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Abstract The purpose of this study
was to investigate the use of mag-
netic resonance (MR) imaging and
image processing software to deter-
mine the functional cross-sectional
area (FCSA) (the area of muscle
isolated from fat) of the lumbar
paraspinal muscles. The measure-
ment of the morphology of the
lumbar paraspinal muscles has be-
come the focus of several recent
investigations into the aetiology of
low back pain. However, the reli-
ability and validity of determining
the FCSA of the lumbar paraspinal
muscles using MR imaging are yet
to be reported. T2 axial MR scans
at the L1-S1 spinal levels of six
subjects were obtained using iden-
tical MR systems and scanning
parameters. Lean paraspinal mus-
cle, vertebral body bone and inter-
muscular fat were manually
segmented using image analysis
software to assign a grey scale
range to the MR signal intensity
emitted by each tissue type. The
resultant grey scale range for mus-
cle was used to determine FCSA
measurements for each of the pa-
raspinal muscles, psoas, quadratus
lumborum, erector spinae and lum-
bar multifidus on each scan slice.
As various biological, instrument

and measurement factors can affect
MR signal intensity, a sensitivity
analysis was conducted to deter-
mine the error associated in calcu-
lating FCSA for paraspinal muscle
using a discrete grey scale range.
Cross-sectional area and FCSA
measurements were repeated three
times and reliability indices for the
FCSA measurements were ob-
tained, showing excellent reliability,
intra class correlation coefficient
(mean=0.97, range 0.90–0.99) and
%SEM (mean=2.6%, range 0.7–
4.8%). In addition, the error asso-
ciated with miscalculation of the
grey scale range for the MR signal
intensity of muscle was calculated
and found to be low with an error
of 20 grey scale units at the upper
end of the muscle’s grey scale range
resulting in a very small error in the
measured muscle FCSA. The
method presented in this paper has
a variety of practical applications in
areas such as evidence-based reha-
bilitation, biomechanical modelling
and the determination of segmental
inertial parameters.
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Introduction

The measurement of the morphology of the lumbar
paraspinal muscles has become the focus of several re-
cent investigations into the aetiology of low back pain
(LBP) [6, 8, 12, 16, 18, 21, 36]. Muscles in this group,
consisting of the psoas, quadratus lumborum, iliocos-
talis lumborum, longissimus lumborum and the lumbar
multifidus, can have a direct influence on segmental
stability and control of the lumbar spine due to their
attachments to the spinal column. Coordinated, co-
contraction of the lumbar paraspinal muscles with the
abdominal wall muscles is thought to have a stabilising
effect on the lumbar spinal segments; therefore, provid-
ing a safe platform for trunk movement [30, 39]. It has
been suggested that dysfunction of these muscles is a
significant factor in the aetiology and chronicity of LBP
[6, 12, 15, 29].

Cross-sectional area (CSA) asymmetries of certain
lumbar paraspinal muscles have previously been asso-
ciated with the presence of LBP [4, 5, 12, 13, 16, 31].
These asymmetries are thought to be a quantitative
manifestation of lumbar paraspinal muscle dysfunction.
Hides et al. [13] used real time ultrasound to measure the
CSA of the lumbar multifidus from L2 to S1 in subjects
with acute, first episode, LBP. The authors reported uni-
segmental atrophy, represented by a reduced lumbar
multifidus CSA, which correlated with the symptomatic
side of the body and spinal level. In a subsequent study
[12], localised atrophy of the lumbar multifidus was
shown not to spontaneously recover following the res-
olution of LBP. This phenomenon was thought to be
sequelae to pain-induced inhibition of this muscle [12]. A
deficit in the capacity of the segmental stabilising mus-
cles of the lumbar spine has been proposed as a mech-
anism for recurrent low back injury [5, 12].

