Q THE HONG KONG
Q' db POLYTECHNIC UNIVERSITY
v T T AR

Pao Yue-kong Library
BIERIESE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




THE HONG KONG POLYTECHNIC UNIVERSITY

DEPARTMENT OF REHABILITATION SCIENCES

EFFECTS OF BACK PAIN ON THE CORRELATION BETWEEN HIP

AND LUMBAR SPINE MOVEMENTS

BY

THOMAS KI TAI WONG, BSc in Physiotherapy

A thesis submitted in partial fulfillment of the requirements for the

Degree of Master of Philosophy

August 2004

@ Pao Yue-kong Library
PolyU- Hong Kong



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of my
knowledge and belief, it reproduces no materials previously published or written,
nor material that has been accepted for the award of any other degree or diploma,

except where due acknowledgement has been made in the text.

Thomas Ki Tai Wong
(BSc in Physiotherapy)

August 2004



Abstract

Abstract of the thesis entitled “Effects of back pain on the correlation of hip and
lumbar spine movements” submitted by Thomas Ki Tai Wong for M.Phil. at The
Hong Kong Polytechnic University in August 2004.
Aim of study

The aim of this experimental study was to examine the effects of low back
pain and limitation in straight leg raise on the kinematics of the lumbar spine and
hips.
Methods

A real-time three-dimensional electromagnetic tracking system was used
to measure the movements of the lumbar spine and hips during various anatomical
movements. Kinematic analysis was performed in asymptomatic subjects (n=20),
and back pain subjects with (n=18) and without (n=24) limitation in straight leg
raise. Subjects were requested to perform forward, backward and side bending,
and twisting of the trunk. One-way analysis of variance, (ANOVA) was used to
compare the maximum magnitude of movements among the three groups. Cross-
correlation was employed to reveal the relative time lag between lumbar spine and
hips and the strength of correlation of the movements.
Results

ANOVA revealed that the ranges of various lumbar spine movements
were significantly reduced in back pain subjects (p<0.05). During forward bending
of trunk, the maximum hip flexion ranges were significantly different among the

three groups. However, there were no differences in the hip ranges of movements



in the other directions (p<0.05). Back pain subjects required significantly more time
to complete all three trunk movements (P<0.05).
For forward & backward bending, the contributions of the lumbar spine

and hips were approximately equal. During side-bending of the trunk, the

magnitude of the lumbar spine movement was more than twice of those of the hips.

On the other hand, during trunk twisting, the contribution of the spine was smaller
than that of the hips. Back pain and limitation in SLR was found to affect the
relative contributions of the lumbar spine and hips during side-bending and
twisting of the trunk, but not that for forward and backward bending.

The strength of correlation between the movements of the lumbar spine
and hip were high in normal subjects for all trunk movements. The mean peak
cross-correlation coefficients were generally smaller in back pain subjects (p<0.05).
The time lags at peak correlation were not significantly different from zero for all
movements (p>0.05) in all groups.

Discussion and conclusion

The experimental results suggest that back pain is associated with
significant changes in the kinematic characteristics of the trunk. Subjects with
limited SLR exhibited further reduction in hip flexion when compared with
subjects with back pain only. It is suggested that stiffness of posterior hip tissues
may contribute to the limitation in SLR and range of movement.

It is revealed that back pain patients modify their joint coordination
strategies in accomplishing trunk movements and take a longer time to complete
the movements. These may seriously affect the functional activities and the quality

of life of the patients. Clinically, it is important to evaluate the kinematic



characteristics of both the lumbar spine and hip for back pain patients. Assessment
of lumbar spine motions alone will not be able to reveal how joint coordination is
affected by back pain and the potential implications on functional performance.
Exercise program should be aimed to restore not only range of movement but also

the movement coordination.
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Chapter 1 Introduction

1.1. Magnitude of the low back pain problem

Low back pain (LBP) is a common health problem in many countries. 70-
85% of people have at least an episode of LBP some time in their life (Borenstein,
2001; Svensson & Andersson, 1982). The annual prevalence of LBP was found to be
15-45% in the USA and about 34% in the UK (Lau et al., 1995). In Hong Kong, Lau
et al found that the annual prevalence was 22% , which was lower than other
western countries (Lau et al., 1995). But it was revealed that the prevalence was as
high as 58% among manual lifting workers in Hong Kong (Lau et al., 1995, Yeung
2002).

Back pain continues to be a major occupational and public health problem
with substantial economic and social burdens (Williams et al., 1998). Johns et al
(1994) showed approximately 10 million employees in the United States suffered
from back pain that impaired their performance. LBP was also causing 149 million
lost work days annually (Guo et al., 1999). A British research study found that 3%
of subjects were absent from work for more than 6 months due to LBP, but this
accounted for 33% of the benefits paid during the study period (Watson et al., 1998).

The high incidence rate of LBP has been responsible for the high
compensation costs for employers and insurance companies. A cost-of-illness study
in the UK estimated that the direct clinical costs of LBP were £1.6 billion in 1998
and the overall costs, including lost work and compensation, varied between £6.6
billion and £12.3 billion (Maniadakis & Gray, 2000). In the United states, Rizzo et al

(1998) estimated that the annual productivity loss was approximately US$28 billion



based on data from the 1987 National Medical Care Expenditure Survey. The joint
study of the Liberty Mutual Insurance Company, the Washington State
Department of Labor and Industry, and the Bureau of Labor Statistics (Murphy &
Volinn, 1999) revealed that about US$8.8 billion was spent on LBP in 1995.

Clearly, based on the above data, low back disorders is a significant
public health problem. The efficiency of clinical management of this problem must
be improved to miminise the economic costs. This would require a thorough
understanding of the physiological and mechanical mechanisms of LBP, which
demands further research into the problem.

1.2 The correlation between the lumbar spine and hip

Recent research has provided large amount of information which
provides insights into the mechanisms of LBP. However, they were primarily
focused on the lumbar spine, and the mechanical interaction between the lumbar
spine and the neighbourhood joints was not fully understood. Experimental
investigations would be required to examine such interaction if a thorough
understanding of the mechanisms of LBP was to be sought. There was surprisingly
little information on the relationship between the lumbar spine and the hips, as
many activities of daily living would involve the movements of both regions, for
instance, picking up object from floor, lifting and bending of the trunk. The
contributions of the lumbar spine and hips might vary from one activity to another,
and could also be potentially affected by back pain.

Recent evidence (Goeken & Hof, 1994; Grenier et al., 2003; Halbertsma et
al., 2001; Mellin, 1990) showed that dysfunctions of the lumbar spine would affect

the mobility of the hip. For instance, the hip flexion range and the flexibility of the



hip tissues were found to be decreased in LBP patients (Goeken & Hof, 1994;
Grenier et al., 2003; Halbertsma et al., 2001; Mellin, 1990). On the other hand, it was,
believed that alteration in the hip mobility would affect the mechanical functions of
the lumbar spine (Li et al., 1996).

In fact, clinical examination of low back pain should not be limited to the
lumbar region only but also the hips. Symptoms due to mechanical dysfunctions of
the lumbar spine might spread to the hips and beyond (Beattie et al., 2000; Jonsson
& Stromgqvist, 1993; Kortelainen et al.,, 1985). Likewise, symptoms due to hip
dysfunctions could also radiate to the low back region (Swezey, 2003). Clinically,
straight leg raising test is widely employed to test the flexibility of posterior hip
tissues, primarily the hamstrings, and tensions in the sciatic nerve (Rebain et al,,
2002; Rebain et al., 2003). It was suggested that limitation in straight leg raising
might be produced by spinal pathologies such as herniated intervertebral disc
(Atalay et al., 2003; Xin et al., 1987) and spondylolisthesis (Moller et al., 2000). It is a
popular clinical practice to treat low back symptoms by stretching the posterior hip
tissues, for instance, the hamstring muscles (Bohannon, 1984; Khalil et al., 1992).

There was ample evidence to show that the lumbar spine and hips work
together mechanically and the clinical examination of the two regions could not be
separated. Thus there was a strong need to increase our understanding of the
mechanical interaction between the lumbar spine and hips. The present study
attempted to fill this knowledge gap by examining the kinematic behavior of the

two regions.



1.3. Purpose of the study

Specifically, the purpose of this study was:

1. to examine the correlation between the lumbar spine and hip movements in
normal subjects in all three anatomical planes, and

2. to examine the effects of back pain and limitation in straight leg raising on the
correlation between the lumbar spine and hip movements.

It was hoped that the study would provide fundamental information on
the effects of back pain on the lumbar spine and hip movements. With such
information in hands, clinical assessment could be made more precise and it would
be possible to identify the physical impairments of the patients. Appropriate
rehabilitation programs could then be designed according to the patients’

impairments for restoring the normal kinematics of lumbar spine-hip complex.



Chapter 2 Review of Literature

This review of related literature has several general purposes. Firstly, the
review provides a basic orientation to the relevant anatomy and basic biomechanics
of the lumbar spine and hip. Secondly, a review of different measurement and
computational methods of the lumbar spine and hip movements are presented,
which are central to the materials presented in this thesis. Finally, some
preliminary data on three-dimensional movement patterns of lumbar spine and hip
in normal and back pain subjects are discussed, providing justification for the
needs of this study.

2.1. Biomechanically relevant anatomy of the lumbar spine and hip

This section briefly reviews the anatomy of the lumbar spine and hip
relevant to this study. The details can be found elsewhere in many anatomical
textbooks (Agur et al., 1999; Bogduk, 1997; Cunningham & Romanes, 1972; Gray et
al., 1995). The lumbar vertebral column consists of five vertebrae. There are three
intervertebral joints between two consecutive vertebrae. One is formed between
two vertebral bodies which are linked by intervertebral disc and the other two,
namely the zagapophysial joints, are formed by the articulation of the superior
articular processes of one vertebra with the inferior articular processes of the
vertebra above.

The intervertebral disc consists of two basic components. They are the
nucleus pulposus in the central and annulus fibrosus surrounding the nucleus
pulposus. The intervertebral disc in the lumbar region is the thickest among all the

spinal regions (Bogduk, 1997). The main mechanical functions of the disc are



weight-bearing and allowing movement between vertebral bodies. Collectively the
vertebral bodies and discs form a column that provides rigidity and length, and
permits movements (White & Panjabi, 1990). During forward bending of the
lumbar spine, each intervertebral disc is being compressed slightly, anteriorly, and
is resisted by tension developed in the posterior annulus fibrosus (Adams et al.,
1980). Extension and lateral flexion are achieved by corresponding events in the
opposite direction and in the coronal plane, respectively. Rotation of the lumbar
spine is achieved by small degree of twisting at each disc, but the disc alone is not
strong enough to resist torsion of the lumbar spine. It requires other additional
elements such as the zagapophysial joints and ligaments surrounding the spine
(Gunzburg et al., 1991; Markolf, 1972; Taylor & Twomey, 1986).

The zagapophysial joints exhibit the features of synovial joints. The
articular facets are covered by articular cartilage, and a synovial membrane
connects the margins of the articular cartilages of the two facets. The synovial
membrane is surrounded by a joint capsule that links up the two articular
processes (Bogduk, 1997). The mechanical functions of the zagapophysial joints are
mainly to direct and limit movements. The zagapophysial joints of the lumbar
spine can effectively block the movements of axial rotations and forward sliding of
the vertebrae (Gunzburg et al., 1991; Markolf, 1972; Taylor & Twomey, 1986) and,
as such, the intervertebral discs are protected from excessive torsion.

Many ligaments are attached to the vertebrae. The main mechanical
function of these ligaments is to maintain the stability of the spine, but the specifics
of individual ligaments are not presented to this review, although, some of the

functions of the ligaments, which are essential to the later discussion, are presented



here. The ligamentum flavum consists of fibers of elastin which allows large
extensibility and without permanent deformation (Evans & Nachemson, 1969). The
anterior longitudinal ligament extends along the anterior surface of the vertebral
column from the occiput to the sacrum. It becomes taut with extension, slack with
flexion, and reinforces the anterior discs. The posterior longitudinal ligament is
situated in the spinal canal and covers along the posterior surface of the vertebral
bodies and discs. The PLL becomes taut with flexion and slack with extension
(Adams et al., 1988; Adams et al., 1980).

The hip joint is defined as a synovial ball-and-socket joint which allows
movements in three dimensions. It is formed by the articulation of the
hemispherical head of the femur and the cup-shaped acetabulum of the hip bone
(Fagerson, 1998; Gray et al., 1995; Snell, 2000). The stability of the hip joint is
provided by the capsule and strong ligaments around the joint (Hewitt et al., 2001).
Although the high stability of hip joint provides by the strong capsule and its
surrounding ligaments, the hip joint still allows for a large degree of mobility. The
largest movement at the hip joint is in sagittal plane: flexion and extension. The
limitation of flexion movement might be due to the capsular restriction or the
apposition of the thigh against the trunk when the knee is flexed (Fagerson, 1998).
Hip extension might be limited by the iliofemoral ligament and, when the knee is
straightened, stiffness of the rectus femoris muscle. Hip abduction is limited by the
tightness of adductor muscles, pubofemoral ligament and the iliofemoral ligament,
whereas hip adduction is limited either by the apposition of the opposite extremity
or tightness of the tensor fascia latae muscle. Hip medial rotation is limited by the

tightness of the hip lateral rotators and the ischiofemoral ligament, whereas the



limitation of lateral rotation can be due to the lateral band of the iliofemoral
ligament, the pubofemoral ligament, tightness of the hip medial rotator muscles,
and the femoral anteversion (Fagerson, 1998; Gray et al., 1995).

2.2 In-vivo measurement methods of the lumbar spine and hip movements

Measurement of lumbar spine and hip movements is commonly
employed in clinical assessment of low back pain patients. There are several simple
and straightforward methods frequently employed by clinicians for establishing
physical diagnosis and evaluation of treatment effectiveness, such as the fingertips-
to-floor and the Schober method (Macrae & Wright, 1969). However, these
measurements are unrepresentative of the actual movements of the lumbar spine,
and the measurements are limited to one anatomical plane only (Miller et al., 1992;
Pearcy, 1986; Portek et al., 1983). Human lumbar spine is very complex and it has
six degrees of freedom that allows three-dimensional movements. These methods
cannot fulfill clinical and experimental situation when three-dimensional
movement data are required. Some methods have the ability to measure the three-
dimensional movements of the lumbar spine and hip, such as the three-
dimensional radiography, opto-electronic method and electromagnetic tracking
method.

A review of in-vivo measurement methods of the lumbar spine and hip is
presented in the following section to show the strength and weaknesses of each
method. The review is summarized in Table 2.1.

