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Abstract

Objective. Develop a comprehensive gender-specific database of trunk muscle moment-arms across multiple levels of the lower
thoracic and lumbar spine, determine if gender differences exist across the different vertebral levels, and develop prediction equations
for the moment-arms as a function of external anthropometric measures.

Design. This study quantified trunk muscle moment-arms relative to the spine from 7g to S} of male and female spine loading
muscles.

Background. Knowledge of trunk muscle geometry is important for biomechanical modeling of the low back and for under-
standing of spinal loading. However, there currently is a lack of comprehensive data regarding the moment-arms of the female spine
loading muscles. Additionally, little is known regarding gender differences in moment-arms for the same muscles.

Methods. Magnetic resonance imaging scans through the vertebral bodies from T3 through S; were performed on 20 females and
10 males. Moment-arms in the coronal and sagittal plane between the muscle centroid and vertebral body centroid were recorded at
each vertebral level. Linear regression techniques taking into account anthropometric measures were utilized to develop prediction
equations for the moment-arms for each muscle.

Results. Anthropometric measures were better predictors of coronal plane moment-arms than sagittal plane moment-arms for
both genders. Measures consisting of height and weight were consistent predictors of female moment-arms. Measures about the
xyphoid process and combinations of height and weight were consistent predictors of coronal plane moment-arms for males at
several lower lumbar levels. Males exhibited larger moment-arms than for females, for most muscles at most levels.

Conclusions. Trunk muscle moment-arms of females and males are different, and should be considered in the development of
biomechanical models of the torso. Similar to other studies, external anthropometric measures were better predictors of coronal
plane moment-arms than sagittal plane moment-arms.

Relevance
Gender specific moment-arms of spine loading muscles are needed to estimate the moments produced by the trunk muscles
during trunk motion. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction rate moment-arm data across multiple levels of the spine
are needed in order to generate accurate estimates of

Biomechanical models of the human trunk have been spinal loading from these biomechanical models.

developed to predict the magnitude and pattern of spine
loading during task performance. These models are
necessary as direct quantification of muscle forces and
spinal loading are currently infeasible. However, accu-
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Moment-arm data in most biomechanical models are
based on male data. Our previous study has shown
muscle cross-sectional area to vary significantly between
females and males [1]. Differences in trunk muscle cross-
sectional areas between genders, especially for those
muscles bounded by bony structures on one side (e.g.,
the oblique muscles bounded by the ribs, or the erector
spinae bounded by the spine) indicates that the moment-
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arms may differ. Thus, the use of current biomechanical
models to estimate spinal loading of females may result
in inaccurate estimates of spinal loading, as the differ-
ences between male and female moment-arms have not
been described.

Few studies have measured trunk muscle moment-
arm lengths for multiple spine loading muscles of
females [2-5]. These studies were performed on middle-
age to elderly female populations which may not be
representative of young healthy females involved in
industrial material handling activities.

Many studies have been performed which describe
moment-arm data for males for different muscles and
different vertebral levels. These data have been derived
from cadaver dissections [6,7], via CT technology [3—
5,8,9], and with the use of magnetic resonance imaging
(MRI) [10-16]. Of these studies, few have described
moment-arms across more than a few vertebral levels,
few have attempted to develop prediction equations of
the moment-arms to account for individual differences
[4,12,14], and none have compared gender differences.

1.1. Objectives

The objectives of this study were threefold: First,
develop a comprehensive database of trunk muscle
moment-arm distances across multiple levels of the spine
for multiple trunk muscles, for both females and males;
second, identify if gender differences exist for the moment-
arm distances across multiple vertebral levels; and third,
develop gender specific prediction equations for moment-
arm distances for multiple levels along the spine.

2. Methods
2.1. Subjects

Twenty female and 10 male subjects were recruited
from the local community. None of the subjects re-
ported a history of activity limiting chronic back or leg
injuries, nor were any experiencing any low back pain at
the time of the MRI scan. Anthropometric measure-
ments are shown in Table 1.

2.2. Data extraction

A Philips 1.5 T GyroScan MRI was set to a spin
echo sequence of TR =240 and TE =12, generating
T1-weighted slices 10 mm in thickness. Subjects were
positioned in a supine posture with knees extended and
hands lying across their abdomen. A single set of 11
torso musculature scans was performed, which were
perpendicular to the table at transverse levels through
approximate centers of the vertebral bodies from Ty
to S] .

The scans were transferred onto a Philips GyroView,
which allowed an object of interest to be inscribed using
a computer mouse. From the inscribed muscles and
vertebral body, the three-dimensional location of the
area centroid relative to the scan origin was determined.
The quantified muscles included the right and left pairs
of the erector spinae group, latissimus dorsi, internal
obliques, external obliques, rectus abdominis, psoas
major, and the quadratus lumborum.

The moment-arms at each vertebral level were de-
termined by calculating the absolute difference between
the coordinates of the muscle centroid and the vertebral
body centroid, in both the sagittal plane and the coronal
plane (Figs. 1 and 2), and were adjusted for the angle
between the spinous process and the vertebral body
centroid. The average of three observations was used as
the data point for each moment-arm. Sign designations
were given to the moment-arms in the sagittal plane,

Fig. 1. Coronal plane moment-arms at the L; level.

Table 1

Mean (SD) anthropometric and demographic data for the male and female subjects
Gender Age (yr) Height Weight Trunk depth Trunk width Trunk depth Trunk width Body mass

(cm)* (kg)* at iliac crest at iliac crest at xyphoid at xyphoid index
(cm)* (cm)* process (cm)*  process (cm)*  (kg/m?)*

Female 250 (72)  165.5(59) 57.9(64) 198 (2.1) 28.0 (2.4) 18.4 (1.8) 27.0 (1.9) 21.2 (2.5)
(N = 20)
Male 26.4 (5.5) 1759 9.1) 79.8 (13.3) 223 (2.2) 30.3 (2.2) 229 (2.2) 324 (2.0 25.7(2.3)
(N =10)

“Indicates males significantly different than females (P < 0.05).
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Fig. 2. Sagittal plane moment-arms at the L; level.

such that positive and negative values represented an-
terior and posterior positions, respectively, relative to
the vertebral body centroid.