Investigations into the aetiology of LBP by Kader
et al. and Parkkola et al. [16, 31] have also revealed that
significant atrophy of specific lumbar paraspinal muscles
can occur without a reduction in the total CSA within
the muscles’ fascial boundaries. These authors described
paraspinal muscle atrophy in terms of replacement of
muscle with fat and fibrous tissue, which would result in
reduced functional contractility of muscle. Therefore, a
measure of the functional cross-sectional area (FCSA)
i.e. the area of lean muscle tissue within a muscle’s fas-
cial boundaries would be a better indicator of the mus-
cle’s contractile ability.

Imaging techniques such as ultrasound, computed
tomography (CT) and magnetic resonance (MR) allow
in vivo calculation of low back muscle CSAs. The use of
ultrasound is limited to the examination of superficial
muscles and the resolution of the resulting images is
generally low which can make tissue type discrimination
difficult [11]. CT allows high-resolution tissue type

discrimination within trunk muscle fascial boundaries
[5]. However, CT involves exposure to significant doses
of ionising radiation and is therefore ‘‘a less than ideal’’
technique for assessing the morphology of spinal mus-
cles in asymptomatic subjects. Previous MR studies have
reported atrophy of selected lumbar paraspinal muscles,
in terms of replacement of muscle bulk with fat and
fibrous tissue, and have relied upon radiologist assess-
ment and grading of the muscles’ appearance i.e. degree
of muscle atrophy and fat infiltration, without quanti-
tative assessment of the intramuscular morphology [16,
31].

Segmentation (or tissue classification) is the process
whereby various tissues visible on either a CT or MR
image are distinguishable by the signal intensity they
emit [1, 10, 14, 23, 27, 35]. Danneels et al. [5] conducted
a study that used CT in conjunction with image pro-
cessing software to produce quantitative measurement
of ‘‘low-fat’’ CSAs of low back muscles. Their approach
involved eliminating pixels within the fascial boundary
with grey scale values that were thought to represent fat.
In the Danneels’ study however, the method of deter-
mining grey scale values for the different tissue types was
not described in detail.

The signal intensity of each pixel from an MR image
can be assigned a grey scale value using image analysis
software [1, 10, 14, 27]. Segmentation is a complex area
in automated MR image analysis due to potential
problems such as heterogeneous signal intensities in
tissues and the possibility that individual pixels of an
MR image may contain two or more anatomical struc-
tures (the partial volume effect) [1, 10, 14, 26, 34].
Regardless of these concerns, recent investigations using
MR imaging to determine inertial properties of body
segments have identified tissue types using discrete grey
scale ranges for signal intensity emitted by various tis-
sues including fat, bone and muscle [3, 32]. More
sophisticated methods of MR image tissue segmentation
have been successfully utilised in the area of brain re-
search. Harris et al. [10] and Meier and Guttmann [26]
developed methods to automatically segment MR ima-
ges of the brain according to the signal intensity of
manually identified areas of homogenous white matter,
grey matter and cerebrospinal fluid.

Despite the use of identical MR systems and scanning
parameters, homogeneous tissue may have varying sig-
nal intensity between subjects and on one scan slice
within subjects. Further, the MR signal intensity for
muscle may vary depending on a variety of factors such
as the positioning of the tissue within the scan area and
the intensity of metabolic activity of the muscle during
scanning [2, 10, 14]. The abovementioned biological and
measurement effects on MR signal intensity pose a sig-
nificant problem for researchers wishing to measure the
FCSA of the paraspinal muscles, as isolating the area of
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only one tissue type requires a grey scale range for that
tissue type to be identified.

Therefore, the purpose of this investigation was to
determine a viable method to analyse the intramuscular
morphology of the lumbar paraspinal muscles using MR
imaging. In the attempt to determine the preferred
method of ensuring that non-contractile tissue was lar-
gely eliminated from CSA measurements, two methods
of obtaining a grey scale range for the MR signal
intensity of lean paraspinal muscle were investigated.
Furthermore, the reliability of what was determined to
be the preferred method was examined.