2.21.  The inclinometer method
The inclinometer method was first documented by Loebl (1967) and

Troup et al (1968). This technique was previously used to measure the sagittal and



Table 2.1
methods

Comparison of advantages and disadvantages of different in-vivo measurement

Measurement methods

Advantages

Disadvantages

Inclinometer method

Simple and easy to use
Provides a quick reference for
clinical assessment
Non-invasive

- Poor intrarater reliability for
lumbar extension movement
(r=0.15-0.42)

- Does not provide three-
dimensional movement data

- Provides no information about
kinematics pattern

Two-dimensional and
three-dimensional
radiography

Accurate determination of
spinal movements

- Time consuming and complicated

- Risk of radiation exposure

- Provides no information about
kinematics pattern

Interventional open
magnetic resonance
imaging

Accurate determination of
spinal movements
No ionizing radiation exposure

- Very expensive
- Provides no information about
kinematics pattern

Opto-electronic
method

Provides three-dimensional
information about kinematics
pattern

Non-invasive

- Expensive

- Too complex and time consuming

- Problem in discriminating
between closely spaced makers

Potentiometer method

Provides repeatable three-
dimensional movements of
lumbar spine

- Great error when measuring
trunk extension

- Can only measure spinal
movements only but not for the
hip

- Requires an external linkage
which may affect the movement

Gyroscopic system

Provides highly repeatable
movement data

Relatively low cost

Provides real-time kinematics
information

- Signal tends to drift over an
extended period of time

- Requires integration to obtain
displacement data

Electromagnetic
tracking system

Provides highly repeatable and
accurate movement data
Provides real-time kinematics
information

Small sensor for easy
attachment

- Signals can be adversely
influenced by the presence of
metals




frontal movement of the spine (Mayer et al., 1984; Ng et al., 2001; Reynolds, 1975).
The double inclinometer method is carried out by placing one inclinometer on
sacrum and the other over the T12-L1 spinous processes. The lumbar spine motion
can be readily obtained by the subtraction of the hip motion from the gross motion.
The one inclinometer method can also be used to measure the lumbar spine and
hip movement by carrying out the above measurements separately. Lateral flexion
of the lumbar spine can also be measured by inclinometer (Dillard et al., 1991; Dopf
et al., 1994; Mellin, 1986; Ng et al., 2001; Nitschke et al., 1999; Reynolds, 1975) with
high reliability (r>0.9).

Although this method is simple and easy to use in clinical practice (Lee,
2002), there are some problems associated with this method. Previous reliability
studies showed that the intrarater correlation coefficients ranged from 0.73 to 0.88
for flexion movement (Burdett et al., 1986; Reynolds, 1975; Saur et al., 1996) and 0.9
for lateral flexion (Ng et al., 2001), but, the intrarater reliability for the extension
motion of the lumbar spine was found to be poor (r=0.15-0.42) (Burdett et al., 1986;
Dillard et al., 1991; Saur et al., 1996). The poor reliability might be due to the fact
that sustained extension is uncomfortable and the subject is hard to maintain their
balance during the measurement (Dillard et al., 1991; Reynolds, 1975).

A high correlation between radiographic and inclinometer measurements
of sagittal plane movements of the lumbar spine were demonstrated (r=0.73-0.98)
(Burdett et al., 1986; Mayer et al., 1984; Saur et al., 1996). However, Portek et al
(1983) found that the discrepancy between radiographic and inclinometer methods

could be as large as 14 degrees.

10



In general, this method is easy to apply and can provide a quick reference
for clinical assessment. But this method only assesses the measurement in one
anatomical plane and cannot provide three-dimensional movement data for more
elaborate study. This method also only shows the measurement of the end range of
movement providing no information about the kinematics pattern of the
movements (Lee, 2002). Moreover, this method does not provide accurate
information about the hip movement during forward and backward bending of the
trunk.

2.2.2.  Two-dimensional and three-dimensional radiography

Measurements of spinal movements using single plane radiographs were
wildly employed in clinical and research studies (Allbrook, 1957; Dimnet et al.,
1978; Dvorak et al., 1991; Hanley et al., 1976; Pennal et al., 1972; Tanz, 1953; Weitz,
1981). A single plane radiographs provide images in two-dimensional manner. To
measure flexion and extension, lateral views are required and for lateral flexion,
anterior posterior (A-P) views are required. The movements of the lumbar spine
are measured by the superimposition of vertebrae on two radiographs (Pearcy,
1986). The details of this technique can be found elsewhere (Pearcy, 1986). As
flexion and extension of the lumbar spine occur without significant movements in
other two planes (Pearcy, 1985), the results provided by the superimposition
technique correlate well with three-dimensional technique (Portek et al., 1983).
However, lateral flexion of the lumbar spine is coupled with axial rotation, flexion
or extension; plane radiograph cannot provide accurate measurement of these
coupled movements. In addition, because of the lumbar lordosis, the A-P

radiograph do not view all the vertebrae at the same inclination, and thus such
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measurements do not provide true angles of lateral flexion (Pearcy, 1986). Axial
rotation of the lumbar spine can be measured by the Pedical Shadow Offset
technique (Nash & Moe, 1969), which is carried out by assessing the position of the
pedicles in relation to the edges of the vertebral body on A-P radiographs (Pearcy,
1986). Although Drerup (1985) has developed an accurate method to determine
rotation of the lumbar spine. This technique is not ideal because axial rotation as
axial rotation of the vertebrae is coupled with other movements and the method is
prone to error. Two-dimensional radiographic technique can provide accurate and
reliable measurements providing that the relative positions of the subject and the
X-ray equipment are strictly controlled (Pearcy, 1986).

Measurements of the lumbar spine movements using three-dimensional
radiographic techniques were described by various authors (Pearcy et al., 1984;
Pearcy et al., 1985; Pearcy, 1985; Pearcy & Tibrewal, 1984; Stokes et al., 1981). This is
done by using two X-ray sources, where they positioned 90° to each other and two
film plates, sited orthogonally (Brown et al., 1976; Frymoyer et al., 1979; Stokes et
al., 1981; Suh, 1974). Accurate determination of lumbar spinal movements from
radiographs relies on the ability to identify the bony landmarks on each vertebra in
the two views (Lee, 2002; Pearcy, 1986). This is the most inaccurate part of these
techniques (Pearcy, 1986)and the average error associated with landmark
identification was shown to be about 4 mm. The accuracy of these techniques can
be greatly improved by employing optimization procedures that adjust the
positions of the landmarks to fulfill the constraint that each vertebra is a rigid body
(Pearcy & Whittle, 1982). Panjabi et al (1992) showed that the average errors

involved in the determination of intervertebral rotation were 1.25 degrees only.
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However, these techniques are limited to research application due to the
complexity of the landmark identification and three-dimensional reconstruction of
the coordinate data (Pearcy, 1986).

Radiography measurements only provide information in the initial and
final positions and no kinematics information can be given throughout the range
(Lee, 2002; Pearcy, 1986). To record the kinematics information of the lumbar spine,
a method that can capture the image of the spine throughout the movements is
certainly required. Digital videofluoroscopic technique (DVF) is one the techniques
that capable of taking a series of radiographic (Breen et al., 1989ab; 1989ba).
‘Digitized videofluoroscopy’ generally consists of a fluoroscope, an image
intensifier and a video camera, which allows two-dimensional dynamic images of
the spine to be captured at low dose of radiation exposure. After capturing the
images on a videotape, the image sequences can be digitized into a number of
successive frames and the motion patterns can be analyzed on a computer. Due to
the low dose of radiation, the images of the lumbar spine are of poor quality and
the identification of bony landmarks is very difficult. Initially, all the bony
landmarks were marked manually and much effort is required to quantify and
improve the accuracy and inter- and intraobserver repeatability. Recently, some
works have been done to locate the vertebrae automatically using matching criteria
of templates (Muggleton & Allen, 1997) or edge detection using phase congruency
and Hough transform (Zheng et al., 2003). These techniques improve the accuracy
of detecting the edges of the vertebrae and thus improve the estimation of
movements of the lumbar spine. In general, there are several advantages of DVF

including the ability to show the intervertebral movements of the lumbar spine
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dynamically. The dosage of radiation that the patient received, is relatively less
when compares with conventional radiographs (Breen et al, 1989b). The
disadvantages of this technique are that the accuracy of measurements is highly
dependent on the quality of image and the identification of bony landmarks or the
edges of vertebrae. However, the quality of image can be easily affected by soft-
tissue scattering and distortion of image within the image-intensifier or in digital
processing (Breen et al., 1989a). This technique is also time-consuming and
complicated due to the laborious works required in identifying bony landmarks.
This also limits its use to research studies only instead of routine application on
clinical assessment. Although the dosage of radiation is relative less, the inherent
health risk of X-ray exposure is not fully understood and this raises ethical
questions regarding using this technique on patients. Lastly, due to the size of the
intensifier and the X-ray source, this technique can only study the kinematics of
few lumbar segments at once, but not the kinematics of the whole lumbar spine
and hip (Breen et al., 1989a; Breen et al., 1989b; Muggleton & Allen, 1997; Zheng et
al., 2003).
2.2.3.  Interventional open magnetic resonance imaging

Interventional open magnetic resonance imaging (MRI) is a new imaging
technique, where patients do not suffer from ionizing radiation exposure.
Conventional MRI allows images of thin sections through the body in lying
position; hence images taking in vertical position are impossible. Intervention open
MRI has the beauty that images can be taken in sitting position without any
restriction. Several authors (Harvey et al., 1998; McGregor et al., 2001; McGregor et

al., 2002) applied this imaging technique in the study of flexion and extension of
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the lumbar spine in lying or sitting positions. The repeatability analysis suggested
that the measured values are reliable to within approximately 1° and 0.5 to 1 mm in
each position. However, this technique is very expensive and not to be routinely
used in clinical assessment. Also patients need to sustain in each position for
approximately 5 minutes while a series of sagittal scans are obtained. This may not
be possible for patients with low back symptoms.

2.2.4.  Opto-electronic method

Opto-electronic devices such as the CODA-3 (Charnwood Dynamics Ltd.
Loughborough, UK) and VICON (Oxford Metrics Ltd. Oxford, UK) have been used
to study the movements of lumbar spine and hip (Esola et al., 1996; Gracovetsky et
al., 1995; McClure et al., 1997; Pearcy et al., 1987a; Pearcy et al., 1987b; Schache et al.,
2002; Schache et al., 2001a; Vanneuville et al., 1994; Whittle & Levine, 1999). This
method basically involves markers, which may be made of retroreflective materials
or light emitting diodes, and a camera system. Markers can be attached to the trunk,
pelvis and thighs and the movements of the markers are captured by the camera
system and the angles are calculated in a computer. The movements of the lumbar
spine measured by this system are highly similar to those measured by
radiographs (Pearcy et al., 1984; Pearcy, 1985). The maximum error of this system
in measuring anatomical movements is +2 degrees (Pearcy et al., 1987a).

The advantages of this system are that it is noninvasive and it can provide
movement data in three dimensions. However, it is not the most ideal method for
measuring the lumbar spine and hip movements due to several reasons. In earlier
measurement systems, automatic detection of the positions of markers was

depended on the brightness of the markers. Therefore, the markers have to be
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bright enough, so that the camera could recognize it (Ferrigno & Pedotti, 1985).
Moreover, this system is poor in the discrimination between closely spaced makers
(Pearcy, 1986). It is also too complex and time-consuming to be use in routine
clinical assessment (Lee, 2002).

2.2.5.  Potentiometer method

Potentiometer method has been employed to study the kinematics of the
lumbar spine (Mannion & Troke, 1999; McGregor et al., 1997; McGregor et al., 1995;
Paquet et al., 1991; Quanbury et al., 1986). There is commercially available system
such as the CA6000 Spinal Motion Analyser which is capable of measuring three-
dimensional movements of the lumbar spine. This system mainly consists of a link
arm incorporating six high-precision potentiometers connected through several
external bars. Three of the potentiometers are arranged in sagittal plane to
determine flexion and extension, two in the frontal plane to detect lateral flexion,
and one in the transverse plane to detect rotation. The changes in voltage of each
potentiometer depend on the angular displacement at the linkage in the plane
perpendicular to the axis of the given potentiometer. The voltage registered is
processed in a computer and interpreted as angular movement. The precision and
repeatability of this system were examined by McGregor et al (1995) and this
system was shown to be highly accurate and repeatable.

Although this system shows high precision and repeatable results, some
technical problems need to be considered. A study by Mannion and Troke
(Mannion & Troke, 1999) found that the linkage arm collided with each other when
measuring trunk extension in prone-lying position and the results were greatly

affected. In fact, the external arms might produce erroneous movements that are
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not the actual movements of the spine. This system might be ideal for measuring
the movements of the lumbar spine, but it cannot measure the hip movements at
the same time.

2.2.6.  Gyroscopic system

Gyroscopic system has been applied on gait analysis to measure angular
velocity of body segments (Mayagoitia et al., 2002; Miyazaki, 1997; Tong & Granat,
1999). The application of gyroscopic system to study spinal movements was first
mentioned by Lee et al (Lee et al., 2003). The mechanism of gyroscope is that it
measures the Coriolis acceleration of a vibrating device (Lee et al., 2003; Mayagoitia
et al., 2002; Miyazaki, 1997; Tong & Granat, 1999). The angular orientation can then
be determined from the integration of the gyroscopic signals (Lee et al., 2003).

The repeatability of this system for the measurement of spinal movements
is high with mean coefficient of multiple coefficients ranging from 0.972 to 0.991.
The spinal movements measured by this system were highly comparable with the
results of radiography measurements (Lee et al., 2003). Other advantages of this
system for the study of the lumbar spine and hip movements include light-weight
of the sensors, and relatively low cost for buying the system.

However, the size of the sensor relative to the spinous process is still large
and makes it hard to be attached to one particular spinous process. The system
could be used to study the relationship between the lumbar spine and hip
providing that there are sufficient sensors to be used and smaller sensors are

available in the market.
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2.2.7.  Electromagnetic tracking system

The possibility of applying electromagnetic tracking device to study
human movements was first examined by An et al (1988). This research found that
it was a reliable device for monitoring general spatial rigid body motion. The
applications of this device in studying spinal movements have been used by many
researchers (Blackburn et al., 2003; Burdett et al., 1986; Hindle et al., 1990; Lee, 2001;
Mannion & Troke, 1999; Nelson et al., 1995; Pearcy & Hindle, 1989; Porter &
Wilkinson, 1997; Russell et al., 1993; Steffen et al., 1997, Van Herp et al., 2000).
Recently, the study of kinematics of the lumbar spine and hip becomes possible
with the invention of newer system which consists of more sensors (Blackburn et
al., 2003; Nelson et al., 1995; Porter & Wilkinson, 1997). This system consists of
three major components: a System Electronic Unit (SEU), a source, and sensors. The
source can generate a low-frequency magnetic field which is detected by the
sensors. The SEU contains hardware and software to control the analog circuitry,
digitize the signals, and perform the calculations to compute the positions and
orientations of the sensors relative to the source (An et al., 1988; Lee, 2002) (Figure
2.1).

