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Abstract

Normalization of muscle activity has been commonly used to determine the amount of force exerted by a muscle. The most
widely used reference point for normalization is the maximum voluntary contraction (MVC). However, MVCs are often subjective,
and potentially limited by sensation of pain in injured individuals. The objective of the current study was to develop a normalization

technique that predicts an electromyographic (EMG) reference point from sub-maximal exertions. Regression equations predicting
maximum exerted trunk moments were developed from anthropometric measurements of 120 subjects. In addition, 20 subjects
performed sub-maximal and maximal exertions to determine the necessary characteristic exertions needed for normalization pur-

poses. For most of the trunk muscles, a highly linear relationship was found between EMG muscle activity and trunk moment

exerted. This analysis determined that an EMG-moment reference point can be obtained via a set of sub-maximal exertions in
combination with a predicted maximal exertion (expected maximum contraction or EMC) based upon anthropometric measurements.

This normalization technique overcomes the limitations of the subjective nature for the MVC method providing a viable assessment
method of individuals with a low back injury or those unwilling to exert an MVC as well as could be extended to other
joints/muscles] 2001 Published by Elsevier Science Ltd.
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1. Introduction through a method that required the subject to perform a
maximum exertion, followed by a series of successive
Accurate documentation of the muscle activities exertions that increase by 10%. Once the subject was no
between muscle or between conditions requires somelonger able to achieve a targeted exertion, the previous
type of normalization, which has typically been refer- successful level was identified as the MVC. While this
enced relative to a maximum voluntary contraction method was successful in reducing the subjective nature
(MVC) [1]. While the use of an MVC as the reference of MVC, it is limited in application because it applies
point for normalization may account for much of the only to healthy subjects and requires substantial rest per-
potential variability among recording factors (e.g. skin iods and thus, significant time. In addition, Baratta’s
impedance, electrode position, collection methods and MVC method [2] as well as traditional MVC techniques
devices, electrode size and pick-up area, etc.), the reprowould also have limited utility when evaluating individ-
ducibility of this reference point also depends upon the uals who are suffering from low back pain (LBP) since
level of sincerity or motivation solicited during the exer- they may not be willing to generate “true” MVCs.
tion. The subjective nature of these exertions may intro- Keller et al. [3] found that pain during an exertion
duce some level of experimental error. was the most powerful predictor of strength. Addition-
Baratta et al. [2] attempted to overcome this problem ally, many researchers have found significant decreases
in the strength in individuals who suffer from LBP as
compared to individuals with no symptoms [4-12].
" Corresponding author. Tel+1-614-202-6670: fax+1-614-292- 1 nese differences may result from the sensation of pain
7852. and subsequent guarding or a diminished strength
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whether the lower exertion level was due to guarding or as it relates to the relative contribution of the muscle.
if it represents a “true” MVC. In an injured person, exer- Yang and Winter [25] used sub-maximal exertions to
tion sincerity may also be dependent upon the type of normalize muscle activity and found them to be more
exertion, in that, pain may limit strength in one direction reliable than maximum exertions. One could use a sub-
of effort more than another. In order to apply an EMG- maximal reference exertion as long as a means exists to
assisted spinal loading model to an injured population, account for the inherent differences in force generating
new normalization techniques must be developed. Thiscapacity for the various muscles. However, since indi-
study provides the theoretical basis as well as experi- viduals are stronger in certain directions of motion than

mental evidence of one such technique. others (e.g. extensiorflexion>lateral flexior~axial
twisting) [6,7,12,26], determining the actual relative
1.1. Normalization technique level of effort for a given muscle in a multiple muscle

