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Abstract

Objective. Develop a gender specific database of trunk muscle cross-sectional areas across multiple levels of the thoracic and
lumbar spine and develop prediction equations for the physiological cross-sectional area as a function of gender and anthropometry.

Design. This study quantified trunk muscle cross-sectional areas of male and female spine loading muscles.

Background. There is a lack of comprehensive data regarding the female spine loading muscle size. Although biomechanical
models often assume females are the same as males, little is known regarding gender differences in terms of trunk muscle areas and
no data exist regarding the prediction of trunk muscle physiological cross-sectional areas from commonly used external anthro-

pometric measures.

Methods. Magnetic resonance imaging scans through the vertebral bodies from T3 through S; were performed on 20 females and
10 males. Muscle fiber angle corrected cross-sectional areas were recorded at each vertebral level. Linear regression techniques
taking into account anthropometric measures were utilized to develop prediction equations for the physiological cross-sectional area
for each muscle of interest, as well as tests for differences in cross-sectional areas due to gender and side of the body.

Results. Significant gender differences were observed for the prediction of the erector spinae, internal and external obliques, psoas
major and quadratus lumborum physiological cross-sectional areas. Anthropometric measures about the xyphoid process and
combinations of height and weight resulted in better predictions of cross-sectional areas than when using traditional anthropometry.

Conclusions. This study demonstrates that the trunk muscle geometry of females and males are different, and that these differ-
ences should be considered in the development of biomechanical models of the torso.

Relevance

The prediction of physiological cross-sectional areas from external anthropometric measures provide gender specific equations to
assist in estimation of forces of muscles which load the spine for biomechanical purposes. © 2001 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Biomechanical torso models that evaluate injury po-
tential due to spinal loading are necessary as it is not
possible to directly measure spinal loading in living
humans. Assessing spinal loading is of interest to those
wishing to evaluate industrial tasks such as manual
material handling that are believed to place individuals
at increased risk of low back disorders. Currently,

* Corresponding author.
E-mail addresses: marras.1@osu.edu (W.S. Marras).

models used to assess spinal loading are based on male
trunk geometry [1-3]. However, these models may not
be representative of the female population as differences
exist in muscle size and direction of the muscles (females
have a wider pelvis), and females tend to exhibit more
pronounced lordosis [4,5].

In order to assess spinal loading using an electr-
omyography (EMG)-assisted biomechanical model, the
force exerted by the spine loading muscles must be es-
timated [1,2]. Muscle force is related to the maximum
force potential, among other factors (e.g., neural acti-
vation, muscle length-strength and force—velocity rela-
tionships, etc.). A muscle’s maximum force generation
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potential is related in part to its physiological cross-
sectional area (PCSA) defined in cadaver studies as the
muscle volume divided by its length [6-8]. However,
PCSAs derived from cadaver studies are typically rep-
resentative of an elderly population, which may not be
reflective of the population engaged in industrial tasks
such as manual material handling. Therefore, it is nec-
essary to estimate the muscle size via alternate methods,
and also to develop prediction equations for the muscle
sizes for inclusion in biomechanical models.

Few studies have estimated female trunk muscle
cross-sectional area (CSA) at multiple levels of the spine
[9,10], or quantified more than two trunk muscles [9].
Hence, there is a void in the body of knowledge that
comprehensively describes female muscle geometry in
the trunk.

The need for comprehensive accurate trunk geometry
data for females is important for several reasons. First,
differences from males with respect to muscle size may
alter the magnitude of the loadings and the loading
paths on the spine such that biomechanical models
based on male anthropometry may not be valid if ap-
plied to females. Thus, female data are needed to de-
velop valid biomechanical models of the female trunk.
Second, females are increasingly present in material
handling tasks that traditionally were exclusive to males,
and are thus exposed to factors that increase the risk of
low back disorders. Third, previous databases may not
have described the largest CSAs due to limited scan
levels investigated. Identification of the largest CSA is
important as it is related to the maximium force gener-
ation potential [8,11-13]. Finally, EMG-assisted bio-
mechanical models may eventually play a clinical role in
the identification of deficits of performance due to injury
and also enhance the return-to-work process. Thus, ac-
curate female data are needed to build more compre-
hensive models.