Materials and methods

Subjects

The MR scans used in this study were collected as part
of a larger study investigating the relationship between
paraspinal muscle morphology and low back injury in
professional fast bowlers in the game of cricket. The
subjects were six, male, professional fast bowlers, aged
between 20 years and 28 years of age, who were fit to
bowl at the time of data collection. Ethical approval had
been provided for the larger study by the Local Region
Ethics Committee of the University of Nottingham, UK,
and Edith Cowan University, Western Australia.

Scanning protocol and image analysis

Axial T2 weighted MR scans of the six subjects were
taken at seven spinal levels; they being the lower verte-
bral end plate of L1 to L5 and the upper vertebral
endplate of L5 and S1 (Fig. 1). Following 30 min of
quiet sitting, the subjects were positioned supine in the
MR scanner with their hips and knees flexed to allow
their normal lumbar lordosis to be comfortably main-
tained. A spirit level was used to ensure a level trunk and
pelvis position. These scans were all obtained during a
single data collection session using a General Electric
1.5 T MR scanner employing a fast spin echo sequence
of TR 4,000 ms, Teef 120 ms, 5 mm slice thickness,
512·512 matrix. The field of view for the scans
(33 cm·33 cm) was set so that all paraspinal muscles of
interest were visible. These muscles were the left and
right psoas major, quadratus lumborum, multifidus and
the combined bulk of the erector spinae muscles, ilio-
costalis and longissimus. The iliocostalis and longissi-
mus were grouped together as their separate fascial
boundaries were difficult to determine on some scans.
Images were saved as 16 Bit DICOM files for later
analysis.

Image J V1.3 (National Institutes of Health, USA)
software installed on a notebook computer, running a

2.4-GHz Intel Pentium IV processor, was used to
analyse the scans. The scans were imported into the
software program and enlarged using a 2:1 zoom ratio.
The scale of the image processing software’s measure-
ment function was calibrated by dividing the number of
pixels contained along the vertical and horizontal
lengths of the images (512), by the scans’ known height
and width (33 cm·33 cm) to give a scale of 15.52 pix-
els/cm.

Muscle CSA measurements at each spinal level were
determined by outlining the fascial boundary of the
abovementioned muscles (Fig. 2) and using the mea-
surement function of the image processing software. The
quadratus lumborum and psoas muscles were only
measured at the L1 to L4 and L5 to S1 spinal levels
respectively, as these muscles were not clearly discernible
below these levels.

Determination of the grey scale range for the MR signal
intensity of lean paraspinal muscle

In this part of the investigation, two methods of deter-
mining the grey scale range for the MR signal intensity
of lean paraspinal muscle were compared. The aim was
to determine the preferred method of identifying the
grey scale range for the MR signal intensity of lean
muscle in order to calculate the FCSA of the paraspinal
muscles. This method should be reliable, accurate and
relatively time efficient.

Fig. 1 Scout view of the axial T2 MR scans. Scans were taken at
the lower vertebral endplate of L1 to L5 and the upper vertebral
endplate of L5 and S1
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The first method (Method 1) involved determining
the grey scale range for the MR signal intensity of lean
paraspinal muscle across the entire set of MR scans used
in this study. This was based on manual segmentation
of the three most prevalent homogenous tissue types
within the field of view of the scan—the vertebral body
bone, the paraspinal muscle and the intermuscular fat.
In order to differentiate the lean paraspinal muscle from
the other tissues likely to be present within the field of
view of the scans, the largest possible region of interest
(ROI) of homogenous bone within the vertebral body,
lean paraspinal muscle and intermuscular fat, on each
scan slice was manually identified in six subjects i.e. a

total of 42 samples per tissue type were analysed
(Fig. 3). The resulting grey scale values for the three
tissue types were then normalised to the total number of
pixels analysed to allow direct comparison of tissue type.
From this data, grey scale ranges for the MR signal
intensity of three tissue types, across the entire set of
scan, were determined.