The accuracy of the device for studying spinal movements was examined
by Pearcy and Hindle (1989). They found that the total root-mean-square error was
less than 0.2 degrees. It can be considered as highly reliable and accurate for the
study of spinal movements. Another beauty of this device is that the size of the
sensors is reasonably small, so that the attachments of sensors to the spinous
processes are relatively easy. A recent study by Lee (2001) described that this

system was able to perform fast serial communication with a computer, enabling
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Figure 2.1
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measurement of movements in real time. All these features allow this system to be
conveniently used in clinical assessment.

However, the use of electromagnetic device with the presence of metals
could be considered problematic because of the potential interference from metals
(Bull & Amis, 1997; Bull et al., 1998; McGill et al., 1997; Milne et al., 1996; Poulin &
Amiot, 2002). Milne et al (1996) found that the maximum interference occurred
when the offending metal was placed adjacent to the receiver on a line collinear
with the centre of the transmitter and sensors. Therefore this device is not suitable
for patients with metallic implants in the joint that need to be study. Another
precaution is that the equipment used near this device should be made from non-
conductive materials (McGill et al., 1997). Equipment that possibly distorts the
magnetic field, such as computers and other electrical instrumentations, should be
placed away from this device by using long cables. McGill et al (1997) also found
that the frequency content of EMG signals could be contaminated by this device at
low contraction levels (e.g. 10% MVC).

Electromagnetic tracking device is the most ideal equipment for the
purpose of this study. Firstly, this system is highly accurate and reliable providing
that the precautions are undertaken during the experiment. For instance, there
should be no metallic or conductive materials in the area where the test was carried
out. Secondly, the size of the sensors is relatively small. It can be attached to one
particular spinous process easily and securely. Finally, it allows three-dimensional
movements of the lumbar and hips to be simultaneously measured; fulfilling the

aims of the study.
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2.3. Computational methods of three-dimensional movements

To understand the three-dimensional kinematics of the lumbar spine and
hip, the first step is to calculate all the anatomical movements from the data which
is captured by different systems using mathematical methods. However, it is a
major challenge to the biomechanists and bioengineers to choose the most ideal
method for mathematical analysis of three-dimensional movements of joint. It is
also a great challenge for the clinicians to understand all these mathematical
methods and their meanings in clinical terms. In this section, a review of
computational methods of three-dimensional movements is provided.
2.3.1.  Euler’s method

Euler’s method is one of the most common method for kinematics
analysis. The three-dimensional movements of a joint are described by a sequence
of three rotations about three different axe where they are orthogonal to each other
(Figure 2.2). The advantage of this method is that the three Euler angles and the
displacement vector together can completely describe the movement of a body in
three dimensions using only six parameters. The compact nature of the Euler
representation can be easily expressed by using matrix techniques. However, it has
been shown that different rotational sequences can result in different angle
calculations and final positions. Crawford et al (1996) and Schache et al (2001b)
showed that different sequence determinations of the same Euler angles began to
diverge significantly when relatively large isolated movements of the spine are

performed (angles>30°). Therefore, it is important to describe the rotational
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Figure 2.2

Euler angle

In the Euler angle representation of three-dimensional orientation, the
rotation matrix is parameterized in terms of three independent angles,
resulting from an ordered sequence of rotations about the axes (i, j, k),
of a selected coordinate system (xi, y1, z1) to obtain the attitude of a
second coordinate system (Nigg & Herzog, 1999).
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sequence when Euler angles are used to express the three-dimensional movements.
This allows comparisons of different results gathered from different studies to be
made. Moreover, the sequence dependent nature of the method does not
physiologically explain natural spinal movements, because spinal movements
occur about the three anatomical axes simultaneously and not in a particular
sequence (Lee, 2002).
2.3.2.  Joint coordinate system (JCS) or the floating axis method

The joint coordinate system or the floating axis method has been used to
study the three-dimensional movements of different body joints included the knee
joint and the lumbar spine (Burnett et al., 1998; Grood & Suntay, 1983; Lee, 2001)
(Figure 2.3). The first axis is the first fixed body axis and is perpendicular to the
sagittal plane of the proximal segment. The third axis is the long axis of the distal
segment. The second axis is the floating axis which is the cross product of the first
and third axes. (Crawford et al., 1996; Grood & Suntay, 1983; Zatsiorsky, 1998). The
advantage of this method is that the JCS angles are not sequence dependent and
the angles are anatomically meaningful as the first and third axes are aligned with
body segments directly. As a result, the angles derived from this method are
anatomically meaningful. Therefore this method imposes fewer problems for
motion analysis. Besides, this method is also recommended by the International
Society of Biomechanics to study human movements. However, the JCS angles
cannot be defined for some joint positions when the longitudinal axis of a distal
segment is collinear with the frontal axis of the proximal segment, because the
cross product of the two vectors cannot be calculated when the two fixed axes are

collinear. The nonorthogonality of the axes actually imposes a sequence effect
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Figure 2.3

Joint coordinate system

Three-dimensional joint orientation is interpreted as a set of three rotations
that occur about the axes of a “Joint Coordinate System”. One axis, ej, is
selected to be the medio-lateral (z) axis of the proximal segment coordinate
system. This is the rotational axis for flexion-extension of the joint. Another
axis, e;, is selected to be the longitudinal axis of the distal segment. Axial
rotation is measured about this axis. These two segment-fixed axes defined the
remaining axis, with mutually-perpendicular vector, e;. This is the cross-
product of the two segment-fixed axes, and it defines the axis of rotation for
lateral bending (or adduction/abduction) of the joint (Nigg & Herzog, 1999).
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geometrically (Woltring, 1994) and presents a serious problem when joint forces
and moments need to be determined (Zatsiorsky, 1998). These issues must be
considered when this method is adopted for three-dimensional movement analysis.
2.3.3.  Helical method or screw method

The helical method had been discussed by different people for the
analysis of human kinematics (Kinzel et al., 1972; Ramakrishnan & Kadaba, 1991;
Woltring, 1991). This method permits a description of body attitude by referring to
a single rotation about an axis called the helical axis (Figure 2.4). At any instance,
the translation and rotation occur along and around this axis. If the location and
direction of the helical axis is known, then the position of the body can be
described in relation to this axis. Six parameters are required to define a body
position. The first two parameters are the two coordinates of the piercing point of
the screw axis with any one of the three coordinated planes. The third and fourth
parameters are the direction cosines of the helical axis. The last two are the
translation along and the rotation about the helical axis (Woltring, 1991; Zatsiorsky,
1998). This method again is sequence independent. Therefore, the mathematics
calculations are unambiguous and the results are very unique. However, this
method is extremely sensitive to noise when reconstructed from capturing
equipment (Woltring, 1991). The clinical interpretation of the helical angle is very
difficult for clinicians who do not have the mathematics training (Lee, 2002).
2.3.4. Spherical rotation coordinate system

The spherical rotation coordinate system was first proposed by Cheng
(2000). This method describe the movement of a body segment in a three-

dimensional space using longitude, latitude, radial rotation in a spherical rotation
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Figure 2.4
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Helical or screw method

The movement of the object is visualised as translation along the screw
axis (I) from point s; to point sy, and the rotation about this axis at angle o.
The position of a point on the helical axis can be defined by a vector S.
The direction vector of the screw axis should also be given. (Zatsiorsky,
1998).




Figure 2.5

Spherical rotation coordinate system

A spherical rotation coordinate system includes three angles: longitude a,
latitude B, and the radial rotation angle y. L is a unit vector of the long
axis of a limb segment. Longitude a and latitude f are used to describe
long axis rotation. Radial rotation angle y is used to describe a pure axial
rotation about the long axis L of the limb segment (Cheng, 2000).

tx
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coordinate system (Cheng, 2000) (Figure 2.5). This coordinate system differs from
the classical spherical coordinate system in that the radial rotation angle is used
instead of radial displacement. Another difference is that Cheng’s system is used to
describe the three-dimensional rotations of the limb segment instead of the
movement of a point. When describing body segment movement, the longitude
and latitude in the spherical coordinate system are used to describe the long axis
rotation of the limb segment. Since the long axis is always in the radial direction,
the axial rotation about the long axis is defined as the third rotation angle (Cheng,
2000). According to this system, the movement of the limb segment from one
attitude to another can be described by a two-step rotation. The first step is the
rotation of the long axis of the limb segment about a specific axis passing through
the proximal joint and perpendicular to the long axis of the limb. The second step is
the axial rotation about the long axis. This two-step rotation is showed to be a
sequence independent rotation (Cheng et al., 2000) and it can describe the three-
dimensional rotation of a limb segment from one attitude to another. So far, this
method has been successfully used to describe the movements of glenohumeral
joint only. The applicability of this system to study spinal motion needs to be
investigated. The physiological meanings of the spherical rotations can be
problematic as human movements do not exist as two-step rotations (Lee, 2002).
24. Analysis of the correlation between the lumbar spine and hip

movements

The measurements of ranges of movements of the lumbar spine and hip
provide basic angle-time information for us. Previous studies either compared the

absolute values of the maximum ranges of movements of the lumbar spine and hip
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between control subjects and back pain subjects or calculated the ratio of the
lumbar spine to hip movements in certain ranges, e.g. 0°-30°, 30°-60° etc. to reveal
the relative contributions from the lumbar spine and hip. However, it does not
provide a continuous description of movement correlation across the time history.
It is very important to understand the effects of back pain and limited straight leg
raising on the correlation of the lumbar spine and hip movements dynamically. In
this section, a detail review of different methods for the analysis of movement
correlation is provided.
24.1.  The cross correlation function

Cross correlation function is widely used in signal processing and
statistics. In the field of signal processing, it can be used to transform one or more
signals so that they can be viewed in time or frequency domains. In the area of
statistics, it provides a measure of association between signals. If two time series
data sets are cross-correlated, a measure of temporal similarity is achieved because
it can detect the common periodicities between two signals. Two parameters are
provided by cross correlation function, namely the coefficient correlation which
assesses the strength of correlation and the time shift of one signal with respect to
the other. The following equation is used to calculate the coefficient of cross

correlation of two time series x and y, each with N data points.

¢,y (K)

K) =
0= 0, 0

2.1)

where

Gy (=3 (% - )Y, ~9) 22)

29



if k=0
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In this equation, the coefficient of cross correlation, ry(k), indicates the pattern
similarity between the two sets of data and k indicates a phase shift of one signal
with respect to the other. If there was a phase shift between two time series that
have similar patterns, the coefficient of this shift could be found by assessing rx,(k)
at different values of k where r,, is maximized (Chatfield, 2004; Li & Caldwell, 1999;
Stergiou, 2004).

In the practical application of this method in analysing the movements of
the lumbar spine and hip, the coefficient of cross correlation indicates the similarity
of these two joints movements and the phase shift indicates whether these two
movements are synchronised or not. The major advantage of this method is that the
analysis is based on the entire profile of the time series instead of just calculating
the ratio which only indicates the relative contributions of the lumbar spine and
hip. The ratio can not sufficiently describe the correlation of the lumbar spine and
hip movements throughout the entire profile.

24.2.  Angle-angle diagram

Angle-angle diagram is another useful tool to describe intersegmental

movements and coordination (Barker et al., 1996). It is constructed by plotting one

angular variable versus another angular variable. This method was previously
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Figure 2.6 Different patterns of angle-angle diagrams
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applied on the analysis of abnormal limbs movements during gait cycle and
interjoint coordination during upper limb movements (Barker et al., 1996).

However no previous study adopted this method for the analysis of the
lumbar spine and hip. Theoretically, the angle-angle curves can be classified into
three patterns as shown in Figure 2.6 and qualitative description of interjoint
movements can be done by assessing the shape of the curve. Using lumbar spine
and hip as an example, pattern A shows that the lumbar spine movement occurred
at a greater rate than the hip in the initial stage of the trunk movement. Pattern B
indicates that the hip movement occurred at a greater rate in the initial stage.
Pattern C shows the hip and spine movements varied at similar rate throughout the
trunk movement.
2.5. Three-dimensional movement patterns of the lumbar spine and hip in

normal subjects

Numerous studies were conducted to examine the patterns of the lumbar
spine both in vitro and in vivo.
2.5.1.  Invitro measurements

In vitro kinematics studies are generally more accurate than in vivo
studies. However it deviates from the clinical situation and the load applied on the
specimens is not the same as the load acting on the lumbar spine in vivo. Therefore,
the results of in vitro studies are very different from those in vivo studies (Panjabi
etal., 1994).

Yamamoto et al (1989) studied the three dimensional kinematics of ten
cadaveric whole lumbar spine using four different loads (2.5 Nm, 5 Nm, 7.5 Nm

and 10 Nm). They found that 10 Nm was sufficient to produce maximum
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physiologic motions, but small enough not to injure the specimen. For flexion
movement, they found that the average range of motion from L1 to S1 was
38.7°+3.4 whereas, for extension movement, the average range of motion was
25.9°42.2. The coupled movements in other planes were minimal (Panjabi et al.,
1994). For lateral bending, the average range of motion was 28.9°+2.3. Lateral
bending of the lumbar spine was coupled with flexion movement in all the lumbar
intervertebral joints and axial rotation towards the opposite side to the applied
moment in all lumbar levels. For axial rotation, the average range of motion was
11.1°+1.9. Axial rotation of the lumbar spine was coupled with flexion movement in
all lumbar levels, lateral bending towards the opposite side to the applied moment
in the upper three lumbar intervertebral joints (L1/2; L2/3; L3/4), and lateral
bending towards the same side to the applied moment in L4/5 and L5/S1 levels

(Panjabi et al., 1994).

In vitro testing of kinematics of the lumbar spine and hip is very difficult
due to the complexity of setting up the experiment and most of the literatures were
focused on the kinematics of either the single spinal unit or the whole lumbar spine
only. Therefore, the in vitro testing of movements of both the lumbar spine and hip
are lacking in the literature.