2.3. Statistical analysis

Descriptive statistics were generated for the moment-
arms for each muscle, in the coronal and sagittal planes.
Differences between male and female moment-arms at
each vertebral level were determined by using r-tests
with independent observations, with either equal or
unequal variances where appropriate.

Linear regression was used to predict the moment-
arms for each gender at several vertebral levels based
upon external anthropometric measures. The external
anthropometric measures consisted of variables used by
other researchers, as well as other combinations of these
variables (Table 2) [2,4,10,17]. Three different vertebral
levels were investigated (Ls;,L4 and Ls) since different
biomechanical models have predicted spinal loading
among these various vertebral levels [18-20].

All statistical analyses were performed by the use of
SAS statistical software, with significance indicated
when P <0.05.

3. Results

The moment-arms in the coronal plane at each of the
vertebral levels for females and males are shown in
Table 3. Generally, all but one muscle (left rectus ab-
dominis) possessed significantly different moment-arms
between males and females. The moment-arms for males
were all statistically larger than the females for the la-
tissimus dorsi, erector spinae (except for the right erec-
tor spinae from L4 to Sj), the right rectus abdominis
(except at Ls), and the right sides of the external obli-
ques, psoas major and quadratus lumborum. The left
sides of these muscles had at least one level that was not
different between the males and females. For moment-
arms in the sagittal plane (Table 4), five of seven muscles

Table 2
Linear regression independent variables and descriptions for the pre-
diction of the trunk muscle moment-arms

Independent variable Description

TDXP (cm) Trunk depth measured at the level of the
xyphoid process (cm)

TWXP (cm) Trunk width measured at the level of the
xyphoid process (cm)

TDIC (cm) Trunk depth measured at the level of the
iliac crest (cm)

TWIC (cm) Trunk width measured at the level of the
iliac crest (cm)

TDTR (cm) Trunk depth measured at the level of the
trochanter (cm)

TWTR (cm) Trunk width measured at the level of the

trochanter (cm)

Trunk depth at iliac crest (cm) divided by
subject weight (kg)

Trunk width at iliac crest (cm) divided by
subject weight (kg)

Trunk depth at iliac crest (cm) divided by
subject height (m)

Trunk width at iliac crest (cm) divided by
subject height (m)

Trunk depth at xyphoid process (cm)
divided by subject weight (kg)

Trunk width at xyphoid process (cm)
divided by subject weight (kg)

Trunk depth at xyphoid process (cm)
divided by subject height (m)

Trunk width at xyphoid process (cm)
divided by subject height (m)

Trunk circumference about iliac crest
(cm) divided by subject weight (kg)
Trunk circumference about iliac crest
(cm) divided by subject height (m)

TDICW (cm/kg)
TWICW (cm/kg)
TDICH (cm/m)
TWICH (cm/m)
TDXPW (cm/kg)
TWXPW (cm/kg)
TDXPH (cm/m)
TWXPH (cm/m)
TCIRW (cm/kg)

TCIRH (cm/m)

BMI (kg/m?) Body mass index: subject weight (kg)

divided by square of subject height (m?)
HTWT (m kg) Height (m) multiplied by weight (kg)
Weight (kg) Subject weight (kg)

HTDWT (cm/kg) Subject height (cm) divided by subject
weight (kg)
Subject weight (kg) divided by subject

height (cm)

WTDHT (kg/cm)

exhibited larger male than female moment arms. The
erector spinae exhibited significantly larger moment-
arms for males than females except for L;—L; and Ls on
the right side. Males also had larger moment-arms than
females for the rectus abdominis at all levels except ;.
Finally, there were sporadic differences between males
and females for both internal and external obliques, and
the psoas major.

Several differences existed when comparing the right
and left side moment-arms on a vertebral level by level
basis. In the coronal plane, post-hoc tests found that
females exhibited larger right side than left side moment-
arms for the external obliques at L,; Males had larger
right side than left side moment-arms for the latissimus
dorsi at Ty, and for the psoas major from L4 to S;. All



M.J. Jorgensen et al. | Clinical Biomechanics 16 (2001) 182—-193

Table 3

Mean (SD) coronal plane moment-arms (cm), for each muscle and gender®

185

Muscle Gender Tg Tg T]o T11 T12 Ll Lg L3 L4 L5 S]
R. Lat. F 13.2 (1.0) 124 (0.9) 11.4 (0.9) 10.9 (0.9) 10.4 (0.9) 9.9 (0.9) 9.3 (1.0) 9.0 (1.1)
Dorsi

M 153 (1.0) 14.5 (0.9) 13.5 (1.0) 12.8 (0.9) 12.2 (0.8) 11.6 (0.6) 10.9 (0.7) 10.3 (0.8)
L. Lat. F 13.1 (0.9) 12.2 (0.9) 11.4 (1.0) 10.8 (1.0) 10.4 (0.9) 10.1 (0.9) 9.4 (1.1) 9.2 (1.1)
Dorsi

M 15.0 (0.7) 14.0 (0.8) 13.2 (0.9) 12.6 (0.9) 12.1 (0.9) 11.6 (0.9) 11.0 (0.7) 10.5 (0.8)
R. Er. F 2.6 (0.3) 2.8(03) 29(0.3) 3.1(0.3) 32(03) 34(0.3) 3.5(03) 34(0.3) 3.4(0.3) 2.6(0.6) 1.9 (0.3)
Spinae

M 3.1(0.2) 32(0.3) 34(03) 36 (0.3) 3.6 (0.3) 4.0(04) 4.1(0.3) 3.8 (0.3) 3.6(0.3) 3.0(0.7) 1.9 (0.3)
L. Er. F 2.7(0.4) 2.8(03) 31(0.2) 32(03) 34(04) 35(0.3) 3.5(03) 35(03) 3.5(0.3) 2.7 (0.5) 1.9(0.2)
Spinae

M 3.3(04) 34(04) 3.6 (03) 38(0.3) 3.8(0.3) 42(03) 43 (0.4) 4.0(0.2) 38 (0.3) 3.2(0.5)22(0.2)
R. Rect. F 2.9(0.8) 34(09) 36(0.8) 3.9(08) 4.0 (0.8) 3.8(0.9) 3.3(0.7)
Abd.