system becomes problematic particularly for arbitrarily
Many MVC normalization techniques assume that selected sub-maximum exertions.
there is a linear relationship between force generated and An alternative method of normalization might be to
EMG level (see Fig. 1). In other words, as force is uni- predict maximum moment generation capacity of a per-
formly increased, there is a corresponding linear son and use a linear equation based upon a series of
response in the activity of the muscle up to the level sub-maximal moments and muscle activities in order to
of the maximum force exertion. Thus, the proportion of establish the EMG—force relationship, thereby providing
muscle activity for any force level below the MVC can a stable EMG reference point. In other words, knowl-
then be represented as a percentage of the EMG levekdge of the EMG—moment slope relationship in addition
relative to the MVC. The linear assumption has been to the predicted MVC or EMC, one can help identify
widely supported in the literature [13—18] although some the maximum EMG level to be used for normalization
researchers have found non-linear relationships [18—24].purposes. Referring to Fig. 1, the dots represent the mus-
It is important to determine whether the linear relation- cle activity at the various sub-maximal exertion levels
ship assumption holds for the muscle of interest, in this while the diagonal line represents the linear slope of the
case trunk muscles. As noted earlier, the MVC normaliz- EMG—moment relationship for these data points. Based
ation method relies upon a “true” maximum exertion. on the derived equation, the maximum reference point
However, as shown by the shaded region in Fig. 1, thewould correspond to the activity for the predicted
MVC may vary depending upon the motivation or pain expected maximum contraction (EMC) (represented by
level of the individual. This variability may result in sub- the vertical line in the figure). Thus, utilization of sub-
stantial MVC variability and influence the interpretation maximal exertions would allow normalization to be
of the EMG signal. independent of the sincerity of the subject's exertion
The goal of any normalization technique is to identify level.

a relative reference point that is consistent across The objective of this study was to establish whether
muscles, across exertions, as well as across subjects. Ththis theoretical normalization technique is a viable
reference point need not be a maximum exertion as longmethod of EMG normalization for biomechanical mode-
ling purposes. A companion paper [27] reports upon the
ability of the EMC normalization method to interface
with an EMG-assisted model that predicts spinal loads.

E 2. Methods
= °
2 . 2.1. Approach
2 O
S The development of this new normalization technique
° consisted of:
1. development of the moment prediction equations; and
MVC 2. the development of the normalization protocol that
or entails two parts;
EMC 2.1. verification of linear EMG—force relationship for
Force Generated (N) all trunk muscles used in our EMG-assisted

Fig. 1. Graph showing the linear relationship between forces gener- model, _and. .
ated and muscle activity with a reference point (either MVC or EMC) 2.2. determination of necessary exertions needed for

(e, muscle activity at a given exerted moment). the normalization protocol.
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2.1.1. Maximum moment (EMC) prediction predicted trunk moment that is based on subjects’
A database was constructed from studies performedanthropometry. This maximum activity provides the ref-
over the past 5 years in the Biodynamics Laboratory. erence point for the EMC normalization technique.
This database included individual anthropometric In order to minimize the number of exertions, the util-
measurements (see variables in Table 1) as well as thaty of the various exertions was assessed. Unnecessary
maximum moments generated during MVC exertions exertions were eliminated from the protocol. An exertion
(collected for normalization purposes for previous was determined to be unnecessary when a MVC for any
studies). Regression equations were developed to predicof the ten trunk muscles occurred during the exertion
the maximum contraction moments or EMCs from vari- <20% of the time. Minimizing the number of exertions
ous anthropometric measurements. These equations proreduced the potential effects of fatigue and injury when
vide the estimated maximum exertion values that will be the technique is employed to assess injured subjects.
inputted into the muscle specific EMG—moment equa-
tions. 2.2. Subjects

2.1.2. EMC Activity Prediction The EMC Predictiondatabase was constructed using
MVC data from 120 subjects (63 males and 57 females).