2.5.2.  Inwvivo testing results
2.5.2.1. Kinematics of the lumbar spine

Radiographic technique was one of the most popular methods used to

measure the movements of the lumbar spine. Several authors employed this

method to investigate the kinematics of the lumbar spine (Dvorak et al., 1991;
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Hayes et al., 1989; Pearcy et al., 1984; Pearcy, 1985; Pearcy & Tibrewal, 1984; Putto
& Tallroth, 1990; Tanz, 1953). Most of the authors only reported the gross range of
motion of flexion-extension. The range of motion ranged from 42.2° to 76.9°. Pearcy
(1985) reported the flexion and extension range separately, in which he found that
the average flexion range was 52° and the average extension range was 16°. There
were minimal coupled rotations in other planes of movements. The only significant
coupled movement was anterior translation. The discrepancies in these studies
were large. The possible reasons were due to the individual variations in spinal
mobility and due to the differences in experimental methodologies.

Several authors also investigated lateral bending and axial rotation of the
lumbar spine using radiography technique (Dvorak et al.,, 1991; Pearcy, 1985).
There were no significant differences between movements to the right or to the left
in either lateral bending or axial rotation. Miles and Sullivan (1961) and Dvorak et
al (1991) employed anteroposterior radiographs to measure lateral bending. The
average range of motion for lateral bending reported by Miles and Sullivan was
15.3. Dvorak et al (1991) only reported the gross range for left and right lateral
bending and it was 49.8°. It should be emphasized that lateral bending was
inherently accompanied by axial rotation and such out-of-plane motion would
introduce errors in the measurements. Pearcy and Tibrewal (1984) employed
biplanar radiographs to study these movements. The average range for lateral
bending to left or right side was found to be 17.5° and the average coupled axial
rotation was 5.5°. Biplanar radiographic technique could reveal the coupling
patterns during lateral bending and axial rotation (Pearcy, 1985; Pearcy & Tibrewal,

1984). For axial rotation, the coupling movements were grossly lateral bending



towards the opposite side of the primary movement. However, there was no
consistent pattern of coupled flexion and extension during axial rotation (Pearcy,
1985; Pearcy & Tibrewal, 1984). It is very important to note that the observation of
these coupled movement patterns is not always consistent and sometimes the
coupled movements might deviate from these general observations.

Apart from using radiographic technique, which is rather an invasive
method, many authors employed other non-invasive technique to study the
movement patterns of the lumbar spine, such as the inclinometer method (Mayer et
al., 1984), electromagnetic tracking device (Hindle et al., 1990; Peach et al., 1998;
Pearcy & Hindle, 1989; Russell et al., 1993; Van Herp et al., 2000)and most recently,
gyroscopic method (Lee et al., 2003). A detail comparison of the range of
movements of the lumbar spine of these studies is showed in table 2.2. It is obvious
that most of the studies using electromagnetic tracking device have very similar
results except for the study by Van Herp et al (2000). The flexion range reported in
this was about 20° less than other studies. However, this figure is in good

agreement with the studies using radiographic technique (Pearcy, 1985). The

possible explanation for this discrepancy is that Pearcy and Hindle and Hindle et al.

and presumably Russell et al. applied a ‘calibration correction factor’ to their
measurements on the basis of their calibration experiment. This correction inflated
the true values by approximately 10%. This might explains why there was a
discrepancy (Van Herp et al., 2000). The difference in the methodology could be
another possible explanation to this discrepancy. The same discrepancy happened
in the study of Lee et al (2003). All the lumbar spinal movements measured by the

gyroscope were smaller than the other studies. In fact, the size of
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Table 2.2. Comparisons of the lumbar ranges (degrees) of movements for seven studies in the literature.

Mayer etal Pearcy and Hindleetal Peachetal Russelletal Van Herp Leeetal

(1984)2 Hindle (1990) (1998)c (1993)d etal (2000)>  (2003)e
(1989)p

Method Inclinometer ~ EMT EMT EMT EMT EMT Gyroscopic

Movement

Flexion 55 75.6 74.6 71.6 75.1 56.4 48.6

Extension 27 23 26.8 * 25.8 225 18.7

Left side bending * 279 29 29.7 28 25.8 16.3

Right side bending * 28.5 29 30.8 28 26.2 16.3

Left axial rotation * 16 15 16.6 16.4 14.4 8.9

Right axial rotation * 154 15 15.6 16.4 128 8.4

EMT- Electromagnetic Tracking device; * not studied; » Ten male subjects, 19-51 years old; ® Ten male subjects, 20-30 years old; <Seventeen
male subjects and seven female subjects, 20-30 years old; 4 twenty male subjects, 20-30 years old; ¢15 male subjects and four female
subjects, 20-30 years old.




the gyroscopes were very large and making it difficult to be placed over a single
spinous process. The gyroscopes might be placed over L1 or L2 so that the
movements of L1/2 were not fully recorded and led to an underestimation of the
gross movements of the lumbar spine (Lee et al., 2003). In general, all these non-
invasive or skin mounted measurement methods suffered from the same problems
that are the movements between the sensors and the skin, as well as the error due
to the false locations of spinous processes by palpation. Although all the authors
had tried their best to avoid this from happening, these errors were really
unavoidable.
2.5.2.2. Kinematics of the lumbar spine and hip during physiological movements

Many authors had particularly looked at the kinematics of the lumbar
spine and hip and the relationships between these two regions during forward
bending of the trunk (Esola et al., 1996; Lariviere et al., 2000; Lee & Wong, 2002;
Mayer et al., 1984; McClure et al., 1997; Nelson et al., 1995; Paquet et al., 1994;
Porter & Wilkinson, 1997). Mayer et al (1984)used the two inclinometer technique
to measure the movements of hip and lumbar spine. They found that the mean
gross flexion range of the lumbar spine and hip was 122°. The mean lumbar flexion
and the mean pelvis flexion were 55°and 66° respectively. They also analysed the
differential mobility of pelvis and lumbar spine through the flexion arc and
suggested that lumbar spine contributes to the gross motion in difference extent at
difference stages of flexion.

Paquet et al (1994) employed electrogoniometric recordings to study the
lumbar spine and hip movements. They found that the maximum flexion range of

the hip-lumbar complex was 126°. The maximum lumbar flexion was 77°and the
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maximum hip flexion was 49°. These findings were quite different from those of
Mayer et al. More lumbar flexion and less hip flexion were found in Paquet’s study
when compared to the study of Mayer et al. Despite these discrepancies which
were likely due to differences in research methodologies, the movement patterns
detected in the two studies were similar. Both studies found that the movement of
the lumbar spine was greater during the first 75% of total flexion, whereas the hip
movement predominated during the last 25% of total flexion.

Esola et al (1996) had investigated the hip-lumbar correlation using opto-
electric motion analysis system. They reported that the total forward bending of
hip-lumbar complex was 113° with a contribution of 40° from the lumbar spine and
69° from the hips. They analysed the movement pattern by calculating the ratios of
lumbar-to-hip flexion (L/H ratio) at 30°intervals of forward bending motion. They
have found that the early motion (0°-30°) had approximately a L/H ratio of 2:1.
Middle range of motion (30°-60°) had approximately a L/H ratio of 1:1 and in the
last 30°(60°-90°) the ratio was approximately 1:2. These findings were in agreement
with previous studies that the lumbar spine contributes to a larger extent in the
early phase of forward bending.

The most recent study of Porter & Wilkinson (1997) further supported
those of Paquet et al (1994). They employed the electromagnetic tracking device to
investigate this relationship. They reported the mean values of maximum lumbar
flexion and maximum hip flexion were 68°and 58°respectively. They observed that
the lumbar spine had an even more significant contribution to total forward

bending when compared to the results of Paquet et al (1994)study.

38



Nelson et al (1995) also used the electromagnetic tracking system to study
the relative contributions of the lumbar spine and pelvis during forward bending
while a load was carried. They found that both the lumbar spine and pelvis moved
simultaneously during loaded forward bending, despite the contribution of the
lumbar spine was larger than the pelvis during the initial 50% of the total
movement. However, this was not the case for trunk extension. They found that
trunk extension was initiated by posterior pelvis rotation first and followed by the
extension of the lumbar spine. McClure et al (1997) further supported this
observation. They analysed the lumbopelvis rhythm during trunk extension from
fully flexed posture to neutral standing posture. They found that extension of the
trunk was initially accomplished by hip motion with an increasing contribution
from the lumbar spine in the midrange. The lumbar spine becomes the
predominate source of motion at the end of extension.

The above review shows that the interaction between the lumbar spine
and hip has only been studied in the sagittal plane. The interaction of the two body
parts during lateral bending and twisting of trunk has not been studies.
2.5.2.3. Kinematics of the lumbar spine, pelvis and hip during functional activities

Some researchers investigated the coordination of movements between
the lumbar spine and pelvis during normal gait (Crosbie et al., 1997; Rowe & White,
1996; Schache et al., 2002; Schache et al., 2001a; Whittle & Levine, 1999). Crosbie et
al studied the pattern of spinal movements during walking in 50 males and 58
females aged between 20 to 82 years. They used video-based system to record the
movements of the lower thoracic spine, the lumbar spine and the pelvis. For

sagittal plane movements, the pelvis was found to rotate posteriorly (posterior tilt)
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at heel strike and followed by anterior tilting in the early single support phase. The
pelvis then reversed its tilt to the next heel strike. The lumbar spine movement
complemented those of the pelvis. During heel strike, the lumbar spine was
maximally flexed and followed by a rapid extension to neutral until the beginning
of single support. Then the lumbar spine was slowly flexed and reached maximum
at another heel strike (Crosbie et al., 1997). However, the studies of Whittle and
Levine (1999) and Rowe and White (1996) yielded different results. The magnitude
of pelvis tilting was relatively consistent between subjects, but there was a great
individual variation particularly for the lumbar lordosis. The patterns ranged from
spinal movements being in phase with pelvis tilt to completely out-of-phase. Rowe
and White (1996) also found that the intra-subject variability was greater in sagittal
plane than the other two planes. These discrepancies might due to different
methodologies among various studies (Whittle & Levine, 1999).

For frontal plane movements, there were general agreements among these
three studies (Crosbie et al., 1997; Rowe & White, 1996, Whittle & Levine, 1999).
Whittle and Levine (1999) using angle-angle diagram to illustrate that during right
initial contact, the pelvis was approximately level and the lumbar spine was almost
straight in the frontal plane. From right initial contact to left toe off, the pelvis tilted
upward on the right side gradually and it was accompanied by the right lateral
bending of the lumbar spine. During right mid-stance, the pelvis was level again
and the lumbar spine followed this movement. The lumbar spine had a brief side
bending to the right, while the pelvis continued to dip on the left side. Finally the
lumbar spine straightened again before the next left initial contact. The cycle

repeated with subsequent gait cycles (Whittle & Levine, 1999). The movements
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between the lumbar spine and pelvis in this plane were very much in-phase for the
whole gait cycle.

For transverse plane movements, the coordination between the lumbar
spine and pelvis was again demonstrated using angle-angle diagram by Whittle
and Levine (1999). At right initial contact, the pelvis was twisted forward at the
right side and the lumbar spine had a corresponding rotation to the right side.
There was a 90° phase lag between these movements with the lumbar spine moved
earlier than the pelvis. This phase lag was further supported by the findings of
Crosbie et al (1997).

Schache et al (2002; 200l1a)investigated the relationship between the
lumbar spine and pelvis and the lumbo-pelvis-hip complex during running. They
recruited 20 male runners with average age of 32.7 years old. The movements of the
lumbar spine and pelvis were captured by optoelectronic method. For sagittal
plane movements, the average amplitudes of the rotations for the lumbar spine
were 13.3°+3.8° and 7.6°£2.0° for the pelvis. The average angular positions for the
lumbar spine were -22.9°+6.2° and 16.4°+3.3° for the pelvis. The lumbar spine
flexed slightly and the pelvis posteriorly tilted during early stance. During mid-
stance, these movements reversed so that the lumbar spine extended and the pelvis
anteriorly tilted. Right toe off followed the peak extension of the lumbar spine and
anterior tilt of the pelvis. This movement cycle for the lumbar spine and pelvis was
repeated following initial contact of the contralateral lower limb. There were great
variations in the flexion-extension cycle of the lumbar spine across subjects. This is
consistent with the results of Whittle and Levine (1999) for walking. The great

variability might possibly due to the differences in the lumbar lordosis among
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subjects. Angle-angle diagram showed that flexion-extension of the lumbar spine
and anterior-posterior tilt of the pelvis were coordinated during running (Schache
et al.,, 2002). In another study conducted by the same research group, they also
found that the hip movement was highly coordinated with the movements of the
lumbar spine and pelvis (Schache et al., 1999). The mean pelvis anterior-posterior
tilt angle has been shown to have significant negative correlation with maximum
hip extension range of movement during running. More anterior tilting was found
in runner who has reduced hip extension during terminal stance. This might be a
compensatory mechanism for those runners who have restriction in hip extension
movement.

The average amplitudes of rotations in frontal plane were 18.5°+3.9° and
10.6°+3.0° for the lumbar spine and pelvis respectively. Right lumbar lateral
bending was observed at right initial contact and the pelvis was lower on the left
side (Schache et al., 2002) and the hip was in adducted position (Novacheck, 1998).
These movements continued to increase until loading response (initial contact).
Both the lumbar spine and the pelvis movements attained to their peak almost at
the same time. The lumbar spine then started to laterally bend towards the left as
the pelvis began to elevate on the left side. The lumbar spine was laterally bent to
the left and the pelvis was lower on the right during left initial contact. From mid
stance to toe off, the hip was abducted slightly and reached its maximum during
mid swing to assist the foot clearance at this phase. From mid swing to terminal
swing, the hip adducted again to prepare the next initial contact (Novacheck, 1998).
The same movement manner just repeated again on the contra-lateral side. The

movements of the lumbar spine and pelvis in frontal plane again were very
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coordinated during running as revealed by the angle-angle diagram. There was an
almost perfect linear relationship during early and mid stance of the running cycle.
However, right after toe off to initial contact of the contralateral lower extremity,
the lumbar spine maintained a relatively neutral position whereas the pelvis
dropped slightly to the side that the foot was having the initial contact (Schache et
al., 2002).

For transverse plane movements, axial rotation of the lumbar spine was
coordinated well with the axial rotation of the pelvis. However their relationships
were out of phase by 21% of the running cycle where the lumbar spine attained its
peak rotation earlier than the pelvis. The peak axial rotation to the left of the
lumbar spine was found to occur just after right toe off. At this moment, the right
hip would approach its maximal extension whilst the left hip would pass the
maximal flexion (Schache et al., 1999). The movement pattern of axial rotation of
the pelvis during running is different to that during walking. The major difference
was that at right initial contact during walking, the pelvis was shown to rotate to
the left (Whittle & Levine, 1999) whereas the pelvis was rotated slightly to the right
during running. It was suggested that this was important for minimizing the
horizontal braking forces as initial contact and avoid potential loss of speed
(Novacheck, 1998; Schache et al., 1999).

