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ABSTRACT
CHOI, H. and RAY VANDERBY, JR. Muscle forces and spinal loads at C4/5 level during isometric voluntary dffedsSci. Sports
Exerc.,Vol. 32, No. 4, pp. 830—-838, 200Burpose: The goal of this study was to determine neck muscle forces and spinal loads that
result from isometric muscle contractionslethods: Electromyographic (EMG) activity of the neck musculature and a three-
dimensional biomechanical model of the neck were used. The model was EMG-based and estimated muscle forces and spinal loads
at the C4/5 level. EMG signals were collected from eight sites at the C4/5 level of the neck using Ag-AgCl surface electrodes from
10 adult male subjects. The subjects performed isometric contractions gradually developing to maximum efforts in flexion, extension,
left lateral bending, and right lateral bendirResults: During maximum voluntary contraction (MVC) trials most muscles generated
high levels of EMG signal during cervical rotation. The posterior surface of the neck (trapezius) was the only electrode site at which
maximum activity EMG consistently occurred by the same method (rotation) in all subjects. Variations in the EMG patterns were
observed in different experiments that produced overall neck moments of equal magnitudes. With these data the model computed
variations in load distribution among the agonist muscles. Consistent also with EMG distributions, the model also computed
co-contractions of antagonist muscles. The averag8D) magnitudes of peak moments were 28:33.3) Nm in extension, 17.74
3.1) Nm in flexion, 16.9 £ 2.8) Nm in left lateral bending, and 17.6:(2.9) Nm in right lateral bending. The model predicted C4/5
joint compressive forces during peak moments were 137240) N in extension, 1654+ 308) N in flexion, 956 f= 169) N in left
lateral bending, and 1065:(207) N in right lateral bendingConclusions:Results suggest that higher C4/5 joint loads than previously
reported are possible during maximum isometric muscle contrac@ysWords: CERVICAL SPINE, NECK MODEL, MAXIMUM
VOLUNTARY CONTRACTION, ANTAGONISTIC CO-CONTRACTION

njury of the cervical spine presents a number of diag- (16). A major weakness of optimization models is that they

nostic issues with frequent sites of cervical spinal injury do not predict co-contraction of antagonistic muscles, yet

at the C5 level (74%), C4 level (16%), and C6 level the co-contraction of muscles developing opposing mo-
(10%) (27). The pathogenesis of neck pain, however, is ments about a joint is a common experimental observation
often unknown (24). Generally, mechanical factors are in- (11). The optimization models often predict muscles to be
volved in the cause of some neck pain. Thus, a betterinactive in situations where significant EMG activity is
knowledge of the neck muscle forces and spinal loads im- observed (9,19,21,22).
posed by the performance of physical tasks will help dif- The EMG-based approach, on the other hand, predicts
ferentiate possible causes of neck pain. In addition, this co-contractions of antagonistic muscles together with the
knowledge will be useful for diagnostic, surgical, preven- various patterns of agonistic synergy (13). The EMG-based
tive, and rehabilitative medicine. approach is sensitive to subject and trial differences in the