M 3.9(0.6) 4.6 (1.1) 49 (1.1) 4.7 (0.7) 4.6 (0.5) 4.1(0.5 3.8(0.5)
L. Rect. F 3.5(0.5) 3.7(0.7) 3.4(0.8) 33(0.9) 3.5(0.8) 32(0.8) 3.3(0.6)
Abd.

M 3.5(0.7) 4.1(0.8) 3.9(0.8) 4.0(0.7) 3.6(0.8) 3.3(0.8) 2.9(0.5)
R. Ext. F 10.8 (0.8) 10.9 (1.0) 10.9 (0.8) 10.8 (0.7) 11.2 (0.8) 11.6 (0.3)
Oblique

M 12.9 (1.0) 13.0 (1.2) 13.2 (1.0) 12.8 (0.7) 12.8 (0.7) 12.6 (0.6)
L. Ext. F 11.2 (1.0) 11.0 (0.9) 10.8 (1.0) 10.6 (0.9) 10.8 (0.9) 11.3 (1.1)
Oblique

M 124 (0.9) 12.6 (0.9) 12.4 (1.1) 12.4 (1.0) 12.2 (0.9) 12.5 (1.1)
R. Int. F 9.9 (1.4) 9.7 (1.1) 10.1 (0.8) 104 (0.3)
Oblique

M 11.4 (1.6) 11.5(0.8) 11.4 (0.6) 10.9 (0.3)
L. Int. F 102 (1.5) 94 (1.4) 9.8 (0.8) 10.3 (1.0)
Oblique

M 10.7 (1.3) 11.1 (1.4) 10.7 (0.8) 10.6 (0.9)
R. Psoas F 23(0.2) 2.7(0.2) 3.3(02) 4.0(0.3) 4.7 (0.4) 5.0(04)
Major

M 2.6 (-) 3.3(0.3) 3.9(03) 4.7 (0.3) 53 (03) 56(04)
L. Psoas F 23(0.1) 2.7(0.1) 32(0.2) 3.8 (0.3) 4.5(0.3)5.1(0.3)
Major

M 2.8(0.2) 33(03) 39(0.3) 44 (04) 50 (0.5) 5.4 (0.5
R.Quad. F 3.8(0.6) 4.1(04) 55(0.7) 6.8 (0.5)
Lumb.

M 38 (-) 5.0 (0.6) 6.4 (0.6) 7.5(0.5)
L. Quad. F 3.7(0.3) 42(03) 57(0.7) 6.8 (0.7)
Lumb.

M 44(04) 4.7(1.0) 6.5(0.7) 7.3(0.6)

#Ttalicized cells represent statistically significantly larger male than female moment-arms (P < 0.05).

significant differences were on the order of 5 mm or less,
hence, the differences were small. Post-hoc tests for
significant differences between right and left side mo-
ment-arms in the sagittal plane revealed many sporadic
differences, most less than 5 mm. However, males did
exhibit right side moment-arms for the latissimus dorsi
between 1.1 and 1.3 cm larger than the left side between
Ty and Tj;, whereas females had larger right side than

left side moment-arms at 7y and 7y by 0.8 and 0.9 cm,
respectively, for the same muscle. Males and females
also exhibited larger differences in moment-arms as a
function of side for the external oblique. The right
external oblique was 0.9 and 1.0 cm larger than the left
side for females at L; and L4, respectively, whereas the
male left external oblique was 0.7 cm larger than the
right external oblique moment arm at L.
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Table 4
Mean (SD) sagittal plane moment-arms (cm), for each muscle and gender®
Muscle Gender Tg Tg T10 T“ T12 L] L2 L3 L4 Ls Sl
R. Lat. F -1.6 -1.9 -2.3 -2.6 -29 -32(1.0) -34(.1) -31(12)
Dorsi (10.2)  (L.1) 0.9 0.8)  (0.9)
M -1.8 -2.2 -24 -2.7 -29 -38(09) -4.1(0.7) -4.2(0.8)
(0.9) (1.0) 0.9) 0.8) (0.7
L. Lat. F -0.7 -1.1 -1.6 -2.0 -2.6 -3.1(1.0) -39(1.1) -4.0(1.2)
Dorsi (1.0) 0.9) 0.9) 0.8)  (0.8)
M -0.7 -0.9 -1.3 -1.6 -22 -=-30(1.2) -40(.1) -39 (.1
(1.1) (1.1) (1.1) 1.0y (1.0)
R. Er. Spi- F —4.4 —4.5 —4.4 —4.4 —-44 -47(0.5) —-48(0.4) -50(0.5 -49(04) -54(0.5 -54(0.5)
nae (0.3) (0.4) (0.4) (0.4) (04)
M =52 -5.3 -5.2 =51 -5.0 -52(0.5) -54(0.7) -57(0.7) =56 (0.6) —6.1(0.7) -6.2(0.7)
(0.4) (0.4) (0.4) (0.4) (04)
L. Er. Spi- F —4.2 —4.3 —4.2 —4.2 —-4.3 4.7 (0.5) =5.1(06) -53(0.6) =53 (0.5) =5.7 (0.6) —5.6 (0.5)
nae (0.3) (0.3) (0.3) (0.4) (04)
M -4.9 -4.9 -4.8 —4.7 -4.8 =50 (0.6) =54 (0.6) -5.6 (0.6) =57 (0.5) —6.1 (0.7) —6.3 (0.8)
(0.5) (0.6) (0.5) (0.5) (0.5)
R. Rect. F 10.4 9.6 (1.0) 85(09) 7.0(09) 6.1(0.9) 6.5(10) 75(.3)
Abd. (0.9)
M 135 124 (1.2) 10.7 (1.2) 89 (1.3) 7.7(15) 76 (1.4) 84(1.2)
(1.7)
L. Rect. F 10.5 97 (1.1) 85(1.1) 69(1.1) 6.0(09) 6.1(1.0) 173(1.2)
Abd. (1.0)
M 13.7 127 (1.1) 10.8 (1.3) 9.2 (1.3) 78 (14) 76(1.5) 82(1.2)
(1.7)
R. Ext. F 6.8 56 (1.2) 40(1.1) 24(2) 222 32(2.0)
Oblique (0.7)
M 8.5 6.7 (1.0) 4.6(0.6) 22(1.0) 2.1(0.8) 39(.2
(1.2)
L. Ext. F 6.6 57(1.3) 37(1.2) 15(3) 1213 25(09)
Oblique (1.2)
M 9.2 74 (1.3) 50(14) 2714 20(.1) 35(12)
(1.4)
R. Int. Ob- F 55(1.5) 33(1.2) 21(L.1) 3.6(l5)
lique
M 72(1.7) 34(13) 251.1) 4.5(1.0)
L. Int. Ob- F 50(1.9) 3.0(15) 16(1.0) 3.0(l.5)
lique
M 7.7 (1.6) 43 (15) 27(1.0) 4.5/(1.3)
R. Psoas F -0.7 (0.9) -0.9 (0.3) -0.8 (0.4) -0.4 (0.5 0.7(0.7) 2.3(1.0)
Major
M -05(-) -0.7(0.5 -0.4(04) -0.1(0.3) 0.8(0.5 2.4(0.7
L. Psoas F -0.2 (0.7) —-1.0 (0.4) —-1.0 (0.5) -0.7 (0.5) 0.2 (0.6) 2.0 (0.8)
Major
M -0.9 (0.5) -0.6 (0.5) —0.3 (0.4) —0.02 (0.5) 0.8 (0.6) 2.4 (0.7)
R. Quad. F -29(04) -3.0(04) -3.1(0.7) -2.6(0.8)
Lumb.
M -27() -3.1(0.6) -3.1(0.7) -3.0(0.6)
L. Quad. F -2.6 (0.3) -3.2(0.6) -3.6(1.0) -3.2(1.0)
Lumb.
M -3.0(04) -3.1(0.6) -3.1(0.7) -3.1(0.7)