Due to the nature of MR it is possible that the signal
intensity, and hence grey scale range, for the same tissue
type can vary from subject to subject, from scan level to
scan level and even within the same scan slice. Therefore,
in the second part of this section of the study, a second
sampling method for determining a grey scale range for
the MR signal intensity of lean paraspinal muscle was
investigated.

The second method (Method 2) involved determining
a grey scale range for the MR signal intensity of lean
muscle that was specific to each scan slice. These slice-
specific grey scale ranges were determined from the ROI
that were considered to be the largest area of homoge-
nous muscle within the combined bulk of all the pa-
raspinal muscles visible on each scan slice (Fig. 3).

Method reliability

The same observer measured CSA and FCSA three
times for each muscle, on each scan slice, for each sub-
ject, in random order. FCSA measurements were cal-
culated by thresholding the CSA to include only pixels
that were within the grey scale range for lean muscle
tissue previously determined using Method 1 above. A
mean of the three CSA and FCSA measurements for
each paraspinal muscle examined was taken for further
analysis.

Fig. 2 Example ROI used for calculating the CSA of the psoas,
quadratus lumborum (QL), erector spinae (ES—combined ilio-
costalis and longissimus) and lumbar multifidus (Mtx) muscles on
an L3 axial MR image

Fig. 3 Example ROI used for
the calculation of discrete
(Method 1) and slice-specific
(Method 2) grey scale ranges
for bone, muscle and fat from
an L3 axial T2 MR scan
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Sensitivity analysis

To determine the error in obtaining FCSA measure-
ments using a discrete grey scale range which was gen-
erated from the analysis of MR signal intensity found
from Method 1, a sensitivity analysis was undertaken.
As described later in the results section, the resulting
discrete grey scale range for the MR signal intensity of
lean paraspinal muscle was found to be 0–120 for this set
of scans. Therefore, FCSA measurements obtained
using this discrete grey scale range were termed
FCSA120.

Following evaluation of the methods in the first
part of the study, it was deemed that the slice-specific
grey scale ranges for muscle (Method 2) were likely to
produce the most accurate FCSA measurements.
Therefore, further FCSA measurements were obtained
using these slice-specific grey scale ranges. To enable
an analysis of the degree of error in the FCSA120
measurements caused by using a discrete grey scale
range rather than a slice-specific grey scale range for
muscle, further FCSA measurements were calculated
using the grey scale ranges 0–60, 0–80, 0–100, 0–140
and 0–160. These measurements were then expressed as
a percentage of the FCSA measurements obtained
using the slice-specific grey scale range for lean muscle
(Method 2).

Statistical analysis

Intra class correlation coefficient (ICC) values for the
three trials for CSA and FCSA120 for each muscle of
interest were calculated using SPSS V10.0. The absolute
standard error of measurement (SEM) and the relative
SEM (%SEM) [28], for the three trials of CSA and

FCSA120measurements, were calculated from the ICCas
follows:

SEM ¼ SX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ICC
p

Where, SX was the pooled standard deviation. The
%SEM was then calculated by the following:-

%SEM ¼ SEM=ðXmeanÞ � 100

Where, Xmean was the pooled mean of the three mea-
surements.

Results

Determination of the grey scale range for the MR signal
intensity of lean paraspinal muscle

The grey scale ranges for the combined samples of bone,
lean paraspinal muscle, and inter-muscular fat from
each of the 42 scan slices obtained using Method 1 are
shown in Fig. 4. The overlap of the upper portion of the
grey scale range for muscle and the lower portion of the
grey scale range for fat on this set of scans spanned from
53 to 160 on the grey scale. However, the amount of
pixels representing fat in this overlapping area of the
curves was relatively small up to 120 on the grey sca-
le—at which point the number of pixels representing
muscle became small as those representing fat began to
rise. Therefore, the grey scale range for lean paraspinal
muscle for the entire set of scans, across the six subjects,
was determined to be 0–120. Similarly, the grey scale
range for bone on this set of scans was determined to be
10–255 and the grey scale range for fat was determined
to be 74–660. Table 1 shows the slice-specific grey scale
ranges for muscle for each subject determined using
Method 2.