One of two possible approaches, the optimization tech- magnitudes of individual muscle forces needed to produce
nique or the EMG-based technique, is typically used to the same reaction moment. In contrast, the optimization
solve the statically indeterminate problem in biomechanical method shows a similar estimate of muscle forces for all
modeling of body segments. Although optimization models subjects and trials producing the same moment. The EMG-
have proven useful in predicting muscle forces from inter- based model has proven to be a valuable method to deter-
segmental moments, some discrepancies between modeiine muscle forces and spinal loads in the low back. For
predictions and empirical results exist. For example, some example, a dynamic model of the lumbar spine was used to
coefficients of linear correlation between predictions of a estimate forces in active tissues using a myoelectrically
neck model and experimental results were 0.29 and 0.33based strategy and in passive structures from estimates of
strain (12-14).
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Copyright © 2000 by the American College of Sports Medicine co-contraction, Hughes et al. (8) applied K-K-T (Karush-
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increased substantially by co-contraction and that, in specialbilaterally denoted as anterior, anterolateral, posterolateral,
circumstances, co-contraction may be able to decrease theand posterior. Their locations approximated azimuth angles
spinal compression in a conventional torso optimization of 35°, 70°, 105°, and 150°, respectively: midway between
model that is used extensively in studies of the lumbar spine.the anterior midline and the anterior border of the sterno-
Cholewicki et al. (3) myoelectrically examined antagonistic cleidomastoid (SCM) muscle, midway between the anterior
muscle co-contraction during slow trunk flexion and exten- and posterior borders of the SCM muscle, midway between
sion tasks around neutral posture. When mechanical stabil-the posterior border of the SCM muscle and anterior border
ity criteria were considered, their inverted pendulum trunk of the upper trapezius muscle, and midway between the
model predicted trunk muscle co-contraction levels neces- anterior border of the upper trapezius muscle and the pos-
sary to maintain spine stability that corresponded very well terior midline (16). In this study all metal disk poles within
to their experimental results. In addition, they observed that a pair of bipolar surface electrodes were spaced between 10
antagonistic muscle co-contraction increased in response taand 20 mm apart center to center.
increased axial load on the spine. Thelen et al. (26) used a After the electrodes were affixed, each subject performed
myoelectric signal-muscle stress model and consecutive op-two sets of isometric tasks calling for neck muscle contrac-
timization routines to calculate muscle forces including co- tions. The first set of tasks was to provide a basis for EMG
contraction in a human lumbar spine model. To quantify the normalization. It consisted of maximum isometric efforts to
degree of co-contraction, they subdivided the predicted produce the largest amplitudes of EMG activity from the
muscle forces into two sets, task-moment set and co-con-selected neck muscles. For this purpose two basic isometric
traction set of muscle forces that produced zero net moment.restraint strategies were used in which subjects attempted to
Their analysis suggested that substantial contractions ofproduce maximum muscle activity. The first strategy con-
lumbar muscles, especially during asymmetric exertions, aresisted of maximum isometric exertions while the subject
used for reasons other than equilibrating moments at thewas sitting on a restraint chair. The upper body was fixed to
L3-L4 level. the chair, and the head was restrained by a cord and head
To our knowledge, there have been no biomechanical strap from a fixed wall. Then extension, flexion, left lateral
models of the neck that have used an EMG-based approactbending, and right lateral bending efforts were performed
and therefore no models that have considered the effects ofwith resistance supplied by the wall. The second strategy
antagonistic muscle forces on cervical spinal loading. Pur- was to record muscle activity during maximum isometric
suant to these effects, the following hypotheses were testedrotation efforts. These rotation efforts were performed with
in this study: 1) substantial levels of antagonistic co-con- the head in neutral position, 30° prerotated to the left, and
tractions and variations in muscle activation are present in 30° prerotated to the right with the body and neck in an
neck musculature of neutral posture during voluntary iso- upright posture. An assistant provided a matching resistance
metric efforts; 2) the EMG-based model predicts various to the subject’s head during the maximum rotation effort.
muscle force distributions including antagonistic muscle During the first set, loads were measured for extension,
forces that correspond to the cervical muscle activation flexion, lateral bendings, but rotation loads were not mea-
patterns; 3) when including antagonistic muscle forces in an sured. Three trials were collected during the first set. The
EMG-based model, estimates of spinal compressive loadslargest EMG activity observed during any of these strategies

are higher than previously reported. was taken as 100% MVC for each particular muscle.
In the second set of tasks, subjects performed near max-
METHODS imum, isometric, and voluntary efforts in extension, flexion,

left lateral bending, and right lateral bending. Each subject

Experimental design. Ten healthy male volunteer was instructed to gradually build up to maximum efforts,
subjects (mean age SD: 31.2+ 2.0 yr) who had no history ~ peaking at about 5 s. Three trials of each effort were per-
of neck injury or notable neck pain participated in the formed. During the second set, all loads were measured by
experiment. Each subject provided written informed consent a fixed force transducer. In total, each subject performed 42
to participate. The experimental protocol was approved by isometric quasi-static tasks. A 2-min recovery period was
the Department of Kinesiology Human Subjects Committee, allowed between contractions to avoid fatigue.

University of Wisconsin-Madison. The subjects were asked The EMG signals were preamplified, further amplified,
to sit in a chair. Their upper body and arms were strapped full-wave rectified, low pass filtered (cutoff frequency: 3
with Velcro (Velcro USA, Manchester, NH) to a board fixed Hz) (using Grass Instruments), and A/D converted (100 Hz)
behind the chair and their hands placed on their laps. A sequentially. Finally, the digitized signals were saved to a
headband (made with Velcro) was worn by each subject, personal computer. Signals from the force transducer were
and the headband was connected with a rope to a fixed forcefed to an amplifier, A/D converter (100 Hz), and then saved
transducer. to the computer.

Electromyographic signals were measured with eight Measured external loads and the estimated weights of the
pairs of bipolar Ag-AgCl surface electrodes (diameter of subjects’ heads were used as input values of the model. The
disk, 6 mm; Grass Instruments, Quincy, MA) affixed around weight of the head was assumed to be 7.3% of the subject’s
the neck at the C4/5 level. The C4/5 level was located by total body weight with a center of mass acting midway
palpation of the vertebrae. Eight electrode locations were between the ears (5).
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TABLE 1. Grouping of muscles modeled on each side of the neck.