#Ttalicized cells represent statistically significantly larger male than female moment-arms (P < 0.05). Positive and negative moment-arms correspond
to anterior and posterior to vertebral body, respectively.



Table 5

Significant regression equations predicting the moment-arms (cm) in the sagittal plane for females and males from various anthropometric measures

Muscle Female Male
Level Regression equation R? S.E. of P-value Level Regression equation R? S.E. of P-value
Prediction prediction
L. Lat. Dorsi Ly -13.5+73.5TDXPH 0.462 0.82 0.0305
R. Erector Spinae Ly -2.48-0.043 WT 0.307 0.42 0.0113
Ly -2.73-0.023 HTWT 0.313 0.42 0.0103
L; -7.22+0.79 HTDWT 0.261 0.44 0.0213
L. Erector Spinae L, 1.83-0.042 HT 0.475 0.43 0.0276
L, -9.3+12.8 TDXPW 0.448 0.44 0.0344
L. Rect. Abdominis L -0.85+0.44 TDXP 0.530 0.95 0.0170
L, -4.9+108.2 TDXPH 0.644 0.83 0.0052
L, —0.83+0.4 BMI 0.461 1.02 0.0309
L. Ext. Oblique Ly —-13.8+126.7 TDXPH 0.780 0.69 0.0007
R. Int Oblique Ls 11.1-69.5 TDXPH 0.412 0.95 0.0041
L; 11.09 -0.42 TDXP 0.375 0.98 0.0069
L 9.16-0.28 BMI 0.268 1.06 0.0277
L. Quad. Lumborum Ly -9.25+42.57 TDXPH 0.423 0.57 0.0418
R. Erector Spinae Ly -3.02-0.095 TDIC 0.261 0.35 0.0214
Ly -3.39-0.016 HTWT 0.229 0.36 0.0329
L. Erector Spinae L, 2.33-0.046 HT 0.627 0.34 0.0064
Ly -9.96 + 14.6 TDXPW 0.652 0.33 0.0047
Ly -4.1 0.01 HTWT 0.415 0.43 0.0445
L. Rect. Abdominis Ly 1.83+0.071 WT 0.248 0.82 0.0254 Ly —-1.55+0.409 TDXP 0.428 1.09 0.0402
Ly 2.144+0.04 HTWT 0.269 0.81 0.0191 Ly -4.83+97.1 TDXPH 0.481 1.04 0.0262
L. Ext. Oblique Ly -8.9+83.6 TDXPH 0.582 0.73 0.0103
R. Int Oblique Ly —-5.367+0.35 TDIC 0.556 0.74 0.0133
Ly —-13.5+32.3 TCIRH 0.572 0.91 0.0113
L. Int Oblique L, —13.71+0.092 HT 0.264 0.89 0.0292 Ly —6.8+0.37 TDTR 0.595 0.69 0.0089
Ly -5.56+0.36 TDXP 0.588 0.70 0.0096
L, —8.47+85.8 TDXPH 0.663 0.63 0.0041
L. Quad. Lumborum Ly -9.56 +49.63 TDXPH 0.477 0.54 0.0271
R. Rect. Abdominis Ls -5.52+103.3 TDICH 0.448 1.11 0.0343
Ls -13.2+42.1 TCIRH 0.541 1.01 0.0153
L. Rect. Abdominis Ls 2.44+0.04 HTWT 0.202 0.94 0.0468 Ls -3.03+0.46 TDXP 0.472 1.13 0.0283
Ls -7.14+113.2 TDXPH 0.559 1.04 0.0129
Ls -12.8+41.4 TCIRH 0.477 1.13 0.0271
R. Psoas Major Ls -2.77+0.15 TDTR 0.207 0.65 0.0437 Ls -3.07+0.17 TDIC 0.577 0.35 0.0108
Ls 4.27-10.3 TDICW 0.223 0.65 0.0357 Ls —6.14+14.05 TCIRH 0.461 0.40 0.0310
L. Psoas Major Ls -3.0+0.06 WT 0.337 0.52 0.0073 Ls -3.1+0.18 TDIC 0.406 0.50 0.0477
Ls —-3.07+9.44 WTDHT 0.333 0.52 0.0077 Ls -4.4+0.21 TDTR 0.499 0.46 0.0224
Ls 3.24-1.04 HTDWT 0.293 0.54 0.0138 Ls —4.6+42.7 TDICH 0.400 0.51 0.0499
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Table 6

Significant regression equations predicting the moment-arms (cm) in the coronal plane for females and males from various anthropometric measures