Fig. 4 Grey scale values for the
MR signal intensity of bone,
lean paraspinal muscle and fat
across the entire set of scans
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Technique reliability

Intra class correlation coefficient and %SEM values for
the mean CSA and FCSA120 for each muscle of interest
are summarised in Tables 2, 3 respectively. Both CSA
and FCSA120 showed excellent reliability in both indi-
ces, CSA ICC (mean=0.96, range 0.89–0.99), %SEM
(mean=3.1%, range 1.0–4.9%) and FCSA120 ICC
(mean=0.97, range 0.90–0.99), %SEM (mean=2.6%,
range 0.7–4.8%). There was a significant correlation
(r=)0.72, P<0.05) between mean FCSA120 and
%SEM indicating that muscles with a lower FCSA120
had a higher %SEM. The L4 multifidus was the most
notable exception to this trend, as it showed a relatively
large FCSA120 and a relatively large %SEM.

Sensitivity analysis

The mean FCSA determined using the discrete grey scale
ranges of, 0–60, 0–80, 0–100, 0–120, 0–140 and 0–160 as
a percentage of the FCSA determined using the slice-
specific grey scale range are presented in Fig. 5. From
this figure it can be seen that muscle FCSA determined
using the 0–100, 0–120 and 0–140 discrete grey scale
ranges were respectively, 95%, 99% and 101%, of the
FCSA determined using the slice-specific grey scale
range. This indicates that an error of 20 grey scale units
at the upper end of the muscle’s grey scale range would
result in a very small error in the measured muscle
FCSA. Conversely, if the upper limit of the muscle grey
scale range was set below the 100 value, the potential for
error in determining the muscle FCSA from this set of
scans, would be far larger.

Discussion

Determination of the grey scale range for the MR signal
intensity of lean paraspinal muscle

Segmentation (or tissue classification) has been a com-
plex area in automated quantitative MR imaging
applications due to problems such as heterogeneous

Table 1 Slice-specific grey scale ranges for lean paraspinal muscle

Spinal level Subject

1 2 3 4 5 6

L1 1–103 1–128 2–104 5–130 1–123 3–132
L2 3–115 7–138 3–124 3–124 5–139 4–144
L3 5–151 2–154 5–142 6–138 5–134 5–159
L4 7–138 6–149 3–132 8–131 4–135 1–125
L5 upper 9–112 5–137 5–135 4–126 6–134 6–124
L5 lower 8–116 6–140 6–108 12–121 5–151 6–116
S1 5–126 19–101 17–101 12–109 18–161 16–131
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signal intensities in tissues and the partial volume effect
[1, 10, 14, 26]. The overlap of the grey scale range for the
MR signal intensity of the bone, muscle and fat samples,
as shown in Fig. 4, can be attributed to a variety of
factors. Although care was taken to exclude large areas
of tissue other than muscle and fat from the respective
sample ROI (Fig. 3), the muscle samples would almost
certainly have contained areas of other tissue such as
intramuscular fat, fibrous and nervous tissue, whilst fat
samples would have also contained small areas of tissue
such as blood vessels and nervous tissue. This, combined
with the partial volume effect i.e. ‘‘the presence of pixels
containing more than one tissue type whose grey scale
value is the average of the included tissues’’, may help to
explain the small degree of overlap of the grey scale
ranges for muscle and fat. The considerable overlap
between the grey scale range for muscle and vertebral
body bone should not influence the paraspinal muscle
CSA and FCSA, as careful outlining of the fascial
boundaries of the paraspinal muscles should ensure that
no bony tissue is included in the ROI used to obtain
these measurements.