Muscles Grouped emq E (r2|f><| r><|f2|) n=28 (2)

Anterior Platysma, infrahyoid
Anterolateral Sternocleidomastoid, longus colli and cervicis,

scalene anterior
Posterolateral Scalene medius, longissimus cervicis, levator Memg = E (ryifyi = ryf), n= 28

scapulae, slpenius cervicis
Posterior Multifidus, semispinalis cervicis, semispinalis

capitis, slpenius capitis, trapezius E (GMemg — M2 = min 3)

k=xy,z
EMG-based biomechanical neck model. To con- where M,, M,, and M, are total moments necessary to

struct the human neck model, the origin of an orthogonal balance moments actmg on the joint abryy, andz axes;
coordinate system was located at the disk center of the C4/5G is common gainf,;, f,;, andf, are estimated individual
level. Positive directions were chosen as the left, posterior, muscle forces in thg, y, andz joint axes directions, respec-
and superior. In this model the C4/5 motion segment was tively; r,;, r,;, andr,; are muscle moment arms with respect
assumed to resist only compressive and shear forces but noto thex, y,andz joint axes; anMep,g is the total moment
bending or rotational moments (16). This assumption was calculated from muscle forces acting on the joint aboyt
also used with lumbar spine motion segments by Schultz etand z axes (2). A common gairG, is introduced to com-
al. (19-21). In this study we used anatomical data of the pensate for overall systematic errors in the initial assessment
neck model reported by Moroney et al. (16). They used a of muscle forces (4).
scaled cross-sectional anatomy drawing of the C4 level to  For calculation of the EMG-based model, each EMG
calculate the anatomical data. To determine the relative areasignal was normalized to the maximum EMG value ob-
of the cross-section of each muscle, they pasted a reproductained from the MVC trials. Then, with these normalized
tion of the drawing onto a uniform sheet of cardboard and EMG values and EMG-muscle force relationship (equation
then weighed cutouts of each muscle cross-section and thet), the first assignment of muscle forces was made. These
total cross-section defined by the neck diameters. They usedsteps were done on a spread sheet (Quattro Pro 6.0, Novell,
linear scaling to determine the centroid locations relative to Inc., Orem, UT). The gain values, was calculated using
neck diameters and used scaled cross-sectional drawings aATLAB (MATLAB V4.2¢0.1, The MathWorks, Inc.,
adjacent levels to determine the muscle lines of action. Natick, MA) with EMG-based model program and the first
Muscle centroidal coordinates were expressed relative to themuscle forces assignment. After the gain value was ob-
frontal and sagittal plane neck diameters; their areas weretained, the final muscle forces were calculated by multiply-
scaled relative to the product of the diameters. ing the first muscle forces set by the gain value. With these
In this study, 14 pairs of muscles (28 muscles) were final muscle forces, the spinal loads were also calculated
modeled and grouped to correspond to eight electrode siteswith MATLAB.
For example, left platysma and left infrahyoid consist of one  To test the accuracy of the model predictions, root mean
group at the left anterior position. The grouping of the square (RMS) errors of the model predicted moments were
muscles (Table 1) is based on the assumption that musclegalculated. The RMS error is defined as
in the same group experience the same EMG activities as a
percent of MVC. \/ emg Mnea) 2
Muscle forces were assumed to have a power relationship RMS error= 2 Moon > )
with the mean rectified EMG signal expressed as a fraction
of maximum EMG activation level based on the data of wheren is the number of trialsM..sis the measured
Stokes et al. (25) and Vink et al. (29). Cholewicki et al. (4) external momentsM,,,, is the model predicted external
also supported this nonlinear relationship from their exper- moments. If the measured external moments are identical to

iment. model predicted moments, the RMS error is equal to zero.
emg \ 112 Any nonzero value of the RMS error indicates the differer_lce
fi = (emg,.a) 30 max (1) between measured external moments and model-predicted
moments.

wheref; is the ith muscle force (N);a is the ith muscle
cross-sectional areaf,,,, is the maximum muscle force  TABLE 2. Methods that produced the maximum EMG activity at each muscle

generated per unit of cross-sectional area (3.50° N/m?); equivalent.

emg/emg,, is the muscle activation level expressed as a _ Muscle Equivalent Number of Subjects and Method

fraction of its maximum EMG activity (2). The passive L platysma 6 flex, 2 twist 0° cw, 1 twist 30° cw, 1 twist 0° ccw
R platysma 6 flex, 3 twist 0° ccw, 1 twist 0° cw

force was negle(_:ted for this isometric experlment. L sternocleidomastoid 4 twist 0° cw, 3 twist 30° cw, 3 flex
A common gain for all muscle EMG signals was calcu- R sternocleidomastoid 4 twist 0° ccw, 3 twist —30° cw, 2 flex, 1 right bend

; e L levator scapulae 2 twist —30° cw, 2 twist 0° ccw, 1 twist 0° cw, 1 twist
lated by using a least square method fitting the model 30° cw. 1 twist 30° ccw, 1 exten. 1 flex. 1 left bend, 1

predictions and measured moments. flex, 1 left bend
R levator scapulae 4 right bend, 2 twist 0° cw, 1 twist 30° cw, 1 twist 30°
n cw, 1 twist —30° ccw, 1 exten
Memg = E (ryfs— r.fy), n =28 L trapezius 7 twist 30° ccw, 3 twist 0° ccw
R trapezius 6 twist 30° cw, 4 twist 0° cw
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RESULTS There were consistent trends of phasic relationships in
muscle recruiting patterns. In extension, the trapezius be-
comes active earlier than levator scapulae. Levator scapulae
showed a precipitous increase in activity from about three-
quarters of the whole ramp period. In flexion the agonists
(platysma, SCM) showed similar phasic patterns. These
agonist muscles become active early and remained active
throughout the whole ramp period. In lateral bending, all
the muscles (agonists, antagonists) became active in the
exertions.