Muscle Female Male
Level Regression equation R? S.E. of P-value Level Regression equation R? S.E. of P-value
prediction prediction
R. Lat. Dorsi Ls 15.58-=2.24 HTDWT 0.419 0.87 0.0050
L, 2.5+18.9 WIDHT 0.396 0.89 0.0068
Ls 3.45+0.27 BMI 0.381 0.90 0.0083
L. Lat. Dorsi Ls 0.6+18.8 TCIRH 0.328 1.07 0.0130 Ly 17.2-6.06TCIRW 0.725 0.49 0.0018
Ls 15.3-2.07 HTDWT 0.317 0.97 0.0150 L 16.1-2.5 HTDWT 0.717 0.45 0.0020
L; 3.93+0.25 BMI 0.308 0.98 0.0169
R. Erector Spinae Ls 1.99+0.024 WT 0.198 0.32 0.0493 L 6.14-2.1 TCIRW 0.806 0.12 0.0004
L, 2.05+0.014 HTWT 0.230 0.31 0.0326 L, 6.0-5.7 TWICW 0.790 0.13 0.0006
Ls 2.16+3.73 WTDHT 0.661 0.16 0.0042
L. Erector Spinae L, 2.44+0.011 HTWT 0.211 0.27 0.0415 L, 5.76 - 1.6 TCIRW 0.672 0.13 0.0037
L 5.7-4.42 TWICW 0.662 0.13 0.0042
Ly 5.35-0.6 HTDWT 0.555 0.15 0.0135
L. Rect. Abdominis L -2.15+0.24 BMI 0.546 0.53 0.0146
R. Ext. Oblique L, 5.9+13.9 WITDHT 0.491 0.55 0.0006 L, 1.15+0.066 HT 0.710 0.41 0.0022
Ls 15.5-1.6 HTDWT 0.484 0.55 0.0007 L 10.0+0.02 HTWT 0.690 0.42 0.0029
L, 6.49+0.20 BMI 0.455 0.57 0.0011 L, 9.34+0.043 WT 0.649 0.45 0.0049
L. Ext. Oblique L, 3.48+0.26 TWXP 0.272 0.83 0.0183 Ly 4.84+16.6 WITDHT 0.830 0.45 0.0002
L, 15.0-1.52 HTDWT 0.269 0.83 0.0192 L, 20.1-3.45 HTDWT 0.818 0.46 0.0003
L; 6.2+12.4 WTDHT 0.248 0.84 0.0255 L 2.09+ 0.4 BMI 0.801 0.48 0.0005
R. Int Oblique L, 0.97 +0.42 BMI 0.677 0.67 0.0001
L, 1.26 +24.2 WTDHT 0.609 0.74 0.0001
L 17.7-2.77 HTDWT 0.595 0.75 0.0002
L. Int Oblique L, 0.45+0.43 BMI 0.481 1.03 0.0014 L, -21.5+188.3 TWICH 0.504 1.03 0.0322
Ls 17.4-2.77T HTDWT 0.403 1.10 0.0047
Ly 1.1+23.8 WTDHT 0.398 1.11 0.0050
R. Psoas Major L, 0.41+0.11 TWXP 0.531 0.22 0.0169
L, -0.2+0.02 HT 0.496 0.23 0.0229
L. Psoas Major L 0.7+0.1 TWXP 0.412 0.25 0.0456
L. Quad. Lumborum L, 0.83+0.18 TWIC 0.401 0.54 0.0492
L 0.46+0.174 TWTR 0.412 0.54 0.0453
R. Erector Spinae Ly 2.27+0.02 WT 0.200 0.26 0.0478
Ly 2.33+0.011 HTWT 0.229 0.26 0.0328
L. Erector Spinae Ly —0.82+0.026 HT 0.259 0.27 0.0219 Ly 2.9-5.6 TWICW 0.525 0.22 0.0178
Ly 2.096+0.024 WT 0.259 0.27 0.0219 Ly 6.1-2.1 TCIRW 0.567 0.21 0.0119
Ly 2.05+0.015 HTWT 0.350 0.25 0.0060
L. Rect. Abdominis Ly -5.44+0.278 TWXP 0.443 0.67 0.0357
Ly -6.94+57.0 TWXPH 0.400 0.70 0.0497
R. Ext. Oblique Ly 3.96+0.27 TWXP 0.355 0.69 0.0056 Ly 1.22+0.066 HT 0.771 0.34 0.0008
Ly 6.93+0.073 WT 0.312 0.72 0.0105 Ly 10.0+0.05 HTWT 0.749 0.36 0.0012
Ly 6.83+12.34 WTDHT 0.310 0.72 0.0108 Ly 4.86+0.261 TWIC 0.736 0.37 0.0015
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0.399
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Significant sagittal plane prediction equations for fe-
males were found for the following muscles (Table 5):
the right erector spinae (L3 and Ly); the left rectus ab-
dominis (L, and Ls); the right and left psoas major (Ls);
and the right internal oblique (Z;) and left internal ob-
lique (L4). The most consistent sagittal plane moment-
arm predictor across all levels was the subject height
times weight (HTWT). For males in the sagittal plane,
significant prediction equations were found for the fol-
lowing muscles: the left side at L; for the latissimus
dorsi, erector spinae, rectus abdominis, external oblique
and quadratus lumborum; the left side at L, for the
erector spinae, rectus abdominis, external oblique, in-
ternal oblique and quadratus lumborum, as well as the
right internal oblique at L,; and at Ls, the rectus abdo-
minis and psoas major. Generally, across all levels and
muscles, different predictors consisting of the trunk
depth measured at the xyphoid process were consistent
predictors of the male sagittal plane moment-arms.

In the coronal plane (Table 6), many more significant
regression equations predicting the moment-arms re-
sulted as compared to the sagittal plane. For some
muscles (e.g., external obliques), almost all independent
variables investigated resulted in significant prediction
equations. However, only the best three or four regres-
sion equations were reported, based on the magnitude of
the R%. For females, significant prediction equations for
coronal plane moment-arms were found for the fol-
lowing muscles: the latissimus dorsi (L3); the erector
spinae, external oblique and internal oblique (all at Z;
and Ly); the left quadratus lumborum (Z,); and the right
rectus abdominis and left psoas major (Ls). Generally,
two or three different combinations of height and weight
were consistent significant predictors of the male coro-
nal plane moment-arms. These included the subject
HTWT, subject height divided by weight (HTDWT) and
subject weight divided by height (WTDHT). For males,
significant prediction equations for coronal plane mo-
ment-arms were found for the following muscles: the left
latissimus dorsi (L3); the erector spinae (L3) and the left
erector spinae (L4); the right rectus abdominis (Ls) and
left rectus abdominis (L3, L4 and Ls); the external oblique
(L3 and L,); the right internal oblique (L4) and left in-
ternal oblique (L; and L4), the psoas major (L;,Ls and
Ls); and the left quadratus lumborum (Z;). Similar to the
females, the HTWT and HTDWT were the most con-
sistent significant predictors for male coronal plane
moment-arms.