2.1.2.1. EMG—force linearity A separate population These subjects were recruited from the general univer-

of subjects performed several sub-maximal exertions assity population. The subjects used in tB&C Activity

well as the maximum exertions used to normalize muscle Predictionportion of the study consisted of 20 male stu-

activities [28]. EMG and exerted moment data collected dents. Complete anthropometric data for the subjects

during theEMC Activity Predictionphase served as a recruited for the study are shown in Table 1. All subjects

verification of the linear EMG—moment relationship for were asymptomatic for LBP in the previous year.

the ten trunk muscles evaluated in the EMG-assisted

model. 2.3. Apparatus

2.1.2.2. EMC normalization protocol The EMG and Electromyographic (EMG) activity was collected
moment data from these same subjects were also usedhrough the use of bi-polar silver—silver chloride elec-
to determine which exertions provide the best prediction trodes that have a 4 mm diameter and were spaced ca.
of the EMC reference points. For each subject, EMG— 3 cm apart. Electrodes recorded activity at the ten major
moment relationships were established for each muscletrunk muscle sites consisting of: right and left muscle
by using the appropriate sub-maximal directional exer- pairs of erector spinae; latissimus dorsi; rectus abdom-
tions (e.g. extension for erector spinae). These sub-maxi-inis; external obliques; and internal obliques. The elec-
mal exertions provide points to establish the linear equa-trodes were 4 mm in diameter. The locations of the elec-
tions that predict the maximum activity given the trodes were as follows:

Table 1
Anthropometry of the subjects used to develop the EMC normalization technique

EMC prediction Maximum activity prediction

Males (63) Females (57) Males (20)

Mean SD Mean SD Mean SD
Age (years) 23.1 2.8 22.3 3.6 24.6 3.4
Weight (kg) 77.5 13.3 60.4 9.5 81.5 11.4
Standing height (cm) 1775 7.3 165.6 6.2 179.7 7.1
Shoulder height (cm) 144.2 17.0 137.5 5.9 144.2 23.0
Elbow height (cm) 106.9 13.1 102.2 4.4 110.5 55
Upper leg length (cm) 44.7 4.7 44.7 7.1 44.5 7.2
Lower leg length (cm) 55.1 3.9 51.2 4.1 55.7 4.0
Upper arm length (cm) 36.3 5.0 345 1.9 37.3 3.1
Lower arm length (cm) 47.1 5.6 43.7 2.3 48.2 2.5
Spine length (cm) 60.5 6.6 52.7 7.5 59.1 3.3
Trunk depth at iliac crest (cm) 22.4 6.0 18.0 25 23.6 5.4
Trunk breath at iliac crest (cm) 29.3 35 26.8 3.1 30.3 3.8
Trunk depth at xyphoid process (cm) 22.2 3.2 19.2 2.1 22.8 3.1
Trunk breath at xyphoid process (cm) 311 6.6 26.4 1.7 31.0 2.0

Trunk circumference (cm) 77.9 17.2 73.3 9.5 73.3 24.1
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1. erector spinae muscles — over the largest musclewas employed to display the real-time moments about
mass found by palpation and ca. 4 cm from midline L5/S1 for all exertions.
of the spine at the third lumbar vertebrae (L3); All signals from the aforementioned equipment were
2. latissimus dorsi muscles — at the most lateral portion collected simultaneously  through customized
of the muscle at the ninth thoracic vertebrae (T9); Windowd]-based software developed in the Biodynam-
3. rectus abdominus muscles — 3 cm from the midline ics Laboratory. The processed signals were collected at
of the abdomen and 2 cm above the umbilicus; 100 Hz and recorded on a portable computer via an ana-
4. external oblique — 10 cm from the midline of the log-to-digital converter.
abdomen and 4 cm above the ilium at an angle of

45°; and 2.4. Procedure
5. internal oblique muscles — 4 cm above ilium in the
lumbar triangle at an angle of 2529]. EMC Predictiondata were gathered from MVC exer-

tions of existing studies collected in the Biodynamics
The raw EMG signals were pre-amplified, high-passed Laboratory. The exertions included: sagittal flexion;
filtered at 30 Hz, low-passed filtered at 1000 Hz, recti- right and left lateral bending; and clockwise and counter-
fied, and smoothed with a low pass filter of a 20 ms clockwise twist in the upright position (e.g? @lexion),
sliding window. and sagittal extension with the trunk at a°2Z@rward