2.6. Three-dimensional movement patterns of the lumbar spine and hip in
subjects with low back disorders

Numerous studies had shown that low back pain affects the mobility of
the lumbar spine and its adjacent joints (Dolan & Adams, 1993; Ellison et al., 1990;

Fairbank et al., 1984; Mellin, 1990). Dolan & Adams (1993)found that the reduction
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in hip mobility was greater than the spine in subjects with history of low back pain
and the mobility of hip became an important determinant of the bending moment
acting on the spine in these subjects. Fairbank et al (1984) also found that the
femoral rotations were significantly less in back pain subjects. All the above
evidence suggests that back pain can adversely affect the kinematics of the lumbar
spine and hip.

Pacquet et al (1994) specifically studied the effects of back pain on the
movements of the lumbar spine and hip. They found that the mean maximum
magnitude of flexion in low back pain patients was approximately 20% smaller
than that of normal subjects. They also reported that back pain patients attained
their maximum flexion of the lumbar spine at a later part of the range when
compared to normal subjects. Angle-angle diagram also showed that the
contribution of the lumbar spine relative to the hip was reduced, particularly
during flexion.

Esola et al (1996) compared the total amounts of forward bending motion
and velocity between low back pain patients with normal subjects. They found that
there was no significant difference in these variables. These findings conflict with
the finding of Burton et al (1989) who noted that low back pain patients tended to
exhibit more lumbar spine movement during the early phase of movement. The
discrepancy could be explained by the different clinical conditions of the patients
and the recruitment criteria employed in these studies. In regard to the patterns of
movement during flexion, Esola et al (1996) calculated the L/H ratio for 30°
interval from 0° to 90°. They found the subjects with history of low back pain had

an L/H ratio during the middle phase (30°-60°) of 0.72 as compared to 1.06 for



normal subjects. It was evident that this group of subjects tended to move less in
the lumbar spine in the early phase of movement. Another finding in this study
was that the correlation of hamstring flexibility to total hip and total forward
bending motions was much higher in subjects with history of low back pain than
those normal subjects. They hypothesized that the hamstrings were used to control
forward bending in subjects with low back disorders but not for normal subjects.

However, Porter and Wilkinson (1997) found that there was generally
significant reduction of lumbar spine contribution in subjects with chronic low
back pain, although one third of back patients had great reductions in hip flexion
during forward bending. They also found that one third of chronic low back
subjects had a range of hip flexion less than 43°, but only 2 out of 17 normal
subjects had this presentation. This finding agreed the results of Dolan & Adams
(1993).

Vogt et al (2001) examined the influences of nonspecific chronic low back
pain on three-dimensional lumbar spine kinematics in locomotion. They found that
the temporal patterns of the pelvis and thoracic curves were similar in both normal
and back pain groups. However, there was increased inter-subject variability in
back pain subjects. This might indicate that patients might have individual
adaptations and adjustments in walking behavior.

2.7. Summary

The above review shows that the lumbar spine and hip have different

contribution to spinal movements in different activities, although there are

significant shortcomings in the previous in vivo studies. For instance, all previous

in vivo studies on physiological movements examined the sagittal movements only.
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There was no information on the contribution of lumbar spine on movements of in
anatomical planes. Furthermore, although preliminary evidence showed that back
pain may affect the correlation between hip and lumbar spine during normal
physiological movements, the precise effects are not fully understood. This is
largely because there is no ideal methodology for investigating the movement
correlation. Previous studies only used movement ratios to study the correlation of
hip and lumbar spine movements. This was rather preliminary and the phase
relationship between the hip and lumbar spine movements was not studied in any
of the previous work. The effects of back pain on the phase relationship between
hip and lumbar spine movements and the three-dimensional kinematic patterns
remain unknown. Finally, back pain is often accompanied by limitation in SLR.
There was evidence that stiffness of posterior hip tissues or limited SLR could
affect spine and hip kinematics. But no previous research had examined such
effects. It is hoped the present study could address the above limitations of
previous research and provide fundamental information on the effects of back pain

on hip and spine movement coordination.
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Chapter 3 Methodology

3.1 Subjects

Sixty-two male subjects were recruited from a local university (The Hong
Kong Polytechnic University) and outpatient physiotherapy clinic of a local
hospital (The United Christian Hospital) by posters. Subjects had to fulfill all the
inclusion criteria before they were tested. They were divided into three groups:
Group 1 (control) - twenty normal subjects who were in good health with no
history of back pain or leg pain that might be attributed to the back within the last
12 months. Group 2 (back pain only) - twenty-four subjects with current low back
pain due to mechanical causes for lasted for 6 to 12 weeks (sub-acute). Their pain
should be over the L1-sacrum region without any radiation to areas distal to the
gluteal crease and no limitation in straight leg raise (SLR). Twelve of these subjects
had pain over the left side of the back and the remaining subjects had pain over the
right side. Group 3 (back pain + SLR) - eighteen subjects with sub-acute back pain
and limitation in SLR (i.e. SLR with a pain free range of less than 55°). Ten of group
3 subjects had pain over the left side of the back accompanied by limitation in SLR
with the left leg, and the remaining subjects had pain and limitation in SLR with
the right side. The low back pain subjects were also asked to fill in the Roland-
Morris Disability Scale (RDQ), the Chinese Version (Leung et al., 2003) to assess
their level of disability. They had a mean score of 11+4 for the RDQ. The pain
intensity of groups 2 and 3 subjects was measured using a numerical rating scale
(NRS) ranging from 0 to 10, where zero represented no pain and ten represented

extremely intense pain. They had a mean NRS of 6+2 representing a group of
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patients with mild pain in the sub-acute stage. The demographic data, mean RMS
and mean NRS are summarized in table 3.1.

Subjects were excluded if they had

. inflammatory joint disease
. past history of fracture, dislocation and spinal surgery
. neurological signs or unable to perform trunk movements due to

unbearable pain

Ethics approval for this study was obtained from the Departmental
Research Committee of the Hong Kong Polytechnic University. Subjects were
informed about the experimental procedure and any potential risks prior to the

attainment of written consent

3.2 Methods

3.2.1 Apparatus

The 3SPACE Fastrak (Polhemus Inc., Colchester, VT 05446, USA) (Fig 3.1) was used
to measure movements of the lumbar spine and hips. It had a source that generated
a low-frequency magnetic field which was detected by the sensors. It provides real-
time six degrees of freedom measurement by using the electromagnetic field to
detect the three-dimensional position and orientations of the sensors relative to the
stationary source. The source was placed in a fixed position close to the subject
(within 0.7m) (Biryukova et al., 2000; Harryman et al., 1990; Pearcy & Hindle, 1989).
The global coordinate reference system Xg, Yq, Z; was designated by the source (Fig
3.2). The positive axes were defined as follows: X axis - horizontal pointing

anteriorly, the Yg-axis horizontal point to the left of the subject and Zg-axis pointing
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superiorly and aligned with the cardinal planes of the body. The four local
coordinate reference systems of L1, S2 and the thighs are defined in Table 3.2 and
are illustrated in Figure 3.3. The local coordinate reference

systems for the lumbar spine and hip followed the International Society of
Biomechanics (ISB) protocol. The right hand rule was used to determine positive
rotation in all calculations.

Two sensors of the system were employed to measure the movements of
the lumbar spine - one sensor was placed over the L1 spinous process and the
second sensor over the sacrum (Figure 3.4). Two other sensors were used to
measure the movements of the hips by placing them over the posterior aspect of
the left and right thighs (Figure 3.5). Each sensor was attached to a small,
mouldable plastic plate with plastic screws. The plate was rectangular in shape
which measured 3cm * 3.5cm. A Velcro band was threaded through the plate and
tightly wrapped around the subject's trunk or leg so as to minimise the movement
between the sensor and the underlying skin. The cables of the sensors were
attached to the skin on the side of the trunk so that they did not move the sensor
erroneously during the movement. Initial testing showed that the above
arrangement provided the most secure sensor attachments. Fastrak accuracy is
affected by the presence of metallic object, whether nearby or between the source
and the sensors. Therefore no metallic object was placed around the measuring
area.

The Fastrak had an electronic unit that calculated the three-dimensional

positions and orientations of the sensors relative to the source. The unit was linked
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Table 3.1 Demographic data, mean RMS and mean NRS of groups

Number of
Group Age Height (cm) | Weight (kg) NPS RMS
subjects
1 20 42 (8) 170 (6) 71(11) NA NA
2 24 41 (11) 172 (4) 69 (6) 6(2) 10 (4)
3 18 34 (10) 174 (4) 71 (5) 6(2) 12 (4)

Group mean values (SD) are presented in this table
NPS=Numerical Pain Scale; RMS=Roland-Morris Disability Scale, NA=Not applicable




Table 3.2 Definition of the local co-ordinate reference systems

Anatomical landmarks

Local coordinate reference system

Lumbar vertebrae 1

Origin: the centroid of the vertebral body (half way
between the centers of the two endplates).

Y1 axis: passes through the centers of the upper and
lower endplates.

Z1 axis: parallel to a line joining bases of the right and left
pedicles.

X1 axis: points forward

Sacrum

Origin: Midpoint between right and left anterior superior
iliac spine (ASIS).

Zs axis: points from the origin to the right ASIS.

Ys axis: perpendicular to both X and Z, positive cranially
(superiorly in the erect standing position)

Xs axis: lies in the plane defined by the ASISs and the
midpoint of the posterior superior iliac spines (PSISs)
and points ventrally (anterior, in the direction of

progression) orthogonal to the Z axis.

Femur

Zr axis: perpendicular to the Y axis, located in the plane
defined by the hip center and both femoral epicondyles,
pointing laterally to the right side of the body.

Yr axis: along the line joining the hip center and the
midpoint of the medial and lateral femoral epicondyles,
pointing proximally.

Xr axis: perpendicular to both, pointing ventrally

(anteriorly).
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Figure 3.1

The 3SPACE Fastrak (Polhemus Inc., Colchester, VT 05446, USA)
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Figure 3.2

Global co-ordinate reference system
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Figure 3.3

Local co-ordinate reference systems

Posterior View




Figure 3.4

Placement of sensors over L1 spinous process and sacrum
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Figure 3.5

Placement of sensor over the posterior aspect of thigh
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to a personal computer via an RS232C serial interface. Specifically developed
custom software was used to control the Fastrak operation, data acquisition and
display the results in real time. The software developed in this study was able to
perform fast serial communication at 115.2 kBaud allowing a data update rate of
120Hz. As four sensors were used in this experiment, the sampling rate was 30Hz
per sensor. The data was then saved and analysed in later stage.

3.2.2 Procedure

All subjects were asked to read and signed the Informed Consent Form
(appendix I) upon arrival. Routine clinical examination of the subjects was
conducted by a qualified physiotherapist prior to data collection. This included
history taking and clinical examination including palpation, passive SLR test and
screening tests to exclude subjects with pathologies that would prevent them from
participating in this study. The method of passive SLR test followed the procedure
described by Magee (2002). A Myrin goniometer (Parir, 746 24 Balsta, Sweden) was
attached to the thigh of the tested leg to measure the range of hip flexion during the
SLR test. Subject was asked to relax and lay down in the supine position, the hip
medially rotated and adducted, and the knee fully extended. The therapist flexed
the hip until the subject complained of pain or tightness in the back and back of the
leg and the range of hip flexion was noted.

After completion of the clinical examinations, subjects were asked to
perform warm up exercise which included forward, backward and side bending,
and twisting of the trunk to end of range for 10 repetitions to each direction. This
was to “precondition” the spine and hip, ensuring the consistency of

measurements during the real data collection. The attachment of sensors to the
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subject followed a strict procedure in order to place the sensors onto the
appropriate bony landmarks. The spinous processes of L1 and S2 were located by
palpation. Subjects were asked to prone-lying on a plinth. The posterior superior
iliac spines were located by palpating downward and posteriorly from the iliac
crests of the hip bones. The S2 level was taken to be the intersection of an
imaginary line connecting the posterior superior iliac spines. The L1 level will then
be located by counting 6 spinous processes from S2 (Gray et al., 1995). The thigh
sensors were placed over the posterior aspects of the mid-thighs and tightly
wrapped around the thighs by Velcro strips. After the sensors were attached onto
the body, subjects were asked to bend their back to see if there were any
restrictions of the movements or loosening of sensors.

The transmitter was situated at the posteriolateral side of the subject. The
subject was positioned such that all sensors were within 0.7m from the transmitter,
which was the working range of the transmitter for optimal accuracy. The
transmitter was attached to a wooden pedestal and placed 1.3m above the ground.
A spirit level attached to the top of the transmitter was checked before the data
collection to make sure it was centred.

The subjects were then requested to stand upright in their most
comfortable posture with feet shoulder-width apart and palms facing inwards. The
positions of the lumbar spine and hips in this posture were recorded by the Fastrak
and taken as the zero reference positions. Standing posture was chosen as it is a
functional position and clinically, it is more convenient to carry out the assessment
in standing. The movements of the lumbar spine and hips were calculated with

respect to these reference positions. Each subject performed three continuous cycles
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of each of the following movements of the trunk: (1) maximal forward and then
backward bending with knees kept in extended positions, (2) maximal side
bending towards the left and right in extended knees positions, and (3) maximal
twisting towards the left and right with both feet firmly stand on the ground.
Subjects were asked to perform all the movements in pure sagittal, frontal and
horizontal planes. Demonstrations of pure movements were given by the
physiotherapist and trial runs of movements were performed by subjects prior to
the data capturing. Post-hoc analysis of the movement data confirmed that there
were unacceptable movements in the unwanted planes. The three movement trials
of the trunk were tested in a random order. Each trial was performed over a 30
second period at a speed that was most comfortable for the subject. There was a
rest period of 5 minutes after each movement trial. In order to examine the
repeatability of the movement data, each movement was repeated three times.
3.2.3 Data Analysis
3.2.3.1 Calculation of three-dimensional movements

The Fastrak output comprised the 3x3 matrices of direction cosines that
described the orientations of the sensors relative to the source. Lumbar spine
movements, which were described by the relative orientation between the L1 and
sacral sensors, and hip movements from that between the thigh and sacral sensors,
were derived from these matrices. The method of computation was based on the
mathematical techniques proposed by earlier authors (Cole et al., 1993; Grood &
Suntay, 1983; Lee, 2001; Pearcy et al., 1987b). Using the lumbar sensor and hip
sensor as an example, the relative orientation of the L1 vertebra and the sacrum

represented the posture or movement of the lumbar spine. The orientation may be
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described by a matrix [R] which expressed the orthogonal base vector set of the L1

vertebra [Ar] in terms of that of the sacrum [As] (Fig 3.3).