4. Discussion
4.1. Gender effects

It is quite apparent that the gender of an individual
has an impact on the magnitude of the moment-arms.
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At most levels, for most muscles, males exhibited sig-
nificantly larger moment-arms in both the coronal plane
(14.2% larger) and the sagittal plane (17.5% larger).
These differences may not be dependent upon gross
anthropometric differences alone between the genders,
as the male subjects were 37.8% heavier, 6.4% taller, and
had a 21.3% larger BMI than the female subjects. These
findings have several implications regarding biome-
chanical modeling to predict spinal loading. First, using
male trunk geometry, inputs into biomechanical models
to estimate moment-arms of females may result in error
of the relative moment contribution by the various spine
loading muscles. This may underestimate the true
magnitude of loading on the female spine as the male
moment-arms were larger than females. Secondly, bio-
mechanical models that use a single-muscle equivalent
sagittal plane moment-arm of 5.0 cm for the erector
spinae [19] may result in varying degrees of over-esti-
mates of compression force. The right and left erector
spinae for males exhibited mean sagittal plane moment-
arms of 6.1 cm at Ls, and 6.2 and 6.3 cm for the right
and left erector spinae at S;, respectively. Previous
studies observed moment-arms of similar magnitude
between the L, and S; vertebral levels [3,8,10]. Females
in the current study, on the other hand, were observed to
have mean sagittal plane moment-arms for the erector
spinae of 5.4 and 5.7 cm at Ls for the right and left sides,
respectively. Thus, sagittal plane moment-arms greater
than 5.0 cm were observed for both males and females at
Ls.

4.2. Comparison with other studies

The female moment-arms were consistent with the
results of previous studies on female trunk geometry for
the latissimus dorsi [2], psoas major [2,3,5], and the
quadratus lumborum [2,3]. However, larger differences
in moment-arms observed in this study with others were
present for the erector spinae, [3] the rectus abdominis,
and external and internal obliques [2,3]. These differ-
ences could have resulted from differences in the sam-
pled female populations. The females in Chaffin et al. [2]
and Kumar [3] were older (49.6 and 57.0 yr, respectively)
and had larger BMIs (26.2 and 25.4 kg/m?, respectively)
than the females in the current study.

Moment-arms for the male latissimus dorsi, psoas
major and quadratus lumborum were similar to those
found from previous studies performed on males
[3,5,8,10,11,13,14,21]. However, the rectus abdominis
moment-arms in the sagittal plane were 2-3 cm shorter
than those found in other studies [3,5,8,14]. Kumar [3]
also found internal oblique coronal plane moment-arms
2.2 and 1.5 cm greater than in this study at the L; and Ls
levels, respectively.

It appears that moment-arms of certain muscles (i.e.,
rectus abdominis and the obliques) may be influenced by

the age of the individual, as well as the body mass
characteristics. The mean age of the male population
studied by McGill et al. [11] (25.3 yr) was similar to
those in this study (25.1 yr), with similar resulting sag-
ittal plane moment-arms in the lower lumbar region.
However, other studies on males with mean ages rang-
ing from 40.5 to 70 yr [3,5,8] observed rectus abdominis
mean sagittal plane moment-arms 2.5-3.0 cm larger
than those found in the current study. The males in
McGill et al. [8] were on an average 15 yr older and had
a 15% greater BMI. Males were considerably older in
the studies of Nemeth and Ohlsen [5] and Kumar [3],
however, the BMIs were similar. This may indicate that
the muscle cross-sectional areas of older males were
smaller due to age-related muscle atrophy, which may
then increase the distance of the muscle centroid with
respect to the spine centroid. Age was not investigated
as a predictor of moment-arm magnitude in this study as
the subjects were in a restricted age range (20-34 yr).
The differences in coronal plane moment-arms for the
external and internal obliques between males of different
studies may be attributable to differences in moment-
arm endpoint location methods. Kumar [3] projected a
perpendicular line from the line connecting the two
endpoints of the muscle into the midpoint of the muscle
to locate the moment-arm endpoint. This would result in
larger moment-arms than in our study, as the centroid
of the crescent shaped oblique muscles was typically
located medial to the medial border of the muscles.

4.3. Moment-arm regression equations

Prior studies have found very few significant predic-
tors of sagittal plane moment-arms. For females, Kumar
[3] found no significant regression equations, and
Chaffin et al. [2] found only the rectus abdominis could
be predicted from external anthropometric measures.
Our study, however, found several more muscles could
be predicted, although there was no apparent consis-
tency across the different muscles and vertebral levels.
For males, Kumar [3] found no significant regression
equations, and Tracy et al. [10] found only the rectus
abdominis sagittal plane moment-arm resulted in a sig-
nificant prediction of the sagittal plane moment-arm
from external anthropometry. Again, similar to the fe-
males in our study, we found that the males demon-
strated more significant prediction equations from
external anthropometry than found in previous studies
[3,10], however, again there was no apparent consistency
across the different muscles and vertebral levels. This
lack of consistent prediction of sagittal plane moment-
arms across multiple studies may indicate a natural
variability across individuals.