Measured and model calculated moments dur-
ing peak efforts. The mean £ SD) voluntary peak ex-
ternal moments developed by the 10 subjects were 28.3 (
3.3) Nm in extension, 17.74 3.1) Nm in flexion, 16.9 &
2.8) Nm in left lateral bending, and 17.€¢2.9) Nm in right
lateral bending. The meant(SD) model-predicted peak
moments about lateral, anteroposterior, and axial axes were,

Maximum voluntary contractions (MVC) and
EMG activities. The methods that produced maximum
muscle activities for each electrode location are shown in
Table 2. The trapezius was the only electrode location in
which maximum activity consistently occurred with the
same method (rotation) in all subjects. Left trapezius oc-
curred with rotation in counter-clockwise (ccw) direction
and right trapezius with rotation in clockwise (cw) direction,
whereas EMG activity was greatest in platysma with flexion
and in SCM with rotation and flexion. For the levator
scapulae there was not a dominant method for obtaining the
maximum EMG activity consistently. The meart (SD)
EMG activities expressed as a percent of MVC during
isometric peak exertions are shown in Table 3. It is note-
worthy that the rotation mode proved to be an excellent
method for obtaining the maximum EMG activities for all of ;
the neck muscles. The mean GD) EMG activities of each respect|vely:-30.2j¢ 5'7,) Nm, 0.7 (= 0.4) Nm, and 0.3¢
neck muscle during peak isometric rotation were 90 ( 0-2) Nm during extension; 15.65(5.1) Nm, 1.5 ¢ 0.7)
12.0) % MVC in trapezius, 77.6% 18.5) % MVC in SCM, ~ Nm, and 0.3 £ 0.2) Nm during flexion; 6.2 ¢ 2.9) Nm,

77.3 (= 19.9) % MVC in platysma, and 66.4(21.2) % 13.2 -(i 6.5) Nm, and 3.2 £ 1.8) Nm during left lateral
MVC in levator scapulae. bending; 6.1 £ 3.5) Nm, 12.4 {- 5.8) Nm, and 2.4£ 1.4)

During rotation mode, the relative EMG activity withina NM during right lateral bending. The RMS errors of the
given muscle appears to be associated more with direction™odel-predicted moments about each corresponding axis
of rotation than the angle at which rotation started. Bilater- Were 0.07 in extension, 0.12 in flexion, 0.23 in left lateral
ally in the trapezius, it appears that the starting position of bending, and 0.28 in right lateral bending.

rotation affects the relative EMG level. A30° prerotated Model calculated muscle forces and spinal
starting position tends to increase the EMG level, arg0° loads. Table 4 shows the mean (across subjects) muscle
prerotated starting position tends to decrease the EMG levelforces predicted during peak moments. MeanD) cal-

in each respective direction of rotation. culated neck muscle contraction forces ranged up to 302 (

The relationships of external moments versus EMG (% 89) N. The maximum muscle force occurred in the SCM
MVC) (Figs. 1 through 3) were not consistently linear during peak flexion exertions. Figures 4 through 6 show the
among subjects or between trials of subjects. Although distribution of muscle forces, including antagonistic co-
EMG signal amplitude generally increased with an increase contractions predicted by the model. The antagonists consist
in moment, the ramp loading did not always result in a Of the anterior neck muscles in extension, the posterior neck
smooth progression of the EMG activity. In flexion, ago- muscles in flexion, and right side muscles in left lateral
nistic muscles (platysma and sternocleidomastoid) showed abending. The model simulated the maximal co-contraction
consistent linear behavior across the subjects and trials (Fig.of antagonist muscles in the vicinity of a peak moment as
2). The external moment versus EMG (% MVC) graph was seen from EMG behaviors expressed as a percent of
shows how the EMG signal developed in the antagonistic MVC. The model simulated the various load distribution
muscles. At near maximal moments, co-contraction in- patterns among the agonist muscles during the generation of
creased significantly. Compared with the other efforts, lat- moments of equal magnitudes, especially in lateral bending.
eral bending produced the highest EMG signal level in the These variations existed not only between the subjects but
antagonistic muscles (Fig. 3). also between trials of the same subject (Fig. 7).

TABLE 3. Mean EMG activity expressed as a % MVC during isometric peak efforts with SD in parentheses.