During the static MVC and sub-maximal exertions, flexion angle (described by Marras and Mirka [28]).
subjects were restrained at the shoulder through theEach exertion was performed with 2 min of rest between
asymmetric reference frame (ARF) (Fig. 2) [28,30,31] exertions to reduce the effects of fatigue [33]. In
and at the pelvis by the pelvis support structure (PSS)addition, anthropometric measurements were taken (see
(Fig. 2) [32]. The ARF provided static resistance against Table 1 for the complete list).
the upper body. The PSS was directly attached to a force Subjects who participated in tHeMC Activity Predic-
plate (Bertec 4060A, Worthington, USA) at the base and tion portion of the study performed the MVC exertions
restricted pelvic and lower body motion. The forces and as well as a set of sub-maximal exertions in each of the
moments measured at the center of the forceplate wereest exertion directions (e.g. extension, flexion, right and
translated and rotated to L5/S1 by knowing the relative left lateral flexion, and clockwise and counter-clockwise
position in three-dimensional space [32]. A computer twist). Anthropometric measurements were collected and
a consent form approved by the University Institutional
Review Board was signed. Surface electrodes then were
applied using standard placement procedures for muscles
of interest [29,34,35]. Skin impedances were kept below
100 KQ. The subject then was placed into the PSS and
ARF where they performed the MVC followed by the
sub-maximum exertions that were completed in ran-
dom order.

The sub-maximal exertions included low-level target
values as well as subjective (e.g. half of maximum) exer-
tions. During the low-level moment exertions, the sub-
jects controlled the exertion through feedback using a
computer monitor that displayed the appropriate meas-
ured moment from the force plate. Subjects maintained
the isometric exertion for 3—4 s in a window with a toler-
ance of+3%. The low level exertions were dependent
on the direction of applied moment. In order to utilize
the proposed normalization method in evaluating indi-
viduals with LBP, low levels of moments in each of the
directions were introduced to minimize the risk of injury
as well as limit the influence of potential pain. The levels
for extension and flexion were 40, 60, and 80 Nm, for
right and left lateral flexion were 30, 60, 90 Nm and for
clockwise and counter-clockwise twist were 10, 20, and
30 Nm. The subjective conditions required the subjects
exert to the level in which they perceived to be one-
Fig. 2. A subject performing extension exertion within the Pss third, one-half, and two-thirds of their maximum ability
and ARF. in each of the directions. During these subjective exer-
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tions, subjects were not given visual feedback of the a consistent trend in the amount of variability explained
exerted moments. All exertions were followed by 2 min across all models (see correlations in Table 2).
of rest [33].

3.2. EMC Activity Prediction
2.5. Data analyses

Multiple linear regression techniques were used to 1 ne utility of theEMC Predictionregression models
predict the maximum trunk moments exerted from the Was confirmed by evaluating the maximum measured
anthropometric measurements. The moments of interesf'OMents obtained during tHEMC Activity Prediction
were: sagittal moment during extension and flexion exer- While the predicted maximum moments were often
tions; lateral moment during right and left lateral flexion found to be greater than actual measurements, the per-
exertions: and axial moment, lateral-axial resultant centa_lge difference between predicted and measuret_j was
moment, and sagittal-lateral-axial resultant moment dur- consistent across all trunk moments. The average differ-
ing clockwise and counter-clockwise twisting. The final €NC€ across all moments was an over-prediction of about
regression models for each of these trunk moments cor-3°-6%: For a given moment direction, the average error
responded to the “best” five-factor model resulting in the Petween exerted and predicted moments ranged from 1
highestr2 values. For each moment, an exhaustive searcht® 52%.
of all five variable combinations as well as stepwise
regression techniques was completed using SAS [36]3.2.1. EMG—force linearity
statistical software. The inclusion of additional variables Strong linear relationships were found between the
into the models was found to add limited explanatory trunk muscle activities and primary trunk moments
value, thus, the models were limited to five variables. (Table 3). The strongest linear relationships were found
Moment prediction models based on theoretical con- for the erector spinae, rectus abdominus, and external
siderations such as height, weight, and age (factorsand internal oblique muscles during flexion and exten-
known to relate to strength) were initially entered into sjon exertionsr(>0.92). The correlations for the EMG—
the models a priori. These variables were also chosen inmoment models for all the muscles when exerting as an
stepwise regression procedures. agonist (indicated as bold letters in Table 3) were above