In the coronal plane, more muscles had significant
moment-arms at the L; and L4 vertebral level than at Ls
for both genders. The female results were similar to
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those found by Chaffin et al. [2] for predictability for the
latissimus dorsi, and the external and internal obliques.
However, Chaffin et al. [2] found significant regression
equations for the rectus abdominis whereas our study
only found the right rectus abdominis at Ls. Our study
found significant erector spinae moment-arms at L3 and
L4, whereas Chaffin et al. [2] found no relationship be-
tween the erector spinae and the investigated external
anthropometric measures. Thus, our study was consis-
tent with the prediction of coronal plane moment-arm
regression equations with previous findings [2], with
additional relationships found. These additional rela-
tionships were found with the use of a smaller data set,
as Chaffin et al. [2] used 96 females whereas we had 20
females in our dataset. Thus, our investigation yielded
stronger significant predictors with a smaller dataset.
Similar to the findings from our study on the pre-
diction of the physiological cross-sectional areas [1],
measures consisting of individual height and weight
(e.g., product of height and weight, height divided by
weight, weight divided by height) were more consistent
predictors of moment-arms across all muscles investi-
gated for females than relationships previously used for
estimates of moment-arms (e.g., measures about the iliac
crest) [17]. Regression on male moment-arms from ex-
ternal anthropometric measures indicated that measures
about the xyphoid process were consistent predictors of
sagittal plane moment-arms (e.g., trunk depth measured
at the xyphoid process, trunk depth at xyphoid process
divided by either height or weight) and measures of
height and weight (e.g., product of height and weight,
height divided by weight) were consistent predictors of
coronal plane moment arms across all muscles and
levels. While both the L; and L, levels resulted in many
muscles with significant moment-arm prediction equa-
tions, only the rectus abdominis and psoas major mus-
cles had significant predictors of the sagittal plane and
coronal plane moment-arms at the Ls level. Thus, we did
not find a significant predictor for the major extensor
muscle of the male trunk (erector spinae) in either the
sagittal or coronal plane, which may be indicative of too
few subjects or the appropriate combination of predic-
tors was not investigated. Other investigators have
found significant predictors of erector spinac moment-
arms using unconventional measures. Wood et al. [14]
found a significant relationship between sitting height
and the erector spinae moment-arm at Ls/S; from 26
subjects. Reid et al. [12] found a regression equation
with six independent variables on 20 subjects, and Moga
et al. [4] found regression equations with five indepen-
dent variables to be significant predictors of the sagittal
plane moment-arm of the male erector spinae using 19
subjects. Thus, it appears that near the levels which
many biomechanical models estimate spinal loading and
bending moments, difficulty exists in the prediction of
the major trunk extensor’s moment-arms in both the

sagittal and coronal plane. This point may need further
investigation as it has been shown that variation in the
moment-arm in biomechanical models results in highly
sensitive estimates of spinal loading, especially for sin-
gle-equivalent muscle models [22].

4.4. Moment-arms in biomechanical models

In biomechanical models of the trunk, moment-arm
data can serve at least two functions. First, these data
can be used to estimate the internal moments generated
by the trunk muscles about an axis of rotation. Biome-
chanical models have generally assumed this rotation
axis to lie between L3 and Ls/S; [17-20]. Secondly, mo-
ment-arm data across multiple levels can be used to
estimate the muscle force vector or muscle force line-of-
action. However, the centroid approach for identifica-
tion of the muscle force vector may not be appropriate
for all trunk muscles and may need to be augmented
using muscle fiber orientation data. The method of
centroids to identify the line-of-action of a muscle was
investigated by Jensen and Davy [23]. They assumed
that the force transmitted by a skeletal muscle could be
defined by the locus of the centroid of its transverse
cross-sectional area, and if the resultant force at any
transverse section acts at the centroid of the section, it
was necessary that either the muscle fiber forces are
parallel and uniformly distributed over the section, or
that other distributions exist which produce zero net
lateral moments about the centroid. Rab [6] indicated
that the assumption that the centroid line of a muscle
determined by connecting the centroids of multiple
muscle cross-sections is valid if all fibers of a muscle are
symmetrically loaded.

Muscles for which the path of the centroids (moment-
arm distances) may be consistent with the muscle fiber
orientations include the latissimus dorsi [7,24] and the
rectus abdominis [7,25]. However, other muscles such as
the erector spinae, external oblique and the internal
oblique, the orientation of the centroid path and fiber
orientation in the lumbar region are different.

In the coronal plane, the erector spinae muscle vector
based on centroids from L, to Ls runs in a caudal/medial
direction. However, Macintosh and Bogduk [26] indi-
cated that the muscle fibers of the iliocostalis lumborum
and the longissimus thoracis in the lumbar region run in
a caudal/lateral direction. The sagittal plane moment-
arms indicate the erector spinae vector gradually in-
creases in the posterior direction, however, Macintosh
and Bogduk [26] indicated a much greater caudal/pos-
terior angle of the erector spinae fibers in the lumbar
region. Thus, the fiber orientation of the muscles of the
erector spinae need to be accounted for when deter-
mining the direction of the force.

The centroid path for the external oblique in the
sagittal plane runs caudal/posterior in the upper lumbar
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region, to a caudal/anterior direction in the lower lum-
bar region. The coronal plane centroid path indicates a
caudal/lateral orientation. Dumas et al. [7] found a
slight variation in muscle fiber bundle orientation de-
pendent upon the location within the muscle. In the
sagittal plane, the anterior and posterior fiber bundles at
the Li;/L, and L4/Ls levels all demonstrated a caudal/
anterior direction. In the coronal plane, the anterior
portions ran in the caudal/medial direction, which ta-
pered to almost vertical for the posterior portion of the
muscle. Thus, the differences in fiber bundle orientation
and the centroid path necessitate the use of the fiber
bundle directions for the estimation of the muscle force
line-of-action.

The position of the centroid in the sagittal plane for
the internal oblique muscle, similar to that of the ex-
ternal oblique, lied anterior to the vertebral body for all
levels where the muscle was present. The moment-arm
decreased from L, to L4, and then increased again at Ls.
Basing the muscle vector on the results of the centroid
method indicates that the internal oblique muscle may
act as a flexor of the trunk, with the centroid at all levels
lying anterior to the spine. However, Dumas et al. [7]
indicated a wide variation of muscle fiber bundle ori-
entation at the L;/Ly and L4/Ls levels, where the lateral
and posterior fiber bundles were considered trunk ex-
tensors. This is consistent with trunk muscle activity
studies when muscle activity was sampled from the
posterior aspect of the internal oblique [27]. Thus,
muscle fiber orientation in the lower lumbar region
should be used for the internal oblique muscle vector,
which indicates the internal oblique can be modeled as a
trunk extensor.