Ale ALly Ale Rll R12 RlS ASlx ASly ASlz
A oy AL2y Az |=| Ry Ry Ry x| Asy ASZy As,, 3.1)
AL3x AL3y AL3Z RSl R32 RSS A53x ASBy AS3Z

or
[AL] = [R][As], (3-2)
[R] = [Ac][As]! = [AL][As], (3:3)
where x, y and z are the axes of the global reference system (ground), and [As]T is
the transpose of [As].
The anatomical base vector sets [Ar] and [As] are unknown, but the
Fastrak provides information on the orientation or base vector sets of the sensors
attached to L1 and the sacrum [S;] and [Ss]. As the sensors are rigidly attached to
the body, the anatomical and sensor axes will have fixed spatial relationships.
[Si] = [Mi] [AL], (3.4)
[Ss] = [Ms] [As], (3.5)
where [M.] and [Ms] are matrices which defined the spatial relationships.
If the upright standing posture is taken as the zero reference position,
then
[AL]upright = [As]uprignt = [1], (3.6)
where [I] is the unit matrix.
Thus,
[ML] = [St]uprights (3.7)

[MS] = [SS]upright; (38)
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It is then possible to express [R]iumbar in terms of the base vector sets of the

Sensors.
[Rliumbar = [AL] [As]T, (3:9)
[Rumbar = [Sc] [ML]" [Ss]" [Ms], (3.10)
[R liambar = [St] [SL]Tuprighe [Ss]T [Ssupright (3.11)

The three anatomical angles (a, B and y) can be computed from [R] using
the method suggested by various authors (Cole et al., 1993; Grood & Suntay, 1983;
Lee, 2001; Pearcy et al., 1987b). For the case of hip joint, the anatomical base vector
set [An] is also unknown. The thighs sensors provide the base vector sets for both
thighs. Similar calculations of hip movements can be carried using Fastrak
information about the relative orientation of hip and sacral sensors.

[Rlnip = [Su] [Sn]"upright [Ss]™ [Sslupright (3.12)
where [R]nip expressed the orthogonal base vector set of the thigh [An] in terms of
that of the sacrum [As]. [Si] and [Ss] are the orientation or base vector sets of the
sensors attached to the thigh and the sacrum respectively.

The following sign convention was adopted during the calculations of
different movements: (a) the lumbar spine: flexion, left lateral flexion and left axial
rotation were considered to be positive, and (b) the hip: flexion, abduction and
lateral rotation were positive. Movements in the opposite directions were
represented by negative values.
3.2.3.2 Repeatability of movement data

Based on the above calculations, the range of movements of the lumbar
spine and hip were obtained and they were plotted against time. In order to

examine the repeatability of measurements of each joint movement, the angle-time
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curves obtained in the various movement cycles were first normalised with respect
to time to a uniform length. The normalization was done by dividing the whole
movement into four different phases and each phase of movement constituted 25%
of the whole normalized curve. The first 25% was from the starting point to the
peak of the first movement. The second 25% was from the first peak to the
following zero degree point. The third 25% was from the zero degree point to the
peak of the second movement. The last 25% was from the second peak to the end of
the second movement, which denoted by the second zero degree point.

In order to investigate the repeatability of each movement of the lumbar
spine and hip, the coefficient of multiple correlation (CMC) (Kadaba et al., 1989; Yu
et al., 1997) was calculated to determine the degree of similarity of the movement-
time curves obtained in the three trials. This method was employed because all the
normalized curves are all waveform data. Unfortunately, statistical measures, such
as Intraclass correlation coefficient (ICC) or Pearson product-moment correlation
coefficient (Portney & Watkins, 2000) are limited to assess the repeatability of
measurements of a single sample point in the waveforms, such as the maximum
joint angle in this case. Measurements of a single sample point may be repeatable
even though the waveforms are inconsistent. CMC is a ideal measure to examine
the repeatability of waveform data (Kadaba et al., 1989) and it was previously
employed in some gait studies (Kadaba et al., 1989; Yu et al., 1997). After the
normalization, the data sets have a uniform length of n sample points.

The coefficient of multiple correlation (Kadaba et al., 1989; Yu et al., 1997)

is given by
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Zm“zn:(Yij -Y)?/n(m-1)
CMC= [1-=12 (3.13)
>3, -Y)? i(mn-1)

i=1 j=1

where Yj; is the jth sample point of ith set of measurement, Y, is the mean at the jth

sample point over the m data sets, and Y is the grand mean over the n sample
points and the m data sets. The ratio on the right hand size of the equation (3.2) is

referred to as the variance ratio. The numerator of the ratio is the variance of the

waveform data about a ‘running’ mean (Y ) or the ensemble mean curve across

the various data sets, and the denominator is the variance about the grand mean.
Therefore, CMC provides a value approaching 1 when the waveforms of every data
set are similar to each other, while dissimilar waveforms give rise to a value
approaching 0. Portney and Watkins (2000) suggest that there is good correlation if
the coefficient is above 0.75. Coefficients from 0.5 to 0.75 suggest moderate
reliability, and values below 0.5 represent poor reliability. To study the errors of
this calculation, the root means square error was also determined to show the
errors involved in measuring the joint movement. It was done by calculating the
root mean square error of each movement curve from that of the mean curve which
was obtained by averaging the three movement curves.
3.2.3.3 Maximum ranges of movements and the ratios of the lumbar spine to hip

movements

Descriptive statistics were computed from the angle-time curves. The
means and standard deviations of the maximum range of each direction of

movement of the lumbar spine and hip were determined. Movements in the

63



sagittal plane of the lumbar spine and hip could be compared directly as all the
movements were symmetrical. However, movements in the frontal and horizontal
planes of the lumbar spine and hip were classified according to the side where pain
was felt. This was not applicable, however, for asymptomatic subjects in Group 1,
and in this case, movements of the two sides of the body were pooled together.
This was acceptable because t-tests revealed that there were no significant
differences in the magnitude of movements towards the two sides (p>0.05) in
normal subjects group. The overall means of the movements were used for
comparisons with the magnitude of movements of the painful subjects.

The ratios of the magnitude of the movement of the hips to those of the
lumbar spine were computed for each direction of movements. This ratio revealed
the relative contribution of the lumbar spine and hip to the whole movement. As
the sign convention was different for different directions, the ratio might have
different sign for different movements. To eliminate any confusion associated with
the use of sign, all the ranges were converted to absolute values in determining the
ratio. For group 1 subjects, the following ratios were calculated.

- Sagittal plane: Hip flexion/Lumbar flexion, Hip extension/Lumbar extension.
- Frontal plane: Ilpsilateral Hip abduction/Lumbar side flexion, Contralateral
Hip adduction /Lumbar side flexion.
- Horizontal plane: Ilpsilateral Hip medial rotation/Lumbar axial rotation and
Contralateral Hip lateral rotation/ Lumbar axial rotation.
For group 2 & 3 subjects, as mentioned earlier, the hips had been

classified into painful and non-painful side according to the side where pain was



felt in the lumbar spine region for back pain only group (group 2) and limitation in
straight leg raising group (group3). The ratios were calculated in the following

manners.

- Sagittal plane: Hip flexion of painful side/Lumbar flexion, Hip flexion of
non-painful side/Lumbar flexion, Hip extension of painful side/Lumbar

extension, Hip extension of non-painful side/ Lumbar extension.

- Frontal plane: Hip abduction of painful side/Lumbar side flexion towards
painful side, Hip adduction of non-painful side/Lumbar side flexion towards
painful side, Hip adduction of painful side/Lumbar side flexion towards
non-painful side, Hip abduction of non-painful side/Lumbar side flexion

towards non-painful side.

- Horizontal plane: Hip medial rotation of painful side/Lumbar axial rotation
towards painful side, Hip lateral rotation of non-painful side/Lumbar axial
rotation towards painful side, Hip lateral rotation of painful side/Lumbar
axial rotation towards non-painful side, Hip medial rotation of non-painful
side/ Lumbar axial rotation towards non-painful side.

The overall means of the ratios were compared among the three groups,
to test the effect of location of pain and also used for comparison between different
groups to test the effects of back pain and limitation in straight leg raising on the
ratios.
3.2.3.4 Time duration of movement cycle

The time duration of one complete cycle of each trunk movement was

determined for groups in achieving different movements. It was done by marking
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the starting point and the finishing point of each movement cycle e.g. Flexion-
Extension, in the angle time curve graphically. The initial data were fitted with
horizontal lines, and the starting points were visually identified on the curves
when the values deviated from the horizontal lines. Similarly, the finishing points
were marked when the angle-time curves went back to the original levels after the
movement cycles. The duration between these two points was determined and the
mean of three trials was also calculated for further comparison between different
groups.
3.2.3.5 Cross correlation

Cross correlation (Chatfield, 2004; Li & Caldwell, 1999; Stergiou, 2004), as
discussed in literature review (please see section 2.4.1.), is a measure of temporal
similarity by detecting the common periodicities between two signals. Cross-
correlation analysis was done on the angle-time data over the three consecutive
movement cycles of the trunk between the movements of the lumbar spine and
hips. The peak correlation coefficient would show the strength of correlation of the
movements of the lumbar spine and hip. The phase relationship between the
lumbar spine and hip movements was examined on the angle-time curves by
determining the time lag at which the absolute value of the correlation coefficient
was maximal. Movement of the lumbar spine was used as a reference for
establishing the correlation. A positive time lag implied that the lumbar spine
moved earlier than the hip in the movement cycle. The signs of the lumbar spine
movement and the accompanying hip movement were made the same in the cross-
correlation analysis so that the phase difference could be properly detected. For

instance, in analyzing between left lateral flexion of the spine and the
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accompanying right hip adduction, the right hip adduction would have to be made
positive so that it would not appear to be half cycle out of phase. Similarly, the left
hip medial rotation that accompanied left axial rotation was made positive in the
cross-correlation analysis of these two movements.
3.2.3.6 Angle-angle diagram and curve fitting

Angle-angle diagram was employed to illustrate the contribution of the
lumbar spine and hip in all six directions of movements graphically. The signs of
the movements were made positive. For sagittal plane movements, we plotted the
lumbar spine movements (flexion/extension) against the averaged hip movements
(flexion/ extension). The range of movements for left and right hip in sagittal plane
were pooled together as t-test revealed that there were no difference between the
left and right hip movements. For the movements in frontal and horizontal planes,
the lumbar lateral flexion/axial rotation movements were plotted against the hip
abduction/medial rotation and adduction/lateral rotation.

As mentioned in the literature review (please see section 2.4.2.), there are
three major patterns of movements. In order to differentiate the curve into one of

these patterns, the curve could be fitted using two functions.
- linear polynomial function,

h=ml+c (3.14)
where h= hip movement, m=the slope of the fitted linear curve, [=lumbar spine

movement and c=the y-intercept.
- an exponential function

h=a*exp(b*]) (3.15)
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where h=hip movement, [=lumbar spine movement, a=constant and b=constant.

All the curves were plotted using the curve fitting toolbox in MatLab
version 6.5 (The Mathwork Inc). A decision was then made which would be the
most appropriate function according to the goodness of fit of each function.
According to Portney & Watkins (2000), the curve is considered to be moderately
reliable if the correlation coefficient is equal to 0.7 or above (Portney & Watkins,
2000). Hence if the correlation coefficient was less than 0.7, the curve was
considered not to follow any pattern. Otherwise, the curve was considered either to
be linear or exponential depending on which function has a higher correlation
coefficient.
3.2.3.7 Statistical analysis

One-way analysis of variance (ANOVA) was performed using the
software SPSS Version 11.5.0 (SPSS Inc., Illinois 60606) to compare the difference
among the three groups, the mean magnitude of the movements of the lumbar
spine and hip, the relative ratio of various movements, time durations of
movements, the cross-correlation coefficients and the time lag among the three
groups of subjects. Statistical significance was accepted at the 5% level. Post-hoc
analysis was carried out using the Tukey procedure if any significant difference
was revealed among the three groups. In order to test the symmetry of movements
in the frontal and horizontal planes of the lumbar spine, paired t-tests were used to
reveal any significant differences between movements towards the painful and
non-painful sides.

The effects of back pain on the shape of the angle-angle curves. Chi-

square test was employed to determine if the number of subjects in each shape of
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the curve was different in the three groups.
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Chapter 4 Results

4.1. Reliability of measurement

The coefficient of multiple correlation (CMC) was employed to measure
the repeatability of movement data. The advantage of the CMC in evaluating
repeatability is that it measures the repeatability of the movement-time profile. The
mathematical formulation of CMC is thoroughly explained in the methodology
(Chapter 3, section 3.2.3.2.). The results of this analysis for various physiological
movements are shown in Table 4.1. The mean CMC for the three physiological
movements for the lumbar spine, the left hip and right hip were 0.97+0.05,
0.98+0.02 and 0.98+0.02 respectively. The respective mean root-mean-square errors
were 1.1+0.5° 1.6+0.8° and 1.6+0.9°. These results indicated that the measurements
of different physiological movements were highly repeatable in terms of the shapes
of the movement curves and the maximum range of movements. The
measurement system was considered to be able to provide sufficiently reliable data
for the purpose of this study.
4.2. Maximum ranges of movements of the lumbar spine and hips and the

ratios of lumbar spine to hips
4.21.  Forward and backward bending

The results of the maximum ranges of movements of the lumbar spine
and hips, and the relative ratios for forward and backward bending are
summarised in Table 4.2. Diagrammatic presentations of the movements of the
lumbar spine and hips during forward and backward bending are also illustrated

in Figure 4.1 & Figure 4.2 respectively. During forward bending of the trunk, both

70



Table 4.1 Coefficient of multiple correlation (CMC) & root-mean-square errors (RMSE) for the
movement-time curves of the lumbar spine and hips
Flexion-Extension Lateral Bending Axial Rotation

Group CMC RMSE (°) CMC RMSE (°) CMC RMSE (°)

1 0.99 (0.00) 1.4 (0.4) 0.99 (0.01) 1.0 (0.6) 0.97 (0.03) 0.9 (0.5)
Lumbar

2 0.99 (0.01) 1.6 (0.6) 0.98 (0.01) 0.9 (0.5) 0.92 (0.17) 0.9 (0.9)
Spine

3 0.96 (0.10) 1.6 (0.7) 0.99 (0.01) 0.9 (0.3) 0.95 (0.08) 0.9 (0.4)

1 0.99 (0.01) 2.0 (0.9) 0.98 (0.02) 0.8 (0.3) 0.99 (0.01) 1.0 (0.5)
Left Hip 2 0.98 (0.02) 2.6 (1.4) 0.96 (0.06) 1.2 (0.8) 0.99 (0.01) 1.4 (0.6)

3 0.98 (0.03) 2.3 (1.3) 0.95(0.04) 1.1(0.7) 0.98 (0.01) 1.7 (0.6)

1 0.99 (0.01) 2.1 (1.0 0.98 (0.01) 0.8 (0.3) 0.99 (0.01) 1.1 (0.6)
Right

2 0.98 (0.03) 2.7 (1.4) 0.96 (0.04) 1.2(0.7) 0.98 (0.03) 1.7 (1.2)
Hip

3 0.98 (0.01) 2.3 (0.9) 0.95(0.04) 1.2(0.8) 0.98 (0.01) 1.7 (0.6)

Note: All RMSE measurements in degrees; Group mean values (SD) are presented in this table.