Univariate linear regression techniques were used t00.61, indicating that the assumption of a linear relation-
evaluate the linear relationship among the various ship between moment and EMG holds for the trunk
muscles activities and corresponding trunk moments. muscles of interest. Antagonistic muscles were also
Descriptive statistics of the level of association between found to have a linear relationship between moment
muscle activities and trunk moments were computed exerted and muscle activity r$¥0.54), indicating
across subjects (e.g. mean and standard deviations of théncreased coactivity with increased force exerted.
correlations). The set of directional exertions needed for
the normalization technique was determined by evaluat- L
ing the effectiveness of predicting the maximum pre- 3-2-2. EMC normalization protocol

dicted moments (based on regression equations) as well !N order to develop a normalization technique that
as determining where maximum values of activity _reduce_s .the potential .for fatigue or_|njury_wh_en_ evalu_at—
ing an injured population, any exertions with limited util-

occurred. . o o A )
ity were eliminated to minimize the number of exertions
(e.g. limit the number of directions for the normalization
exertions). The majority of the maximum moment values
3. Results during the MVC exertions occurred in either flexion or
extension (63%). The MVC maximum values for the
3.1. EMC Prediction specific muscles occurred only 13.5% of the time in both

the left and right lateral bending directions while the
The best five-variable models based on anthropometrytwisting exertions resulted in maximum values 23.5% of
found for each of the trunk moments are shown in Table the time. Thus, the lateral exertions resulted in the lowest
2. When gender entered the models, the coefficient waspercentage of maximum values and would have only
negative indicating lower strength for females. The posi- increased the magnitudes of the values by 14% for the
tive regression coefficients for standing height indicated corresponding muscles (e.g. 13.5% of the MVC values).
increased strength for taller individuals. The negative Based on this data, the sub-maximum exertions in exten-
regression coefficients for body weight indicated that sion, flexion, and clockwise and counter-clockwise twist
heavier individuals had decreased strength when otherwere considered to be the most appropriate set of exer-
variables were controlled for in the regression model. tions in obtaining reference values while minimizing the
The predictability of all the models was moderate with number of exertions.
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Table 2

Moment prediction regression results for the three-dimensional exerted trunk moments developeBINtCtiRFedictionphase
Trunk moment direction Regression equation Correlation
Sagittal moment foextension  —1076.3%13.74STHT—123.9%4GNDR—3.16xWGHT+4.05<ELHT —15.23LLL 0.460
Sagittal moment foflexion —920.02-11.5&STHT+2.98<ELHT —15.05<LLL —17.06<TBI+2.25xTC 0.433
Lateral bending moment faight _gaq 3.8 75¢STHT—78.1%GNDR—1.8XWGHT—9.71xLLL +1.53TC 0.468
lateral bending

Lateral bending moment fdeft _, 1 g6 g7xSTHT—62.25XGNDR—1.4IXWGHT—6.43LLL —3.75<ULL 0.382
lateral bending

Axial moment forclockwise twist—47.43+0.57xSTHT+—16.48GNDR—.20cWGHT—0.8XTDI+2.71xTDX 0.357
Lateral axial resultant moment _gq 5q.1 gSTHT-43.0%GNDR—0.7IXWGHT+3.24<AGE—2.36<ULL 0.383
for clockwise twist

Sagittal-lateral-axial resultant

moment forcounter-clockwise —823.1H%#3.98xSTHT—2.0IxXWGHT+6.40cAGE+4.47<LAL +11.96<TDX 0.363
twist