Left Right Left Levator Right Levator Left Right

Isometric Effort Platysma Platysma Left SCM Right SCM scap. scap. Trapezius Trapezius

Extension 3.1(22) 2.3 (1.7) 34 (2.0) 9 (2.8) 47.9 (22.2) 54.9 (20.8) 50 9 (19.7) 471 (21.9)
Flexion 83.2 (13.4) 84.7 (10.6) 70.9 (19.9) 779 (15.5) 23.2 (15.5) 28.4 (18.1) 1 (3.6) 5 (4.8)

L lat. bend 53.4 (19.1) 256 (17.2) 56.3 (14.0) 15.4 (14.7) 63 3 (34.5) 10.4 (8.6) 33 9 (17 9) 9 (12.3)
R lat. bend 43.9 (19.7) 60.6 (18.0) 21.4 (14.8) 65.7 (19.0) 1 (3.0) 58.6 (19.2) 10.3 (5.1) 375 (19.9)
0° cw 77.3(19.9) 62.4 (30.6) 75.9 (17.0) 52.9 (24.2) 63 0 (30.7) 54.6 (24.1) 50.5 (14.6) 83.1 (11.1)
+30° cw 72.8 (21.1) 58.5 (24.0) 77.6 (18.5) 491 (18.8) 59.2 (31.5) 58.2 (29.6) 58.6 (20.5) 91.0 (12.0)
—30° cw 66.0 (17.0) 64.8 (18.7) 66.8 (17.3) 58.4 (24.4) 62.6 (16.3) 60.3 (12.1) 54.2 (20.7) 70.8 (11.7)
0° cew 51.7(31.2) 75.5 (16.8) 49.9 (29.0) 73.5 (22.3) 57.5 (20.6) 53.6 (13.1) 76.5 (17.1) 47.9 (18.7)
+30° cecw 44.8 (26.8) 64.7 (18.3) 44.7 (20.8) 66.6 (26.1) 59.3 (19.5) 66.4 (21.2) 83.0 (18.8) 50.2 (19.6)
—30° cew 58.0 (21.9) 60.2 (10.6) 55.6 (22.7) 59.4 (11.9) 52.6 (28.1) 57.7 (27.8) 74.0 (14.2) 45.1 (14.0)
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Figure 1—External moments—EMG (% MVC) relationship devel-
oped in attempted extension (right side: subject 5). R PTS, right
platysma; R SCM, right sternocleidomastoid; R LVS, right levator
scapulae; R TRZ, right trapezius.

Samples of each normalized EMG signal were selected

for input into the model. Mean spinal loads during peak

levels of EMG signals during rotation. However, it proved
difficult to find a method that consistently produced maxi-
mum EMG signals at a certain location of the neck for all
subjects. Therefore, various exertion strategies were em-
ployed to enhance the likelihood that the maximal EMG
amplitude was obtained. During MVC trials, each subject
was asked to sustain maximum effort fb s afte 2 s of
development. Fatigue was not considered a factor during the
MVC efforts because of the brief duration of each contrac-
tion effort. This was demonstrated by the moments of the
second or the third trials that were usually similar to or
sometimes greater than those of the first trials were.

Observation of high levels of EMG activities as a per-
centage of MVC during maximum isometric rotation efforts
is consistent with the results of Moroney et al. (16). The
high levels of EMG activities of cervical muscles in rotation
may indicate that a primary role of neck musculature is to
provide rotation. This is in contrast to the reported EMG
activities of lumbar muscles (14) where relatively high
levels in bending and low levels in rotation suggested that
bending is the primary role of lumbar musculature and
rotation is secondary. These roles are confirmed by the
orientation of the articular facets, restricting lumbar rota-
tion, and allowing cervical rotation.

In the trapezius, it appeared that the starting position of
rotation efforts affected the relative EMG level. A30°

attempted efforts (lateral shear, anteroposterior shear, com{prerotated starting position tended to increase the EMG

pressive force) are shown in Table 5. The mean§D)
C4/5 joint compressive forces predicted during peak mo-
ments were 13724 140) N in extension, 16544308) N in
flexion, 956 ¢ 169) N in left lateral bending, and 1065 (
207) N in right lateral bending. The maximum mean$D)
shear forces predicted during peak moments were 182 (
28) N in lateral direction and 891 39) N in anteroposterior
direction. The maximum lateral shear forces occurred dur-

level, and a—30° prerotated starting position tended to
decrease the EMG level. This suggests that the starting
position of rotation, and hence the muscle or sarcomere
length, is related to the capability of muscle to contract.
These high EMG activities are consistent with the muscle
fiber directions of agonists on one side, which produce
rotation, and the lower activity levels of their antagonistic

ing peak extension, and the maximum anteroposterior shear

forces occurred during peak right lateral bending. Generally
the shear forces were small in magnitude compared with

compressive forces.

DISCUSSION

The specific goals of this study were to determine neck
muscle forces and spinal loads that result from isometric

efforts and to assess EMG activities of neck muscles during E
isometric efforts. For this purpose, an EMG-based model e

was formulated and an EMG experiment was performed.
Hypothesis (i) is supported by the manifest existence of
EMG activities in antagonistic muscles and a substantial
variation in EMG activation patterns. The EMG-based

model predicted antagonistic muscle forces and various

muscle force distributions; thus hypothesis (ii) is supported.