1.1. Objectives
The objectives of this study are threefold: first, de-

velop an accurate database of fiber angle corrected
trunk muscle CSAs across multiple levels of the spine

for multiple trunk muscles, for both males and females.
Second, determine if significant gender differences exist
for trunk muscle geometry while controlling anthropo-
metric differences. Third, develop prediction equations
for the trunk muscle PCSAs for both males and fe-
males.

2. Methods
2.1. Subjects

Twenty female and ten 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 slices of
10 mm in thickness. Subjects were placed in a neutral
position (supine posture with knees extended and hands
lying across their abdomen) on the MRI table. A single
set of 11 torso scans was performed, which were per-
pendicular to the MRI table at transverse levels through
the approximate centers of the vertebral bodies from T
through S;.

The scans were transferred onto a Philips GyroView,
which allowed an object of interest to be inscribed using
a computer mouse. Descriptive statistical data including
the area of the enclosed region and the three-dimen-
sional location of the area centroid relative to the scan
origin were derived. The quantified muscles included the
right and left pairs of the erector spinae group, latissi-
mus dorsi, internal obliques, external obliques, rectus
abdominis, psoas major, and the quadratus lumborum
(see Fig. 1). Each muscle, vertebral body and the torso
were inscribed several times at each level, with the av-
erage of the observation used as the representative val-
ues. Three observations resulted in average coefficient of

Table 1
Mean (SD) anthropometric and demographic data for the male and female subjects
Gender Age Height Weight Trunk depth Trunk width Trunk depth Trunk width Body mass
(yr) (cm)* (kg)* at at at xyphoid at xyphoid index
iliac crest iliac crest process process (kg/m?)*
(cm)” (cm)” (cm)” (cm)*
Female 25.0 (7.2) 165.5 (5.9) 57.9 (6.4) 19.8 (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) 175.9 (9.1) 79.8 (13.3) 22.3(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. 1. Cross-sectional scan at the L3 vertebral level of a female subject.

variation (CV) of 9% or less for each muscle based on
the first 15 female subjects with most CVs less than 5%.

2.3. Muscle fiber corrections

Since the scan planes were perpendicular to the scan
table, the raw CSAs derived directly from MRI scans
will be overestimates of the true CSA as the direction of
most muscles will not be perpendicular to the scan
plane. Thus, similar to the approach used by McGill
et al. [14], corrections to the raw muscle CSAs were
performed by taking the dot product of the unit vectors
using muscle fiber angles determined from different lit-
erature sources. Fiber angles for the latissimus dorsi,
rectus abdominis, external oblique, internal oblique and
quadratus lumborum were obtained from Dumas et al.
[15]. Data from Macintosh and Bogduk [16] were used
for the lumbar and thoracic portions of the erector
spinae, and fiber orientations reported in McGill et al.
[14] were used for the psoas major. The resulting cor-
rected CSAs at each vertebral level corresponds to the
anatomical cross-sectional area (ACSA) [13]. The
PCSA, which is necessary to estimate the force pro-
ducing capability of the muscle, is defined as the maxi-
mum CSA that “cuts” all fibers at right angles [13].
Thus, the largest ACSA for each muscle will be defined
as the estimate of the PCSA.

2.4. Statistical analysis

Descriptive statistics (means and standard deviations
at each vertebral level) were generated for the ACSAs
for both females and males. Similarly, descriptive sta-
tistics were also determined for the PCSAs for both fe-
males and males.

Differences between the right and left side PCSA for
each muscle were assessed by using dependent sample ¢-
tests, performed independently for each gender. Differ-

ences between the right and left side ACSA at
each specific vertebral level were assessed by performing
a two-way repeated measures analysis of variance
(anova). The dependent variable was the ACSA, and
the independent variables included the subject, vertebral
level, side of the body (right or left), and a vertebral level
by side of the body interaction. Post-hoc analyses con-
sisted of Tukey pairwise comparisons on significant
vertebral level by side of body interactions, using a
significance level of o = 0.05.