Axial twist for clockwise twist —228.7#1.26<STHT—0.52xWGHT—0.51xULL +1.32xLAL +5.19xTDX 0.394
Lateral-axial resultant moment _ 7 g3 52 THT-30.0¢GNDR—0.72<WGHT+0.8XELHT —3.68<LLL 0.380
for counter-clockwise twist

Sagittal-lateral-axial resultant

moment forcounter-clockwise —596.3%7.4STHT+5.1%AGE—8.42xLLL —11.7&TBI+1.67xTC 0.454

twist

a STHT, standing height (cm); GNDR, gender (mal@sfemalesl); AGE, age (years); WGHT, weight (kg); ELHT, elbow height (cm); LLL,
lower leg length (cm); ULL, upper leg length (cm); TC, trunk circumference (cm); TBI, trunk breadth at illiac crest (cm); TDI, trunk depth at
illiac crest (cm); TDX, trunk depth at xyphoid process (cm); and LAL, lower arm length (cm).

Table 3
Summary of the correlations between individual trunk muscles and exerted trunk momentsMaxingum Activity Predictiorfbold correlations
indicate agonistic muscle for the corresponding moment generated)

Trunk moment direction Trunk muscle

LLAT RLAT LES RES LABS RABS LEO REO LIO RIO

Sagittal moment foextension 0.81 0.83 0.95 0.95 0.73 0.72 0.86 0.83 0.92 0.93
Sagittal moment foflexion 0.80 0.84 0.73 0.66 0.96 0.95 0.95 0.96 0.83 0.86
Lateral bending moment faight 071 084 066 073 073 08 077 090 066 085
lateral bending

tgféf‘n'gbe”d'”g moment fdeft lateral 05 76 070 064 089 079 092 081 086 067
Axial moment forclockwise twist 065  0.81 066 068 075 075 083 083 068 084
Lateral-axial resultant moment for ¢, 676 058 059 068 071 080 079 061 076
clockwise twist

Sagittal-lateral-axial resultant moment, g5 67 g4 069 078 076 075 080 071 075
for clockwise twist

Axial twist for counter-clockwise twist 0.84 0.80 0.72 0.61 0.79 0.79 0.90 0.90 0.85 0.76
Lateral-axial resultant momentfor gy 575 gg» 054 077 080 085 087 081  0.72
counter-clockwise twist
Sagittal-lateral-axial resultant moment

i : 0.76 0.74 0.69 0.58 0.83 0.80 0.84 0.82 0.77 0.70
for counter-clockwise twist

4. Discussion it minimizes the subjective nature of the exertions due
to motivation.

This study describes a normalization method that The EMC normalization technique relied upon several
overcomes potential limitations of traditional MVC underlying relationships. First, we assumed there was a
methods. The EMC normalization technique provides a relationship between anthropometric measurements and
viable reference point for individuals that may not exert the exerted trunk moments. The regression equations
sincerely, in particular, individuals with an injury. This developed to predict the exerted trunk moments in the
method minimizes the effects of guarding on the refer- six directions of interest (e.g. extension, flexion, right
ence point prediction since increased guarding would and left lateral bending, and clockwise and counter-
increase coactivity at higher exertion levels. In addition, clockwise axial twisting) did not explain a large portion



W.S. Marras, K.G. Davis / Journal of Electromyography and Kinesiology 11 (2001) 1-9 7