The EMG-based model predicted spinal compressive loads
that were higher than previous reports that do not include
antagonistic muscle forces; thus hypothesis (iii) is supported

by this study.
EMG activities during isometric efforts. During
MVC trials, most of the muscles showed relatively high

834  Official Journal of the American College of Sports Medicine

EMG (% MVC) of Flexion

100

80 1

—_—

(&) J
S 60

)
~—

=
w

40 -

20

0

External moment (Nm)

Figure 2—External moments—EMG (% MVC) relationship devel-
oped in attempted flexion (right side: subject 3). R PTS, right platys-
ma; R SCM, right sternocleidomastoid; R LVS, right levator scapulae;
R TRZ, right trapezius.
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EMG (% MVC) of Left Lateral Bending Distribution of Muscle Forces in Extension
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Figure 4—Example of muscle force distribution pattern during at-
tempted peak extension of subject 5 (29.1 Nm). The EMG-based model
shows antagonistic muscle forces. Each bar represents muscle force
0 prediction.

External moment (Nm)

Figure 3—External moments—EMG (% MVC) relationship devel- ('Tumﬁ n measu“ng.dynamlc lumbar spme_ qude contrac—
oped in attempted left lateral bending (left side: subject 3). L PTS, left tions produced an impulse of 53 ms, which is compatible
platysma; L SCM, left sternocleidomastoid; L LVS, left levator scap- with the 30—90 ms contraction times for a variety of muscles
ulag; L TRZ, left trapezius. (1). Generally, when the contractions change quasi-stati-
cally, as in many isometric experiments, the low pass filter
cognterparts The high levels of EMG activities at the an- cu:&ﬁ;r:lqu(;aar::::)l/"(;?gdbenl]ol\girl ee\/fi?;gsl I:"z‘ énspmal
Soads. The predicted muscle forces were dramatically dif-
ferent from those previously reported by the optimization
method (16). The EMG-based model showed activation of
faII muscles including antagonistic co-contractions (Table 4;
Figs. 4 through 6). The EMG-based approach also accom-
modated the variation of muscle force distribution patterns
(Fig. 7). Prediction of both muscle forces and muscle force
distribution patterns are needed to understand the mecha-
nisms of muscle recruitment strategies. The muscle force

direction of attempted rotation are consistent with the ob-
servation of Moroney et al. (16).

The cutoff frequency of the low pass filter (3 Hz) was
selected based on the following: The frequency responses o
the rectus femoris was reported to be between 1.0 and 2.8
Hz during walking (17) and approximately 3 Hz in the first
dorsal interosseous (15). McGill (13) reported that the 3 Hz

TABLE 4. Mean muscle forces predicted by EMG-based model during peak fetri ; ; i ;
attempted moments, averaged across subjects, with SD in parentheses. dISt”bl_Jtlon patte_ms_ gre espeC|aIIy cr|t|_ca_l When evaluatmg
; the spine of an individual (2). The optimization approach,
Predicted Muscle Forces (N) . . .. R . .
Muscle Equivalents Extension Flexion L Lat Bend R Lat Bend |nherent|y, is not sensitive to the individual differences in
L platysma 2(1) 45 (16) 24 (8) 16 (8) the way people recruit their muscles when performing tasks.
ﬁplfatyhsmij gg ; 132 gg; ;g &-) gg 52)7) It satisfies three moment equilibrium constraints exactly and
infrahyoi T
R infrahyoid 6(4) 140 (52) 49 (24) 63 (27) reaches the same muscle force distribution patterns for
L sternocleidomastoid 16 (6) 292 (145) 174 (45) 72 (48)
R sternocleidomastoid 22 (12) 302 (89) 58 (41) 154 (42) PN . .
L longus colli and cerv 3(1) 53 (27) 32(8) 13(9) Distribution of Muscle Forces in Flexion
R longus colli and cerv 4(2) 55 (16) 11(7) 28 (8) 400
L scalene anterior 4(2) 73 (36) 43 (11) 18 (12)
R scalene anterior 6 (3) 75(22) 15(10) 38 (10) .
L scalene medius 46(19)  29(24) 44 (22) 6 (4) Z 3001
R scalene medius 52 (14) 34 (13) 15(9) 38 (16) 8
L longissimus cerv 34 (12) 19 (15) 29 (14) 4(3) & 200
R longissimus cerv 30 (9) 22 (9) 10 (5) 24 (10) <
L levator scapulae 126 (54) 83 (68) 128 (64) 17 (12) ]
R levator scapulae 129(40)  99(38) 43 (25) 109 (45) = 1001
L multifidus 49 (9) 10 (6) 29 (11) 10 (3)
R multifidus 55 (13) 11 (5) 8 (6) 28 (8) 0 1 . - 1
L semispinalis cerv 89 (21) 23 (14) 67 (25) 22 (7) Anterior Posterior
R semispinalis cerv 90 (29) 26 (11) 18 (12) 64 (19) L fla'wsma 3Ia’t\xsma EL nfrahyo E nfrahyo
L semispinalis cap 127(28)  30(19) 88 (33) 29 (9) L Seal. ant, RSl ant. t ST med. HR 5207 med.
R semispinalis cap 135(39)  34(15) 23 (17) 84 (25) OL Wrdhaus ity O Sorcnin obr. DR Somapin o,
L splenius cervicis 25(7) 10(7) 17 (8) 3(1) B Semispin cop. HR Semisbin o2 HE Sparias . HR Tapesas "
R splenius cervicis 27 (5) 13 (5) 6 (3) 14 (6)
L splenius capitis 56 (13) 14(9) 42 (16) 14 (4) Figure 5—Example of muscle force distribution pattern during at-
R splenius capitis 55 (19) 17.(7) 11(8) 41(12) tempted peak flexion of subject 1 (13.6 Nm). The EMG-based model
L trapezius 68 (16) 38 (16) 51(19) 175) shows antagonistic muscle forces. Each bar represents muscle force
R trapezius 65 (22) 42 (18) 13 (10) 49 (15) prediction.
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Distribution of Muscle Forces in Left Lateral Bending
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Figure 6—Example of muscle force distribution pattern during at-
tempted peak left lateral bending of subject 3 (15.1 Nm). The EMG-
based model shows antagonistic muscle forces. Each bar represents
muscle force prediction.

