:5%:66,67.69

The response of biomaterials in general and compo-
nents of the spinal structure in particular is time depen-
dent. This time dependency has been described in terms
of viscoelastic (flow-independent) or poroelastic (flow-
dependent) constitutive laws.>¢%>* Therefore, given
such realization, it is essential to quantify both the mag-
nitude and the rate of loading to perform a proper risk
assessment. Stiffness of viscoelastic materials increases at
higher rates of loading, which in turn may affect the
failure mechanism of the material. The load-sharing pat-
terns within the passive elements of the spine is signifi-
cantly affected by the magnitudes, combination, and
rates of the external loads. This complex behavior is
believed to be caused by the heterogeneity of materials,
nonlinear material properties, geometric nonlinearity
(caused by large deformations), and time-dependent ma-
terial properties. Therefore, it has been suggested that
the mechanisms of failure under different loading condi-
tions (magnitudes and rates) would be different.

The viscoelastic response of the nucleus and anulus
fibrosus may significantly affect the stress—strain distri-
bution within the passive elements. Using a viscoelastic
finite element model (FEM) of the L2-L3 motion seg-
ment, Wang et al®>? have indicated that higher stresses
in anulus fibers were experienced at the fastest loading
rates during complex (asymmetric) loading. Their results
indicated that the highest stress in fibers was obtained at
lower fiber strain, and lower overall deformation of the
motion segment at the higher loading rate. In other
words, the ultimate stress can be exceeded at faster load-
ing conditions even under lower angular deformation.

This suggests that risk assessment based on pure angular
position can lead to erroneous conclusions. The current
study results, coupled with the results in FEM studies of
Wang et al,5>%* indicate the need for new experimental
studies to investigate tissue tolerance under dynamic,
complex loading conditions. More complete apprecia-
tion of the current study and its results can be gained
once such a database is developed, whereas the specifi-
cations for future in vitro studies can be drawn from the
results of this experimental study as well as those of
industrial surveillance studies.*!**1”

Note that this experimental study was focused on as-
sessing complex spinal loading observed during dynamic
lifting tasks similar to those observed in a companion
field study.!” In that study, the role of complex trunk
motions in relation to the risk of occupational LBD risk
was examined.

Limitations

This study had several limitations that should be enu-
merated. The model used was mainly driven or assisted
by the electromyogram signals of different trunk mus-
cles. Therefore, the quality of these signals could greatly
affect the performance of the model. The investigator
insured proper preparation and application technique of
the electrodes, along with a systematic and frequent
quality check on all collected electromyogram signals. In
addition, the role of passive tissues was not directly ex-
amined in the current model. However, because the sub-
jects’ maximum sagittal flexion did not exceed 45°, the
contribution of passive tissues is expected to be mini-
mal.** The model did not include all muscles that may
contribute to internal moments. Instead, only the major
load-producing muscles were included. Given the gener-
ally good agreement between the predicted and mea-
sured moments, this assumption seems to hold well. The
study, for practical reasons, was limited in the scope of
the conditions and types of lifts assessed. Further studies
could expand on this study and include a wider range of
situations. Lastly, this study was focused on assessing the
effects of physical factors on spinal loading patterns;
other factors, such as psychosocial factors, may alter or
affect these patterns. Further research is needed to exam-
ine these potential factors.

® Conclusions

Biomechanical and epidemiologic literature has identi-
fied complex motion and loading of the spine as subject-
ing the structure to potentially risky conditions. Ac-
knowledging such potential risk, this study was designed
to explore, in detail, the variation in complex three-
dimensional spinal loading during various dynamic lift-
ing conditions. More specifically, the results of this study
have shown that:

e Investigating only one component of the net result-
ant spinal forces (i.e., compression) and ignoring the
other components may lead to erroneous judgment
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regarding the risk associated with manual materials
handling activities.

¢ The complex dynamic lifting conditions similar to
those observed in industrial risky situations generated
complex patterns of spinal loading. The combination
of compressive and lateral shear loading patterns
(magnitudes and rates) seemed to be a key in distin-
guishing these conditions that may put the spinal
structure at risk.

e There is a need to investigate further the tolerance
of spinal tissue in dynamic, complex loading condi-
tions.

o This approach provides a better understanding of
the mechanical loading imposed on the spine under
realistic biomechanical conditions. Future research
should be focused on coupling this information with
biologic responses to complex loading and, ulti-
mately, should assess the risk of the development of
low back disorders.
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