of the variability in maximum moment. The lack of Based on this linear assumption and predicted moment
accountability of the variability in moment may have regression models, the reference points for each of the
resulted from the subjective nature of the MVC exer- ten muscles were predicted. A set of sub-maximal exer-
tions. While all possible steps were taken to reduce thetions provided the linear EMG—moment relationship that
potential of non-maximum exertions (e.g. verbally was extrapolated to the predicted exerted maximum
encouraged, visual verification of moment exerted, moment resulting in the reference point for the specific
screened for LBP, etc.), motivation, pain, or other per- muscle. The utility of providing an appropriate reference
sonal factors may still have limited the exertion levels. point indicated the lateral bending exertions could be
As expected, this finding may emphasize the highly vari- eliminated from the set of exertions needed for the EMC
able nature of MVCs. The low percentage of variability normalization technique. This allowed the number of
explained in these models may also reflect the extremelyexertions to be minimized in order to reduce the chances
complicated relationship between strength and personalof fatigue and further injury when the technique is
factors. Several other authors have found similar corre- applied to evaluate an injured population. The number
lations with single anthropometric variables and various of exertions in each direction was chosen to be six for
trunk strength measurements [37-41]. Mital and Ayoub the EMC normalization technique with three low-level
[42] reported a multivariate regression model that and three subjective exertions. It was determined that
accounted for 46% of the variability in static extension these six exertion levels provided sufficient variability
strength. However, one of the variables in the model wasin exerted moment to accurately represent the linear
static arm strength, indicating that “true” anthropometric relationship between moment and muscle activity. For
measurements would account for less of the variability. several subjects, the trunk moments during the subjective
Other authors have found leg strength to be mildly exertions were very close in magnitude.
related to various anthropometric measurements [43— During the EMC Activity Predictionphase, the pre-
45]. Thus, the predictability of the current regression dicted moments were found to be greater than the actual
models was similar to strength prediction models found MVC by an average of 35%. In support of this finding,
in the literature. Baratta et al. [2] found that subjective MVC exertions
These models were also found to be very consistentwere 25-30% below the “true” MVC. This indicates that
across the various trunk moments. Standing height wasthe predicted values might actually be estimates of a
a good predictor of the moment exerted for all the mod- “true” MVC. Further investigation of the moment com-
els while weight and gender were also found to be sig- parisons revealed that five subjects provided maximum
nificant predictors in many models. An unexpected trend exertions that were significantly lower than that pre-
occurred for body weight in that strength decreased with dicted (between 66 and 125% over-prediction). When
increased weight. This trend may actually represent thethese five subjects were removed from the summary stat-
effect of body fat on the strength of the individual, that istics, the average over-prediction error was 14.6% with
is, body weight may be a surrogate for non-muscle massall values below 35%. The differences between the mea-
tissue when the other variables in the models are takensured and predicted maximum trunk moments for all the
into account. directions were around the same relative level. These
The EMC normalization and MVC normalization differences may be reflective of the wide range of motiv-
techniques rely upon the assumption of a linear relation- ations when performing MVCs in either the original
ship between muscle activity and exerted trunk moment. EMC Predictionor EMC Activity Predictiondatasets.
In the current study, the sub-maximum exertions yielded In order to properly utilize this method, one must
a highly linear moment—EMG relationship with corre- understand a few of the limitations of the method and
lations being>0.73 and many exceeding 0.9. The lower its development. One must recognize that the moment
correlations were found for the twisting exertions where prediction equations explained a small proportion of the
the exerted trunk moments were much more complex. overall variability in trunk moment. But, this is probably
For extension, flexion, and lateral bending exertions, the comparable to the variation associated with sincerity. In
primary moment (e.g. sagittal moment during extension addition, the current method could be easily adjusted to
and flexion or lateral moment during lateral bending) incorporate better predictive models, possibly including
comprised a greater percentage of the resultant momentactors such as muscle size, muscle fiber type, and physi-
(exceeding 90%) while the axial moment during twisting cal fithess of the individual. The current regression mod-
exertions accounted for only 45% of the overall moment. els do, however, seem to provide a similar relative level
A linear relationship between muscle activity and force of moment for the various exertion directions.
exerted has been widely documented for a wide variety During the EMC Activity Predictionphase, the sub-
of muscles [13-15,17,18,46]. It appears that a linear jects were all males. The objective of this phase was to
relationship between muscle activity and force exerted verify the linear relationship between muscle activity
also holds for the trunk muscles evaluated in the cur- and moments exerted as well as develop the method pro-
rent study. tocol. While it is possible that the linear relationships
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may not be appropriate for females, females were tested Isometric and isokinetic lifting simulation in normal subjects and
in the validation part of this study (published in the com- low-back dysfunction patients. Spine 1985;10(10):921~7.

anion paper [27]) and were found to have a linear [6] Kumar S, Dufresne RM, van Schoor T. Human trunk strength
P pap profile in lateral flexion and axial rotation. Spine

EMG-moment reIationship. 1995;20(2):169-77.