every individual. Individuals do, however, alter their pat-
terns of force distribution among the various muscles when
performing repetitive task (18).

The compressive loads calculated in this study were
higher than previously indicated (16) by approximately 11%
in extension, 78% in flexion, and 15% in left lateral bend-
ing. The large discrepancies in joint compressive force re-
flect differences in the predictions of the amount of antag-
onistic co-contractions (Table 5). The variability in the
results of the spinal loads, as expressed by the standar
deviations (Table 5), was greater in the EMG-based ap-
proach than in the optimization approach. Generally, the
resultant spinal compressive force indicates the extent o
muscle co-contraction predicted by the model, and the vari-
ability reflects largely the individual difference in the mus-
cle force distribution patterns (2).

Variation of Muscle Force Distribution Patterns

200
ELPTS OLSCM
OLLvsS HELTRZ
150 - ]
g pr—
a’ p—
w100 -
°
Q
wn
-
=
50 - o

Subject 3 Trial #1 Subjct 3 Trial #2 Subject 4 Trial #2

Figure 7—Example of different muscle force distribution patterns
between subjects and between trials of the same subject among selected
agonistic muscles. The model predicted muscle forces for 16 Nm of
moment in attempted left lateral bending. L PTS, left platysma; L
SCM, left sternocleidomastoid; L LVS, left levator scapulae; L TRZ,
left trapezius.
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TABLE 5. Mean spinal loads (lateral shear, anteroposterior shear, and compressive
force) from EMG-based model during peak attempted moments, averaged across
trials and subjects (SD in parentheses).

Exercises Shear Lat. Shear a-p Compression
Extension -1(30) —182 (28) 1372 (140)
Flexion —28 (24) —162 (110) 1654 (308)
Left Lat. Bend —77 (36) —74 (32) 956 (169)
Right Lat. Bend 89 (39) —98 (62) 1065 (207)

The effects of antagonistic muscle coactivation on lumbar
spine stability and lumbar spine compression were esti-
mated by using biomechanical lumbar spine models
(3,6,26). Cholewicki et al. (3) examined the coactivation of
trunk flexor and extensor muscles. Their study demonstrated
that coactivation increased with added mass to the torso, and
the coactivation was thought to enhance mechanical stabil-
ity of the lumbar spine. Gardner-Morse and Stokes (6)
estimated the effects of antagonistic abdominal coactivation
by calculating the muscle stresses, the maximum compres-
sive loading on the lumbar spine, and the critical value of
muscle stiffness parameter. They reported that antagonistic
abdominal coactivation increased stability of the spine at the
cost of a small increase in maximum spinal compression.
Thelen et al. (26) suggested that substantial contractions of
lumbar muscles, especially during asymmetric exertions,
increase stability at the L3-L4 level. Our computed results
predicting antagonistic co-contractions and higher maximal
compressive loads also suggest that antagonistic co-contrac-

&ions provide stability to the human cervical spine around its

neutral posture by stiffening the joints.
Maiman et al. (10) tested whole cervical spinal columns

f(skuII—T3) for failure using compressive loads applied at the

vertex. They applied compressive loads 2 cm posterior and
1 cm anterior to the vertex to simulate flexion and extension.
They reported average axial loads at failure as 3567 N with
no preflexion and 1823 N with preflexion. Shea et al. (23)
reported the strength of the lower cervical spine (C5-T1) as
2158 N in compressive force. Considering these reports on
spinal strength in compression, all of the maximal mean
C4/5 joint compression force predicted from the model,
1654 N, is well below the spinal strength and hence does not
violate physiologic constraints. The spinal loads calculated
in this study are, however, in a range that could possibly
cause tissue damage at prefailure loads. It must be also
borne in mind that tests herein were done on young healthy
males whereas mosix vivotesting is on older spines with
less bone density and more structural compromise. In addi-
tion, ex vivotesting does not accurately simulate boundary
conditions, muscle loading, etc.