In an attempt to find the preferred and most reliable
method of obtaining FCSA measurements of the pa-
raspinal muscles, two methods of determining a grey
scale range for the signal intensity of lumbar paraspinal
muscle, on axial T2 weighted MR scans, were investi-
gated. Method 1 produced a discrete grey scale range for
lean paraspinal muscle (0–120) that was applicable to
the imaging set used in this study.

The results displayed in Fig. 5 indicated that when
using a discrete grey scale range, an error of 20 units at
the upper end of lean muscle’s grey scale range would
result in a very small error in the measured muscle
FCSA. Conversely, for this set of scans, if the upper
limit of the muscle grey scale range is set below the 100
value the potential for error in determining the muscle
FCSA would be far larger. Using a discrete grey scale
range for muscle has the advantage of markedly reduc-
ing data processing time, as once the discrete muscle
grey scale range is established, it is a simple process to
apply it to the muscle CSA measurements in order to
determine muscle FCSA.

The disadvantage of using a discrete grey scale range
for muscle, in this case 0–120, is that the nature of MR
means this grey scale range is unlikely to be precise for
each muscle at every spinal level. This is because when
using MR, even homogenous tissue types will have
variable signal intensity within the same scan, within sets
of scans for the same subject and within subjects [34].
However, the results of this study indicate that the
method the authors have used to determine a discrete
grey scale range for muscle will produce only small
variations in the muscle FCSA if the muscle grey scale
range is slightly over-estimated or under-estimated. It
should be noted that discrete grey scale ranges canT
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probably only be used for this type of analysis with sets
of scans obtained using identical MR protocols, systems
and parameters. If there is a large scan to scan vari-
ability in MR signal intensity of homogenous tissue
types, then grey scale ranges for each tissue type should
be determined for each scan slice, as per Method 2.

Technique reliability

The high ICC and low %SEM values relating to re-
peated measurement of CSA and FCSA clearly show
that the technique described in this paper for examining
the intramuscular morphology of the selected lumbar
paraspinal muscles was highly reliable. The results of
this study compare favourably with those of Marras
et al. [22] and Daneels et al. [5] who also found low
variability of repeated CSA measurements of similar
groups of trunk muscles as seen on MR and CT scans
respectively.

The significant negative correlation between mean
FCSA and %SEM was probably due to a greater pro-
portion of partial volume pixels at the smaller muscles’
periphery being included in the FCSA. A slight differ-
ence in the outline of the CSA of the smaller muscles
might therefore result in a relatively greater difference in
muscle FCSA. The L4 multifidus was the most notable
exception to this trend, as it has a relatively large FCSA
and a relatively large %SEM. The fascial boundary
between multifidus and the erector spinae was some-
times difficult to distinguish, particularly at the L4 level
and this might explain the relatively high %SEM for the
L4 multifidus.

The use of radiological techniques combined with
image processing software to measure the CSA of
muscles of the trunk is becoming increasingly prevalent
in research pertaining to abnormalities in muscle

morphology in LBP patients [6, 7, 11, 16, 18, 19, 31] and
those interested in developing biomechanical models of
the trunk [9, 22, 24]. The results of this study indicate
that the methods described above to perform CSA
measurements are highly reliable, especially when FCSA
measurements are being made. This technique should
facilitate further functional studies relating paraspinal
muscle bulk and atrophy with symptoms and clinical
outcomes in patients with LBP.