71



the lumbar spine and hip exhibited flexion movement. The magnitude of the
lumbar spine movement was generally similar to that of the hips, as shown by the
hip to lumbar spine ratios. It was shown that back pain and limitation SLR were
associated with significant decreases in the ranges of both the lumbar spine and hip
flexion (p<0.05). The decrease in hip flexion was significantly larger in subjects
with limitation in SLR than in subjects with back pain only (p<0.05). The relative
ratios of hip to lumbar spine was not significantly affected in subjects of groups 2
and 3 (p>0.05), as back pain and limitation in SLR affected the ranges of
movements in both the lumbar spine and hips.

During backward bending of the trunk, both the lumbar spine and hip
demonstrated extension movement (Figure 4.2). Back pain and limitation in SLR
were associated with the decreases in the ranges of lumbar spine and hips, but such
decreases were found to be statistically significant only for hip extension in subjects
with limitation in SLR (p<0.05).

The average relative ratio of hip extension to lumbar spine extension was
about 0.7. Although there were decreases in the ranges of lumbar spine and hips,
the relative ratio was not affected significantly in subjects of groups 2 and 3
(p>0.05).

4.2.2.  Lateral bending towards painful and non-painful sides

The results of the maximum ranges of movements and the relative ratios
of lumbar spine to hip during lateral bending are summarised in Table 4.3.
Diagrammatic presentations of the movements of the lumbar spine and hips are
also shown in Figures 4.3 and 4.4. During lateral bending of the trunk, side flexion

of the lumbar
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Table 4.2 Maximum ranges of movements and the relative ratios of the lumbar spine and hip

during forward and backward bending

Group 1 2 3

Forward bending

Mean Lx flexion ROM (°)a b 61.9 (2.2) 33.2(1.8) 29.8 (2.9)

Mean PH flexion ROM (°)a b, ¢ 54.2 (3.9) 41.1 (3.4)
72.1 (3.6)4

Mean NPH flexion ROM (°)a b, ¢ 53.9 (3.4) 42.1 (3.6)

Ratio of PH/Lx movementsd 1.43 (0.06) 1.18 (0.13)
1.09 (0.05)d

Ratio of NPH/Lx movementsd 1.43 (0.06) 1.19 (0.13)

Backward bending

Mean Lx extension ROM (°)¢ 15.5 (1.8) 14.9 (1.6) 12.7 (1.4)

Mean PH extension ROM (°)b 13.5 (1.0) 11.1 (1.4)
16.0 (1.5)d

Mean NPH extension ROM (°)b 13.7 (1.2) 11.1 (1.6)

Ratio of PH /Lx movementsd 0.69 (0.31) 0.79 (0.19)
0.74 (0.34)4

Ratio of NPH/Lx movementsd 0.73 (1.10) 0.72 (0.21)

Lx = lumbar spine; PH = hip on the painful side; NPH = hip on the non-painful side; ROM= range of movement
Group mean values (SEM) are presented in this table.

aSignificant difference between groups 1 and 2 (p<0.05)

bSignificant difference between groups 1 and 3 (p<0.05)

¢Significant difference between groups 2 and 3 (p<0.05)

dFor non-painful subjects in Group 1, movements of the two sides of the body were pooled together. The overall
means of the movements were used for comparison with movements in the painful subjects in groups 2 and 3.

¢No significant difference among the three groups (p>0.05)




Figure 4.1

Means and standard deviations of the maximum ranges of movements

during forward bending.
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Figure 4.2 Means and standard deviations of the maximum ranges of movements
during backward bending
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eNo significant difference among the three groups (p>0.05)

75



spine was found to be accompanied by abduction of the ilpsilateral hip and
adduction of the contralateral hip. The magnitude of the lumbar spine movement
was generally more than twice of those of the hips for normal subjects, as shown by
the hip to lumbar spine movement ratios. Subjects with back pain and limitation in
SLR showed significant reduction in the movement of the lumbar spine (p<0.05).
However there were no significant differences in the ranges of hip abduction and
adduction among the three groups (p>0.05). Since back pain affected the
movements of the lumbar spine only but not those of the hips, the ratios of the hip
to lumbar spine movements were significantly increased in subjects of groups 2
and 3. The above results were found in both lateral bending towards the painful
side and the non-painful side. Paired t-test revealed that for group 2, the 95%
confidence interval of the difference -0.8 to 1.1. There was no significant difference
for side flexion between movements towards painful and non-painful sides
(p>0.05). For group 3, the 95% confidence interval of the difference -0.2 to 1.2, there
was no significant difference for side flexion between movements towards painful
and non-painful sides (p>0.05).
4.23.  Tuwisting towards painful and non-painful sides

The results of the maximum range of movements and the relative ratios of
lumbar spine to hips during twisting are summarised in Table 4.4. Diagrammatic
presentations of the movements of the lumbar spine and hips are shown in Figures
4.5 and 4.6. During twisting of the trunk, the lumbar spine rotated to the same side,

the ilpsilateral hip rotated medially and the contralateral hip rotated laterally. The
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Table 4.3 Maximum ranges of movements and the relative ratios of the lumbar spine and hip

during lateral bending of the trunk

Group 1 2 3
Lateral bending towards painful side
Mean Lx side flexion ROM (°)a b 23.7 (1.2)d 11.6 (0.9) 12.8 (4.7)
Mean PH abduction ROM (°)e 11.9 (1.4)d 11.6 (1.1) 10.1 (1.2)
Mean NPH adduction ROM (°)e 11.5 (1.6)4 9.3 (1.0) 8.4 (1.3)
Ratio of PH/Lx movements a,b 0.42 (0.18)4 0.72 (0.25) 0.66 (0.20)
Ratio of NPH/Lx movements b 0.37 (0.32)d 0.51 (0.37) 0.44 (0.44)
Lateral bending towards non-painful side
Mean Lx side flexion ROM (°)a b 23.7 (1.2)d 11.2 (0.8) 125 (1.1)
Mean PH adduction ROM (°)e 11.5 (1.6)4 9.0 (1.3) 6.8 (1.4)
Mean NPH abduction ROM (°)e 11.9 (1.4)d 11.3 (14) 8.4 (14)
Ratio of PH/Lx movements ab 0.37 (0.32)4 0.54 (0.29) 0.39 (0.44)
Ratio of NPH/Lx movements 2 0.42 (0.18)d 0.63 (0.29) 0.59 (0.24)

Lx = lumbar spine; PH = hip on the painful side; NPH = hip on the non-painful side; ROM= range of movement
Group mean values (SEM) are presented in this table.

aSignificant difference between groups 1 and 2 (p<0.05)

bSignificant difference between groups 1 and 3 (p<0.05)

<Significant difference between groups 2 and 3 (p<0.05)

dFor non-painful subjects in Group 1, movements of the two sides of the body were pooled together. The overall
means of the movements were used for comparison with movements in the painful subjects in groups 2 and 3.

¢ No significant difference among the three groups (p>0.05)




Figure 4.3 Means and standard deviations of the maximum ranges of movements
during lateral bending towards painful side
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Figure 4.4 Means and standard deviations of the maximum ranges of movements
during lateral bending towards non-painful side.
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Table 44  Maximum ranges of movements and the relative ratios of the lumbar spine and hip

during twisting of the trunk

Group 1 2 3
Twisting towards painful side
Mean Lx axial rotation ROM (°)a b 12.2 (1.0)4 7.3 (0.8) 9.0 (0.8)
Mean PH medial rotation ROM (°)e 20.5 (1.0)4 22.3 (1.2) 18.4 (1.6)
Mean NPH lateral rotation ROM (°)¢ 17.5 (1.2)4 20.8 (1.1) 18.9 (1.7)
Ratio of PH/Lx movements ab 1.56 (0.07)d 2.78 (0.04) 1.72 (0.09)
Ratio of NPH/Lx movements 2P 1.18 (0.09)¢ 2.63 (0.04) 1.79 (0.07)
Twisting towards non-painful side
Mean Lx axial rotation ROM (°)a b 12.2 (1.0)4 6.7 (0.6) 8.0 (0.7)
Mean PH lateral rotation ROM (°)e 17.5 (1.2)4 17.3 (0.6) 20.8 (1.2)
Mean NPH medial rotation ROM (°)¢ 20.5 (1.0)4 19.7 (1.0) 18.2 (1.4)
Ratio of PH/Lx movements 2 1.18 (0.09)4 2.44 (0.04) 2.63 (0.04)
Ratio of NPH/Lx movements b 1.56 (0.07)d 2.70 (0.04) 2.08 (0.05)

Lx = lumbar spine; PH = hip on the painful side; NPH = hip on the non-painful side; ROM= range of movement
Group mean values (SEM) are presented in this table.

aSignificant difference between groups 1 and 2 (p<0.05)

bSignificant difference between groups 1 and 3 (p<0.05)

<Significant difference between groups 2 and 3 (p<0.05)

dFor non-painful subjects in Group 1, movements of the two sides of the body were pooled together. The overall
means of the movements were used for comparison with movements in the painful subjects in groups 2 and 3.

e No significant difference among the three groups (p>0.05)
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Figure 4.5 Means and standard deviations of the maximum ranges of movements

during twisting towards painful side
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Figure 4.6 Means and standard deviations of the maximum ranges of movements
during twisting towards non-painful side
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ratios of hip to lumbar spine movements in all groups were more than 1, indicating
that the contribution of the lumbar spine was smaller than that of the hips in
accomplishing the movement. Subjects with back pain and limitation in SLR
exhibited significantly less movement in lumbar rotation towards both sides
(p<0.05), but there were no significant changes in hip medial and lateral rotation
during these movements (p>0.05). As a results, significant increases in the ratios of
ratios of hip to lumbar spine movements in all groups were more than 1, indicating
hip to lumbar spine movements were obtained in both painful groups (p<0.05).
Paired t-test revealed that for group 2, the 95% confidence interval of the difference
-0.1 to 1.5. There was no significant difference for axial rotation between
movements towards painful and non-painful sides (p>0.05). For group 3, the 95%
confidence interval of the difference -0.7 to 0.6, there was no significant difference
for axial rotation between movements towards painful and non-painful sides
(p>0.05).
4.3. Cross-correlation analysis and the time duration of movement cycles

The mean peak cross-correlation coefficient, the mean time lags of the hip
relative to the lumbar spine and the time duration of forward and backward
bending, lateral bending, and twisting of the trunk are presented in Table 4.5.
43.1.  Forward and backward bending

The mean peak cross-correlation coefficients for forward and backward
bending were high (0.89-0.96). Thus, the shapes of the movement-time curves of the
lumbar spine and hip were very similar. The time lags at peak correlation were

negligible, and t-tests showed that these values were not significantly different
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Table 4.5 Cross-correlation analysis

Group 1 2 3

Forward & backward bending

Mean peak correlation coefficient - Lx and PHe 0.96 (0.01)d 0.93 (0.02) 0.90 (0.03)
Mean peak correlation coefficient - Lx and NPHe 0.96 (0.01)4 0.93 (0.09) 0.89 (0.13)
Mean time lag between Lx and PH (s)¢ -0.02 (0.01) -0.03 (0.02) 0.002 (0.02)
Mean time lag between Lx and NPH (s)e -0.02 (0.01) -0.02 (0.02) 0.003 (0.02)
Mean duration of one cycle of forward and

4.44 (0.20) 8.30 (0.49) 9.33 (0.60)
backward bending (s)2?
Lateral bending
Mean peak correlation coefficient - Lx and PHe 0.84 (0.04)d 0.76 (0.04) 0.77 (0.05)
Mean peak correlation coefficient - Lx and NPHe 0.84 (0.04)4 0.78 (0.04) 0.80 (0.05)
Mean time lag between Lx and PH (s)¢ 0.07 (0.06) -0.56 (0.52) 0.28 (0.57)
Mean time lag between Lx and NPH (s)e 0.07 (0.06) -0.06 (0.46) 0.30 (0.18)
Mean duration of one cycle of side bending

3.66 (0.16) 6.36 (0.31) 7.29 (0.36)
towards the left and right side (s)ab«
Twisting
Mean peak correlation coefficient - Lx and PHa ¢ 0.87 (0.02)4 0.71 (0.06) 0.85 (0.03)
Mean peak correlation coefficient - Lx and NPH= 0.87 (0.02)d 0.73 (0.04) 0.83 (0.03)
Mean time lag between Lx and PH (s)¢ -0.06 (0.03) -0.55 (0.31) 0.15 (0.19)
Mean time lag between Lx and NPH (s)e -0.06 (0.03) -0.60 (0.24) 0.15 (0.19)
Mean duration of one cycle of twisting towards

3.51 (0.14) 5.92 (0.34) 6.23 (0.36)

the left and right side (s)a?

Lx = lumbar spine; PH = hip on the painful side; NPH = hip on the non-painful side; ROM= range of movement
Group mean values (SEM) are presented in this table.

aSignificant difference between groups 1 and 2 (p<0.05)

bSignificant difference between groups 1 and 3 (p<0.05)

<Significant difference between groups 2 and 3 (p<0.05)

dFor non-painful subjects in Group 1, movements of the two sides of the body were pooled together. The overall
means of the movements were used for comparison with movements in the painful subjects in groups 2 and 3.

¢ No significant difference among the three groups (p>0.05)




from zero (p>0.05). This suggested that there was no phase difference between the
movements of the lumbar spine and hip during forward and backward bending.