Limitations. The most significant limitation of the ex-
periment resulted from measuring EMG activity with sur-
face electrodes. As such they could have been affected by
cross-talk from signals of different muscles. Vink et al. (28)
quantified cross-talk between electrodes by using 12 pairs of
bipolar surface electrodes over the erector spine group dur-
ing isometric contractions. They reported that the absolute
maximum in the correlation coefficient was less than 0.3
when electrode pairs were placed more than 30 mm apart.
They concluded that even at a distance of 30 mm, EMG
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signals are specific and selectively record localized muscle errors during attempted lateral bending in bending moments
activity in the erector spinae. In this study the distance about all three orthogonal axes. During attempted extension
between the electrode pairs was greater than 30 mm toor flexion, the moment about the anteroposterior axis is well
minimize cross-talk between electrodes during exertions. balanced because of the laterally symmetric geometry of the
Even though electrode pairs were placed more than 30 mmneck musculature. During attempted lateral bending, how-
apart, there still may have been some EMG cross-talk from ever, the muscles on the side opposite the restraint rope are
underlying muscles. This would explain why the EMG activated mostly to increase the resisting force. These mus-
behaviors for the more anterior muscles (sparse muscle areafles are not symmetric, with the anterior muscles being
were closer to linear than for the more posterior (dense sparse compared with the posterior muscles. Hence, the
muscle area). EMG signal cross-talk would overpredict the anterior muscles on the same side as the restraint were
muscle forces of less active muscles and underpredict theactivated to balance an induced moment about the lateral
net moments. This would increase the estimated co-contrac-axis. This honsymmetric geometry anterior versus posterior
tion, and, consequently, increase the estimated spinal com-caused more errors in predicted moments about a lateral axis
pressive force. during lateral bending.

Another possible limitation is that no distinctions about  In this study age and gender effects were not considered.
the mechanical functions of different muscles were made in The maximum muscle force generated per unit of cross-
spite of the functional differentiation in the muscles. By sectional area (physiologic muscle strength) might need to
using surface electrodes, grouping of the muscles was in-vary according to age and gender. We examined isometric,
evitable. This forces an assumption that the muscles of thestatic loading of the cervical spine and only one posture
same group are the same in their EMG (% MVC) activities (neutral and upright). In dynamic loading conditions, the
and functions. There are insufficient data to separate theeffects of muscle length change and the rate of muscle
detailed neural activation and functions of muscles within a length change should be considered. A more extensive study
group. In addition, the relationship between EMG activity of with varying postures would be helpful to expand the bio-
a muscle and its force is limited because this relationship mechanical knowledge of the cervical spine.
was based upon eight regional EMG activities and a net
moment from all agonist and antagonist muscles. Within
these limitations, the EMG activity makes it possible to CONCLUSIONS

estimate the contribution of a specific muscle to a specific ) ) ) )
moment (14). This study suggests that higher (approximately 11% in

The concept that the muscle force is proportional to extension, 78% in'flexior!, and 15% in left Igteral benqling)
cross-sectional area of the muscle should be considered€VelS of C4/5 cervical spine loads are possible at maximum
carefully. The cross-section was made perpendicular to the€ffort than previously reported by an optimization model
superior axis. But, in some muscles the directions of muscle (16) which does not include antagonistic co-contractions.
fibers are not parallel to the superior axis. One must depend | '€ EMG-based model estimated a substantial variation of
on anatomical accuracy to satisfy the moment equilibrium muscle force cﬁstnbuhon patterns that corresponded to var-
requirements about all three joint axes simultaneously (13). [0S EMG activation patterns. EMG-based method used in

Individualized anatomic data would make the results more thiS study provides additional information about cervical

accurate and reliable. Lacking these data, linear geometricSPine loading that may be useful for surgical and rehabili-
scaling of the cross-sectional anatomical data was used totative considerations. Higher levels of physiological loads in
estimate the individual anatomical data. the neck, as indicated in this study for voluntary contrac-

Validation of the model is still problematic because there 10NS, must be considered possible during physical therapy.

is no direct way to measure the muscle and spinal forces.
The correlation of predlcted muscle forces with EMG am- The authors thank Dr. Kreg Gruben and Dr. Barbara Loitz-Ram-
plitudes is usually used as evidence of model validity, par- age for their help in the experiment and their helpful suggestions.
ticularly for optimization models. Since the EMG-based _ This project was funded in part by a grant from University Sur-
. . . gical Associates through the University of Wisconsin Foundation.
model uses the EMG amp“tUdes as Its mOdeI'mpUt values, Current address for H. Choi is Department of Physiology, North-
the EMG-based model has inherent physiological validity. western University, 303 E. Chicago Ave., Chicago, IL 60611.
Another way to estimate the accuracy of the model is to __ Address for correspondence: Ray Vanderby Jr., Ph.D., University
calculate the errors in the external moments predicted by theOf Wisconsin, Division of Orthopedic Surgery, G5/330 Clinical Sci-
ence Center, 600 Highland Avenue, Madison, WI 53792-3228. E-

model. In this study, the model showed the largest RMS mail: vanderby@surgery.wisc.edu.
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