The results of this study need to be interpreted in light
of several methodological considerations. First, the
moment-arms in this study were observed from subjects
lying supine. The moment-arms of several muscles
would be expected to change as a function of standing
upright [28], as a function of twisting [15], or from
sagittal bending [29]. Second, as discussed above, the
centroid method was used to determine the endpoints of
the moment-arms. This approach may not be reflective
of the true muscle force direction for muscles with ob-
lique fiber angles such as the external oblique and in-
ternal oblique, and should be supplemented with fiber
orientation data.

5. Conclusions

Moment-arms in the sagittal and coronal plane of
most trunk muscles investigated in this study exhibited
differences in length as a function of gender, with males
having, on an average, 15.9% larger moment-arms than
females. These gender differences indicate that female
specific moment-arms may need to be used to improve

the accuracy of biomechanical models investigating
female spinal loading. Inspection of resulting moment-
arms as compared to previous studies indicates that the
age and body mass characteristics of the population
sampled may have an impact on the moment-arm
distances for certain muscles, including the obliques
and rectus abdominis. Finally, for both genders, this
study resulted in better predictions of sagittal plane and
coronal plane moment-arms as compared to prior
studies.

Acknowledgements

Partial funding for this study was provided by the US
Army Medical Research and Material Command.

References

[11 Marras WS, Jorgensen MJ, Granata KP, Wiand B. Size and
prediction of female and male spine loading trunk muscles
derived from MRI. Clin Biomech 2001;16:38-46.

Chaffin DB, Redfern MS, Erig M, Goldstein SA. Lumbar muscle

size and locations from CT scans of 96 women of age 40-63 years.

Clin Biomech 1990;5:9-16.

Kumar S. Moment arms of spinal musculature determined from

CT scans. Clin Biomech 1988;3:137-44.

Moga PJ, Erig M, Chaffin DB, Nussbaum MA. Torso muscle

moment arms at intervertebral levels T10 through L5 from CT

scans on eleven male and eight female subjects. Spine
1993;15:2305-9.

Nemeth G, Ohlsen H. Moment arm lengths of trunk muscles to

the lumbosacral joint obtained in vivo with computed tomogra-

phy. Spine 1986;11:158-60.

Rab G, Chao E, Stauffer R. Muscle force analysis of the lumbar

spine. Orthop Clin North Am 1977;8:193-9.

Dumas GA, Poulin MJ, Roy B, Gagnon M, Jovanovic J.

Orientation and moment arms of some trunk muscles. Spine

1991;16:293-303.

McGill SM, Patt N, Norman RW. Measurements of the trunk

musculature of active males using CT scan radiography: Impli-

cations for force and moment generating capacity about the L4/Ls
joint. J Biomech 1988;21:329-41.

Reid JG, Costigan PA. Geometry of adult rectus abdominis and

erector spinae muscle. J Ortho Sport Therapy 1985;6:278-80.

[10] Tracy MF, Gibson MJ, Szypryt EP, Rutheford A, Corlett EN.
The geometry of the muscles of the lumbar spine determined by
magnetic resonance imaging. Spine 1989;14:186-93.

[11] McGill SM, Santiguida L, Stevens J. Measurement of the trunk
musculature from 75 to Ls using MRI scans of 15 young
males corrected for muscle fiber orientation. Clin Biomech
1993;8:171-8.

[12] Reid JG, Costigan PA, Comrie W. Prediction of trunk muscle
areas and moment arms by use of anthropometric measures.
Spine 1987;12:273-5.

[13] Reid JG, Livingston LA, Pearsall DJ. The geometry of the psoas
muscle as determined by magnetic resonance imaging. Arch Phys
Med Rehabil 1994;75:703-8.

[14] Wood S, Pearsall DJ, Ross R, Reid JG. Trunk muscle parameters
determined from MRI for lean to obese males. Clin Biomech
1996;11:139-44.

2

_—

[3

—_

4

=

[5

]

6

—_

[7

—

8

—_

[9

—



[15]

[16]

(17

(18]

[19]

(20]

(21]

M.J. Jorgensen et al. | Clinical Biomechanics 16 (2001) 182—-193 193

Tsuang YH, Novak GJ, Schipplein OD, Hafezi A, Trafimow JH,
Anderson GBJ. Trunk muscle geometry and centroid location
when twisting. J Biomech 1993;26:537-46.

Guzik DC, Keller TS, Szpalski M, Park JH, Spengler DM. A
biomechanical model of the lumbar spine during upright
isometric flexion, extension, and lateral bending. Spine 1996;
21:427-33.

Schultz AB, Anderson GBJ. Analysis of loads on the lumbar
spine. Spine 1981;6:76-82.

Marras WS, Granata KP. The development of an EMG-assisted
model to assess spine loading during whole-body free-dynamic
lifting. J Electromyogr Kinesiol 1997;7:259-68.

Chaffin DB. A computerized biomechanical model-Development
of and use in studying gross body actions. J Biomech 1969;2:
429-41.

McGill SM. A myoelectrically based dynamic 3D model to
predict loads on lumbar spine tissues during lateral bending.
J Biomech 1992;25:395-414.

Santaguida PL, McGill SM. The psoas major muscle: a three-
dimensional geometric study. J Biomech 1995;28:339-45.

[22]

(23]

[24]
(23]
[26]
[27]

(28]

[29]

McGill SM, Norman RW. Effects of an anatomically detailed
erector spinae model on L4/Ls disc compression and shear.
J Biomech 1987;20:591-600.

Jensen RH, Davy DT. An investigation of muscle lines of action
about the hip: A centroid line approach vs. the straight line
approach. J Biomech 1975;8:103-10.

Bogduk N, Johnson G, Spalding D. The morphology and
biomechanics of latissimus dorsi. Clin Biomech 1998;13:377-85.
Stokes IAF, GardnerMorse M. Quantitative anatomy of the
lumbar musculature. J Biomech 1999;32:311-6.

Macintosh JE, Bogduk N. The attachments of the lumbar erector
spinae. Spine 1991;16:783-92.

Marras WS, Mirka GA. A comprehensive evaluation of trunk
response to asymmetric trunk motion. Spine 1992;17:318-26.
McGill SM, Juker D, Axler C. Correcting trunk muscle geometry
obtained from MRI and CT scans of supine postures for use in
standing postures. J Biomech 1996;29:643-6.

Macintosh JE, Bogduk N, Pearcy MJ. The effects of flexion on
the geometry and actions of the lumbar erector spinae. Spine
1993;18:884-93.