Method application

Addressing identified asymmetries in the morphology [5,
13] and deficits in function [15] of certain lumbar mus-
cles has become a popular component of LBP rehabili-
tation programs [6, 12, 18, 29]. Recent developments in
MR technology allow high-resolution images of muscles
of the lumbar paraspinal muscles to be obtained without
entailing the risks associated with exposure to ionising
radiation [38]. MR imaging has advantages over US
imaging and CT in that MR allows better lean muscle to
fat discrimination. Also, MR allows greater precision of
repeat imaging over US, as easily identifiable landmarks
can be used to position the scan slices. MR therefore,
appears to be an ideal imaging modality for assessing the
intramuscular morphology of the lumbar paraspinal
muscles. The method described in this paper would
provide a valuable tool for assessing the efficacy of LBP
rehabilitation programs.

A further application of determining muscle CSA
area is in the area of musculoskeletal modelling. Accu-
rate measurement of muscle CSA is important as ana-
tomically detailed biomechanical models of the spine
routinely use CSA measurements of the surrounding
musculature to estimate the variables related to injury.
These variables include force production estimates of the

Fig. 5 Functional cross-sec-
tional area measurements
determined using the discrete
grey scale ranges of, 0–60, 0–80,
0–100, 0–120, 0–140 and 0–160
as a percentage of the FCSA
measurements determined using
the slice-specific grey scale
range for muscle
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lumbar paraspinal muscles and the associated com-
pressive and shear force on structures such as the
intervertebral discs and the pars interarticularii [9, 24,
25, 37]. Historically, much of the data pertaining to the
geometry and morphology of spinal muscles for use in
these models has been derived from cadaveric specimens
[32, 33]. However, factors such as these subjects’ age,
level of physical activity, race, sex and method of
cadaveric preservation, may limit the application of such
data within biomechanical models pertaining to popu-
lations such as healthy young athletes [33]. Also, in
biomechanical models, a mathematical expression that
relates muscle CSA and isometric force production is
used. The relationship is typically expressed as
Force = K · physiological CSA, where K is a constant
that is approximately 30 N/cm2 [9, 17, 20]. A major
assumption of this relationship is that the entire CSA
consists of contractile tissue. There is evidence to suggest
that paraspinal muscle atrophy with fat infiltration is
associated with low back injury [16, 31]. This could re-
sult in muscle CSA being maintained but with the per-
centage of contractile tissue within that CSA being
markedly reduced. Also, in subjects without LBP, the
lower lumbar multifidi have been shown to have a
greater amount of fat within the fascial boundaries
compared to the upper lumbar multifidi [31]. Therefore,
functionally correct biomechanical models should utilise
FCSA measurements obtained via a method such as that
presented in this study.

This method of obtaining paraspinal muscle CSA and
FCSA could also have application in the determination
of segmental inertial parameters of the trunk, head and
neck [3, 32]. A method to determine the correct grey
scale range for the MR signals emitted by various body

tissues would increase the accuracy of these measure-
ments.

A ‘‘gold standard’’ MR tissue segmentation method
is currently not available. Therefore, a direct estimate of
the validity of the methods used in this paper is impos-
sible. Harris et al. [10] and Hoad and Martel [14] stated
that the manual methods of tissue classification were
indeed the ‘‘gold standard’’ and in some automated
applications, ROI of homogenous tissue are outlined in
order to ‘‘train’’ the automated method [10, 26]. The
manual tissue segmentation techniques described in this
paper were time consuming and somewhat subjective.
The development of accurate and efficient automated
tissue segmentation for MR images of skeletal muscle
would greatly aid research of the relationship between
lumbar muscle morphology, function and pain.

Conclusions

It can be concluded within the limitations of this study
that the method to determine muscle FCSA is both valid
and highly reliable. The method of obtaining muscle
CSA was highly reliable and the reliability indices were
improved when FCSA was determined. Even if the up-
per limit of the grey scale range for the MR signal
intensity of muscle is under-estimated or over-estimated,
the effect on the muscle FCSA measurements was small.
Further, the error in using a discrete grey scale range for
MR signal intensity of lean paraspinal muscle was
quantified. This method presented in this paper has
several applications namely, evidence based LBP reha-
bilitation, biomechanical modelling and determination
of segmental inertial parameters.
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