Linear regression techniques were used to predict the
gender specific PCSA from anthropometric measures for
each muscle (both right and left side PCSA, as well as
the average of the right and left side PCSA). Regression
equations were restricted to one independent variable,
which included subject weight, body mass index (kg/m?),
the product of subject height and weight (kg -m), the
product of trunk width and trunk depth (cm?) measured
at the xyphoid process and the iliac crest, and the
product of trunk width and trunk depth measured at the
xyphoid process divided by subject height, and subject
height divided by weight and subject weight divided by
height [9,17-19].

Gender differences between the regression equations
predicting PCSAs were investigated using a hierarchical
multiple linear regression approach, testing the signifi-
cance of a gender indicator variable. Finally, gender
differences for the ACSAs at each vertebral level were
determined by using #-tests with independent observa-
tions, with either equal or unequal variances where ap-
propriate, using a significance level of 5%.

3. Results

The ACSAs of the muscles, vertebral bodies and
torso, by vertebral level, are shown in Table 2. Males
exhibited larger ACSAs for all muscles at most levels,
and at all levels for the vertebral body and torso CSAs.
The gender and muscle specific PCSAs are shown in
Table 3.

Differences in PCSA were found as a function of side
of the body. The PCSA for the right latissimus dorsi was
more than 10% larger than the PCSA for the left la-
tissimus dorsi for both males and females (Table 3), and
the female left psoas major and quadratus lumborum
PCSAs were larger than their respective right sides. On a
vertebral level-by-level comparison, only the latissimus
dorsi exhibited a significant right versus left ACSA dif-
ference with post-hoc tests indicating that the right side
was larger than the left from T3 to Tjo for both males and
females.

Table 4 lists the independent variables (description
and units) used for the prediction of the various PCSAs
from external anthropometry. The regression equations
for the different muscles are shown in Table 5.
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Table 3

Mean (SD) PCSAs (¢cm?) for each muscle and gender. Bold-italicized
cells within each gender indicates a significant difference between right
and left PCSAs of a specific muscle (P < 0.05)

Muscle Females Males

R. latissimus dorsi 13.29 (5.0) 21.74 (4.2)
L. latissimus dorsi 12.01 (4.7) 19.44 (5.1)
R. erector spinae 16.16 (3.8) 25.95 (4.1)
L. erector spinae 16.12 (3.4) 26.00 (4.2)
R. rectus abdominis 6.28 (2.1) 9.05 (2.3)
L. rectus abdominis 6.46 (2.3) 9.04 (2.3)
R. external oblique 7.24 (1.1) 10.60 (2.0)
L. external oblique 6.92 (1.1) 10.59 (2.2)
R. internal oblique 6.18 (1.3) 10.26 (2.2)
L. internal oblique 6.43 (1.1) 10.54 (2.4)
R. psoas major 10.39 (1.7) 19.49 (3.6)
L. psoas major 10.96 (1.7) 19.76 (2.8)
R. quadratus lumborum 2.24 (0.4) 5.26 (1.6)
L. quadratus lumborum 2.64 (0.6) 5.42 (1.9)

Measurements about the xyphoid process resulted in
significant prediction equations for the latissimus dorsi,
for females, whereas weight and height combinations
were significant predictors of male latissimus dorsi
PCSA. There were no differences between the male and
the female prediction equations for the latissimus dorsi
PCSA. The best predictors of the erector spinae PCSAs
consisted of combinations of height and weight for both
genders. Weight divided by height explained between
61% and 72% of the PCSA wvariability for females;
conversely, height divided by weight explained between
53% and 62% of the male PCSA variability. A signifi-
cant gender effect was present when predicting erector
spinae PCSA.

Measurements about the xyphoid process and BMI
were significant predictors of rectus abdominis PCSA
for the females, however, different combinations of
height and weight were significant predictors for the
males. Additionally, no gender effect was found for the
prediction of the rectus abdominis PCSA from the an-
thropometric variables investigated. Measures about the
xyphoid process were the best predictors of the external
oblique PCSA for females, and for only the left external
oblique for males. As indicated in Table 5, a significant

Table 4

gender effect was present for the prediction of the ex-
ternal oblique PCSA.

Measures which included the xyphoid process and
BMI were significant predictors of the female internal
oblique PCSA, with gender differences present for al-
most all regression equations. Subject weight was the
best predictor of the male internal oblique PCSA, with
the PCSA variability between 51% and 62% explained.