Finally, the EMC protocol seems to rely heavily on [7] Langrana NA, Lee CK, Alexander H, Mayott CW. Quantitative
the fact that a linear relationship exists between muscle assessment of back strength using isokinetic testing. Spine
activity and moment exerted. While this method has 1984:9(3):287-90.

P - . . . [8] Mayer TG, Smith SS, Kondraske G, Gatchel RJ, Carmichael TW,
been |n|t|aIIy develOped using this relatlonShlp' the Mooney V. Quantification of lumbar function: Part 3: preliminary

method could be easily adapted to incorporate more data on isokinetic torso rotation testing with myoelectric spectral
complex relationships such as higher-order polynomial analysis in normal and low-back pain subjects. Spine
or exponential relationship. One must only determine 1985;10(10):912—20.

which is the most appropriate relationship to adopt when [9] McNeill T, Warwick D, Andersson G, Schultz A. Trunk strengths

predicting the EMC value. Thus, this method could be in attempted flexion, extension, and lateral bending in healthy

o . subjects and patients with low-back disorders. Spine
adapted to muscles groups that exhibit non-linear EMG— 1980:5(6):529-38.

force trends. [10] Newton M, Thow M, Somerville D, Henderson |, Waddell G.
Trunk strength testing with iso-machines Part 1: experimental
evaluation of the cybex Il back testing system in normal subjects
and patients with chronic low back pain. Spine
1993;18(7):812-24.

[11] Newton M, Waddell G. Trunk strength testing with iso-machines

The current study provides the theoretical foundation Part 1. review of a decade of scientific evidence. Spine

5. Conclusion

of a normalization technique (EMC) other than the tra- 1993;18(7):801-11.

ditional MVC method. An EMG-moment reference [12] Pope MH, Bevins T, Wilder DG, Frymoyer JW. The relationship
int b btained b leti t of sub . between anthropometric, postural, muscular, and mobility charac-

point can be obtained by completing a set of sub-maxi- teristics of males ages 18-55. Spine 1985;10(7):644-8.

mal exertions Combineq with an EMC moment that is [13] chaffin DB, Lee M, Freivalds A. Muscle strength assessment
based on anthropometric measurements. The EMC nor-  from EMG analysis. Medicine and Science in Sports and Exercise
malization technique overcomes the limitations of the 1980;12(3):205-11.

Subjective nature for the MVC method particularly [14] Hagberg M. Work load and fatigue in repetitive arm elevations.

. T P . Ergonomics 1981;24(7):543-55.
when evaluating individuals with injuries. A companion [15] Milner-Brown HS, Stein RB. The relation between the surface

paper [27] provides a_n assessment_ Of the utility O_f thIS electromyogram and muscular force. Journal of Physiology
method when evaluating muscle activities and predicting 1975:246:549—69.

spinal loads. Furthermore, the method could easily be [16] Moritani T, Muramatsu S, Muro M. Activity of motor units dur-
adjusted to predict reference points for other muscles and ing concentric and eccentric contractions. American Journal of

joints as well as account for non-linear EMG—force Physical Medicine 1988,66(6).338-50.
relationships [17] Perry J, Bekey GA. EMG—force relationships in skeletal muscle.

CRC Critical Reviews in Biomechanical Engineering
1981;7(1):1-22.
[18] Woods JJ, Bigland-Ritchie B. Linear and non-linear EMG/force

relationships in human muscles. American Journal of Physical
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