There were no significant predictors of female psoas
major PCSA, and only the xyphoid process significantly
predicted male psoas major PCSA. Finally, many of the
independent variables for predicting the quadratus
lumborum PCSA were significant for females, with
measures about the xyphoid process consistently better
than other predictors. Only the left quadratus lumbo-
rum had significant predictors of PCSA for males.

4. Discussion

The results of this study are useful to those interested
in biomechanical modeling of the torso for investigation
of spinal loading during torso motion or material han-
dling activities. The utility of these data lies in the ability
to predict trunk muscle cross-sectional areas based on
externally measured individual differences, for both
males and females, to allow more realistic predictions of
muscle force. Several other significant contributions to
the body of knowledge for biomechanical modeling of
the low back can be derived from this study, as discussed
below.

First, a comprehensive dataset of ACSAs for spine
loading muscles for both females and males now exists.
The only comparable study used MRI to scan young
males from 75/Tg through Ls/S) [14]. The ACSAs be-
tween these studies were similar for the latissimus dorsi,
erector spinae, rectus abdominis, and psoas major,
where average percent differences ranged between 1.7%
and 12.0% for comparable muscles and vertebral levels.
Female ACSAs for the latissimus dorsi, rectus abdo-
minis and external obliques in our study were larger
than those quantified by Chaffin et al. [9], whereas the
ACSAs for the erector spinae, internal obliques, psoas
major and quadratus lumborum of this study were

Linear regression independent variables and descriptions for the prediction of the PCSAs

Independent variable Description

TDTWXP (cm?)
BMI (kg/m?)
HTWT (m kg)
Weight (kg)
TDTWXPH (cm?/m)
HTDWT (cm/kg)
WTDHT (kg/cm)

Height (m) multiplied by weight (kg).
Subject weight (kg).

Trunk depth (cm) multiplied by trunk width (cm) measured at the level of the xyphoid process.
Body mass index: subject weight (kg) divided by square of subject height (m?).

Trunk depth (cm) multiplied by trunk width (cm) measured at the xyphoid process, divided by subject height (m).
Subject height (cm) divided by subject weight (kg).
Subject weight (kg) divided by subject height (cm).
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smaller than those found in Chaffin et al. [9]. These
differences may be due to a combination of several
factors. The subjects in Chaffin et al. [9] were taking part
in an osteoporosis study, whose average age was 49.6 yr,
compared to healthy subjects in our study, with an av-
erage age of 25.0 yr. Thus, the older subjects may have
experienced some age-related muscle atrophy. The scans
were taken with the subjects lying supine, and the knees
and hips flexed, whereas the subjects’ hips and knees
were extended in our study. Thus, differences in muscle
length and orientation may have affected the resulting
CSAs between the two studies. Additionally, the ACSAs
in Chaffin et al. [9] were not corrected for muscle fiber
angle, thus they were not normal to the muscle vectors.

Second, significant differences in the ACSAs of a
muscle group as a function of side of the body were
found. Both males and females exhibited larger right
than left side ACSA of the latissimus dorsi between Ty
and Ty (10.2-12.0% larger for males, and 8.1-9.5%
larger for females), consistent with the findings of
McGill et al. [14]. The latissimus dorsi contributes both
to twisting and lateral trunk motions, thus, differences in
muscle size as a function of side of the body may need to
be accounted for in biomechanical models.

Third, this is the first study to develop predictive
equations for the estimated PCSAs based on external
anthropometry, where the prediction equations in our
study have resulted in better predictability than most
other studies using uncorrected CSAs. For females,
Chalffin et al. [9] found that height plus weight signifi-
cantly predicted the erector spinae ACSA (R? = 0.26).
However, knowledge of female height and weight in our
study (weight divided by height) produced significant
prediction equations accounting for a greater portion of
the erector spinac PCSA variability than found by
Chaffin et al. [9] (between 61% and 72%).

For males, no prior studies have found significant
predictors of CSAs for the latissimus dorsi [18] or the
quadratus lumborum [18,20]. However, our study found
significant predictors of the latissimus dorsi (R ranging
from 0.43 to 0.52) and for the left quadratus lumborum
(R* = 0.61). Male height divided by weight resulted in
the best prediction equations for both the erector spinae
(R? of 0.53 and 0.62 for right and left side, respectively)
and rectus abdominis (R? of 0.60 and 0.63 for right and
left side, respectively). Contrary to other studies which
did not find significant anthropometric predictors of
erector spinae CSA [17,18,20], Reid et al. [21] found
significant predictors, however, their model was over-
specified with six independent variables (R> = 0.77).
Thus, our models performed almost as well for the
prediction of the erector spinae PCSA with only one
independent variable. Our regression models for the
prediction of the rectus abdominis PCSA also per-
formed better than those by Tracey et al. [18] (R? from
0.27 to 0.44) and Reid et al. [21] (R? = 0.40), whereas

McGill et al. [17] did not find a significant relationship
between the rectus abdominis CSA at L,/Ls and height
and weight measures. The current study found that
measures about the xyphoid process (R> from 0.38 to
0.47) significantly predicted the external oblique PCSA,
and different combinations of height and weight signif-
icantly predicted the internal oblique PCSA, previous
studies found mixed results. Only McGill et al. [17] and
Wood et al. [20] found significant relations between
anthropometric measures and oblique muscle CSA. Fi-
nally, similar to other studies, external anthropometric
measures were predictive of the psoas major PCSA
[17,18,21]. Overall, the results of this study provide ad-
ditional prediction equations not previously found for
female as well as male trunk muscle PCSA. All prior
studies that have attempted to predict trunk muscle
CSAs from external anthropometry have been devel-
oped using either uncorrected CSAs or CSAs at verte-
bral levels which are not the largest CSA [3,9,17-21]
which is necessary to estimate the PCSA for prediction
of muscle force. Thus, the predicted CSAs from these
studies will either overestimate the PCSA due to the
obliquity of the muscle in relation to the direction of the
muscle and the scan plane, or underestimate the PCSA if
the CSA used was not at the largest point of the muscle.

Finally, gender differences were found regarding
muscle geometry that may be important when consid-
ering inputs into biomechanical models. A significant
gender effect was present for the prediction of the PCSA
of the erector spinae, external and internal obliques,
psoas major and quadratus lumborum, but not for the
rectus abdominis or latissimus dorsi muscles. This in-
dicates that gender differences need to be accounted for
when using estimates of muscle PCSAs to predict trunk
muscle forces in biomechanical models. The erector
spinae and internal obliques are active during trunk
extensions, and the external and internal obliques are
active during twisting and lateral bending motions.
Thus, when modeling materials handling activities, the
estimates of muscle force of most motions will be af-
fected by gender differences affecting the estimation of
the PCSAs.

The results of this study should be interpreted in light
of several methodological considerations. First, unlike
most previous reported data, these results reflect a
young healthy population. When compared to an-
thropometry from an industrial population [22], the fe-
male averages were at the 60th and 30th percentile for
average height (ranged between 154.0 and 175.2 cm) and
weight (ranged between 45.8 and 68.0 kg), respectively,
and the male mean dimensions were at the 40th per-
centile for both height (ranged between 158.2 and 186.9
cm) and weight (ranged between 61.2 and 102.1 kg).
Second, the estimates of the ACSAs and PCSAs were
generated from subjects lying supine. McGill et al. [23]
estimated, via ultrasound, that the difference between
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lying supine versus standing was to increase the erector
spinae moment-arm by 3% and 12% for males and fe-
males, respectively, which may have an affect on the
vector directions. Third, the ACSAs and PCSAs found
in this study, as well as most other studies using MRI
and CT do not reflect changes in muscle geometry
during awkward postures such as twisting, lateral
bending, or sagittal trunk flexion. Finally, the same
muscle fiber angle correction factor was used for both
male and females, however, it is unknown if both gen-
ders exhibit the same muscle fiber angle for a given
muscle at a given vertebral level.

5. Conclusions

Utilizing MRI technology, muscle ACSAs from the
Ty through S; vertebral levels were tabulated for the
right and left sides of the latissimus dorsi, erector spinae,
rectus abdominis, external and internal obliques, psoas
major and quadratus lumborum for both males and
females. Gender differences for prediction of the PCSAs
were found. These gender differences can affect the
prediction of muscle forces and internal moments in
biomechanical models, and may need to be accounted to
improve the predictability of spinal loading.
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