There were no significant differences in the correlation coefficients and
time lag values among the three groups of subjects (p>0.05). The mean time
required to complete one cycle of trunk forward and bending was found to be 4.4s
for asymptomatic subjects. For subjects with back pain and limitation in SLR, the
amount of time required was found to be more than doubled ranged from 8.35s to
9.33s (p<0.05).
4.3.2. Lateral bending

The mean peak cross-correlation coefficients for lateral bending were also
high (0.76-0.84), indicating that the degree of association between the lumbar spine
and hip movements was high. In regard to normal subjects, t-tests revealed that the
mean time lags at peak correlation were not significantly different from zero
(p>0.05). Thus the lumbar spine and hips moved simultaneously during lateral
bending of the trunk. In group 2 subjects, there was a generally tendency that the
movement of the hip on the painful side preceded that of the lumbar spine. This
was reflected by the negative time lag values observed in these subjects. However,
the mean time lag was generally positive for subjects in group 3, indicating that the
lumbar spine moved earlier than the hip. Subjects in groups 2 and 3 exhibited large
variations in how they modified the lumbar spine and hip movement coordination.
The standard deviations of the mean time lags in these patients were large, and
therefore statistically, the changes in the time lag values were found to be

insignificant (p>0.05).
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Subjects with back pain and limitation in SLR required significantly more
time to complete one cycle of side bending when compared to asymptomatic
subjects (p<0.05).

43.3.  Twisting

The results of the cross-correlation analysis for twisting showed that there
was a strong degree of association between the lumbar spine and hip movements.
The mean peak correlation coefficients were ranged from 0.71 to 0.87. Subjects in
group 2 had a significant decrease in the peak correlation coefficient (p<0.05),
indicating that the lumbar spine and hips moved in a less cohesive manner. The
mean time lags at peak correlation were not significantly different from zero for all
groups (p>0.05). The time lag values were generally negative for subjects in group
2 and positive for subjects in group 3. However, due to the large standard
deviations in the time lag values of these subjects, and statistical test did not show
significant differences among these groups (p>0.05).

Subjects with back pain and limitation in SLR again required more time to
complete one cycle of trunk twisting when compared with asymptomatic subjects
(p<0.05).

44. Angle-angle diagram

The regression analysis of the angle-angle diagrams for sagittal, frontal
and horizontal movements are summarised in Table 4.6, 4.7 and 4.8 respectively. In
these tables, the numbers of subjects exhibiting each movement pattern
(linear/exponential /neither) for different physiological movements are presented.
The respective mean correlation coefficients (r) of the fitted curves, the slopes (m)

and the y intercepts (c) of the linear polynomial function and the variables (a) & (b)
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of the exponential function (please see equation (3.14) and (3.14) of section 3.2.3.6.)
are also presented.
44.1.  Forward bending and backward bending

For forward bending of the trunk, the lumbar spine-hip coordination
could be represented by a linear pattern in most subjects (see table 4.6). This
implies that the lumbar spine and hip have similar contributions throughout the
whole forward bending movement. The mean correlation coefficients for these
fitted curves were high ranging from 0.94+£0.05 to 0.96+0.20 (see table 4.7),
suggesting that the appropriate function was employed. Figure 4.7 showed a
typical example that the angle-angle curve was fitted by a linear polynomial
function. The averaged slopes of groups 1, 2 and 3 were 1.12+0.33, 1.56+0.81 and
1.62+1.70 respectively, and they were gradually increased from group 1 to group 3.

In groups 1 and 2, there were 7 and 6 subjects where their lumbar spine-
hip coordination was better fitted by an exponential function. This observation was
not found in group 3. For subjects with exponential patterns, the lumbar spine had
increasing contribution towards the end of range. A typical example that the angle-
angle curve was best fitted by an exponential function is shown in Figure 4.8.

There were only 3 subjects exclusively in groups 2 and 3, where their
lumbar spine- hip coordination could not be fitted either by a linear function or an
exponential function. The main reason that these curves could not be fitted was
due to the disorganised movement patterns throughout the range of movement.

For backward bending of the trunk, most of the angle-angle plots could

not be fitted by neither a linear function nor an exponential function. There was, in
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general, less than 15% of plots that could be fitted with linear function in all the
three groups.

Chi-square test showed that there was no significant difference among
three groups in the frequency distribution of different patterns for forward and
backward bending of the trunk (p>0.05).

4.4.2.  Lateral bending of the trunk towards painful side and non-painful side

For the asymptomatic subjects in group 1, the curve fitting results of the
angle-angle plot for side flexion of the lumbar spine towards the left side and left
hip abduction were pooled together for comparison with symptomatic subjects.
The same treatment was also applied to side flexion of the lumbar spine and hip
adduction towards both sides.

4.4.21. Lumbar spine side flexion plots against hip abduction

For normal subjects, the majority of angle-angle curves were fitted either
by linear (50%) or exponential (25%) functions (Table 4.8). The average correlation
coefficients for the linear function and exponential function were 0.90£0.27 and
0.91+0.27 respectively (Table 4.9), thus the goodness of fit of these fitted curves
were moderate to high.

Only 25% of all plots were classified as other patterns (Table 4.8).
However, in groups 2 and 3, for lateral bending towards the painful side, more
than half of the plots were classified as other patterns. For group 2, there were 9
plots out of 24 that could be fitted with a linear function and 2 out of 24 could be
fitted with an exponential function. For lateral bending towards non-painful side,
the number of plots that could be fitted by a linear function had were only 6 in

group 2 and 5 in group 3; and only 2 could be plots fitted with the exponential
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Table 4.6 Movement patterns of angle-angle diagrams for sagittal movements

Subject group

No. of subjects that were best
fitted by linear polynomial
function

No. of subjects that were best
fitted by single exponential
function

No. of subjects that were
fitted by neither patterns

Forward bending

Group 1 : 13 : 7 : 0

w2z v ¢ - o
Gows | 6 P 0o b .
Backward bending

Group 1 i 2 i 0 i 18

w2 6 o o o s
Gows s b - w o
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Table 4.7 Results of curve-fitting with linear and exponential functions for sagittal movements

Functions i (h = ml+c)! i [h=a*exp(b*])] 2
o m e ha b

3 Forward bending
Groupl | r=096(0.20) | m=11(0.3) | c=-0.8(3.4) | r=097(017) | a=5.0(13) | b=0.0(0.0)
Group2 | r=0.94(0.05) | m=1.6(08) & ¢=22(55) : r=0.97(0.22) ! a=41(11) | b=0.1(0.0)
Group3 | r=0.95(0.28) | m=1.6(1.7) @ c=2.54.1) ! NA ! NA ! NA

4 Backward bending
Groupl | r=088(0.10) | m=16(04) | c=1.9(0.8) | NA NA NA
Group2 | r=091(024) ! m=11(L.0) | ¢=21(3.3) | NA ! NA ! NA
Group3 | r=091(0.20) | m=19(1.8) | ¢=21(6.3) | r=094 | a=063 |  b=03

1 The mean correlation coefficients (r) are shown in the table to indicate the goodness of fit. The constants of the linear polynomial
equation (m) and (c) are also presented.
2The mean correlation coefficients (r) are shown in the table to indicate the goodness of fit. The constants of the exponential
equation (a) and (b) are also presented.
3 No significant difference among 3 groups, 32 = 9.08 (p>0.05).
4 No significant difference among 3 groups, 2 = 4.18 (p>0.05).

NANot applicable




Figure 4.7

Angle-angle curve that was best fitted by a linear polynomial
function for forward bending of the trunk
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Figure 4.8 Angle-angle curve that was best fitted by an exponential
function for forward bending of the trunk
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function.

Chi-square test showed that the changes in the frequency distribution of
different patterns among three groups were statistically significant (p<0.05).
4.4.2.2. Lumbar spine side flexion plots against hip adduction of hip

For normal subjects, the results were similar to the plots of lumbar spine
side flexion-hip abduction that the majorities of angle-angle curves could be fitted
by the linear function (~50%). There were less than 20% of plots, which could be
fitted by an exponential function and around 35% of plots were classified as other
patterns in group 1. However, for painful groups, there were less than half of the
plots that could be fitted either by linear or exponential functions. Despite this,
linear pattern seems to be a more preferable movement pattern in all the three
groups as far as successful fittings are concerned. The average correlation
coefficients for the plots of all the three groups were moderate to high ranging from
0.89 to 0.91.

Chi-square test showed that there was significant change in the
distribution of patterns among three groups (p<0.05). The distribution showed that
more curves were classified as linear pattern in group 1, but more curves were
classified as other patterns in groups 2 and 3.

4.4.3.  Tuwisting towards painful and non-painful side

For asymptomatic subjects in group 1, the curve fitting results for axial
rotation of the lumbar spine towards the left side and left hip medial rotation were
pooled together for comparison with symptomatic subjects in groups 2 and 3. The
same treatment was also applied to axial rotation of the lumbar spine and hip

lateral rotation.
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Table 4.8 Movement patterns of angle-angle diagrams for frontal movements

Subject group i

No. of subjects that were best

No. of subjects that were best

No. of subjects that were

gt:lecctllzr): linear polynomial Eltlt:;isl): single exponential fitted by neither
Lateral bending towards painful side (Lx/PH Abduction)
Group1* | 20 i 10 10
" Growp2 | o P 2 [ 2
 Growp3 | 5 P o P B
Lateral bending towards painful side (Lx/NPH Adduction)
Group1* | 19 7 14
TGrewp2 L s o 2 o B
" Grw3s | s P ' P u
Lateral bending towards non-painful side (Lx/PH Adduction)
Group 1* 19 7 14
 Grwp2 | s 1 o v
e 2 o 2 [ u
Lateral bending towards non-painful side (Lx/NPH Abduction)
Group 1* 20 10 10
 Growp2 | 6 P 2 P 6
 Growps | s 2 - n

Lx = lumbar spine; PH = hip on the painful side; NPH = hip on the non-painful side
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Table 4.9 Results of curve-fitting with linear and exponential functions for frontal movements

Functions | (h = ml+o : [h=a*exp(b*])] 2
r m : c r a : b
3 Lateral bending towards painful side (Lx/PH Abduction)
Group1* | r=090(0.28) | m=05(0.3) | c=04(L8) | r=0.89(0.26) | a=12(0.8) | b=0.1(0.1)
Group2 | r=091(03) | m=1005) | c=13(L3) | r=092(0.28) | a=050.) : b=03(0.0)
Group3 | r=0.90(0.22) | m=0.8(0.2) ! ¢=09(0.9) | NA | NA | NA
4Lateral bending towards painful side (Lx/NPH Adduction)
Group1* | r=0.89(0.24) | m=04(0.2) | c=05(15 | r=0.88(0.3) | a=0.9(0.3) | b=0.1(0.1)
Group2 | r=091(0.3) ! m=10(0.5) | c=09(L1) | r=0.94(0.26) : a=0.7(0.2) | b=0.2(0.0)
Group3 | r=089(0.28) | m=08(0.) | c=-0105) | r=087 | a=15 | b=02
5 Lateral bending towards non-painful side (Lx/PH Adduction)
Group1* | r=0.89(0.24) | m=04(0.2) | ¢=05(1.5) | r=0.88(0.3) ! a=0.9(0.3) ! b=0.1(0.1)
Group2 | r=091(028) | m=09(02) | c=05(15) | r=087 | a=09 | b=03
Group3 | r=090(0.24) | m=13(04) @ ¢=12(0.3) | r=0.87(01) '@ a=0.6(0.2) | b=0.2(0.1)
6 Lateral bending towards non-painful side (Lx/NPH Abduction)
Group1* | r=0.900.28) | m=05(0.3) | c=04(L8) | r=0.89(0.26) i a=12(0.8) | b=0.1(0.1)
Group2 | r=091(0.32) | m=1.1(0.3) | c=-02(15) | r=0.91(0.22) | a=1.5(0.5) | b=0.2(0.1)
Group3 | r=0.90(0.26) | m=0905) | c=08(07) | r=0.88(0.10) | a=1.0(0.2) b=0.2(0.2)

Lx = lumbar spine; PH = hip on the painful side; NPH = hip on the non-painful side
1 The mean correlation coefficients (r) are shown in the table to indicate the goodness of fit. The constants of the linear
polynomial equation (m) and (c) are also presented.
2The mean correlation coefficients (r) are shown in the table to indicate the goodness of fit. The constants of the exponential
equation (a) and (b) are also presented.
3 Significant difference among 3 groups, y2 = 14.95 (p<0.05).
4 Significant difference among 3 groups, x2 = 9.96 (p<0.05).
5 Significant difference among 3 groups, y2 = 14.87 (p<0.05).
6 Significant difference among 3 groups, y2 = 13.09 (p<0.05).
* For non-painful subjects in Group 1, the results of curve fitting between side bending of the lumbar spine and left and right hip
abduction were pooled together. The results of curve fitting between side bending of the lumbar spine and left and right hip

adduction were also pooled together.
NANot applicable
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Table 410 Movement patterns of angle-angle diagrams for horizontal movements

. No. of subjects that were . No. of subjects that were
Subject group | best fitted by linear | best fitted by single

No. of subjects that were

' polynomial function ' exponential function fitted by neither
3 Twisting towards painful side (Lx/PH Medial Rotation)
Group 1* 16 1 23
""" Gow2 | 7 . o L 1
""" Growp3 | 5 i o i 1
4 Twisting towards painful side (Lx/NPH Lateral Rotation)
Group 1* 16 0 24
""" S S
""" Growp3 | 2 i o i 1
5 Twisting towards non-painful side (Lx/PH Lateral Rotation)
Group1* | 16 0 24
""" o
""" Gowp3 | a4 i 0 i u
6 Twisting towards non-painful side (Lx/NPH Medial Rotation)
Group 1* 16 1 23
""" Growp2 | 9 i o w0
""" Gow3s | 2 . o L 1

Lx = lumbar spine; PH = hip on the painful side; NPH = hip on the non-painful side
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Table 4.11 Results of curve-fitting with linear and exponential functions for horizontal movements

Functions (h = ml+o)1 [h=a*exp(b*])] 2
I T A R

3 Twisting towards painful side (Lx/PH Medial Rotation)
Group1* | r=0.90(024) | m=13(04) | ¢=31(43) | r=096 | a=36 | b=01(00) |
""" Group2 | r-093026) | m=2307) | 0227 | NA | NA | NA |
""" Group3 | r-088(028) | m-1808) | c=4865 | NA . NA | NA |
4 Twisting towards painful side (Lx/NPH Lateral Rotation) .
Group 1* r=0.91(0.22) m=1.3(0.6) c=1.9(2.9) NA NA NA
""" Group2 | r=094024) | m=2509) | c=0729 | NA | NA | NA |
""" Group3 | r=090037) | m=1707) | c=0412) | NA . NA | NA |
5 Twisting towards non-painful side (Lx/PH Lateral Rotation)
Group1* | r=091(0.22) | m=13(06) : ¢=1929) | NA | NA | NA |
""" Group2 | r=083(0.03) | m=1902) | c=1715 | NA | NA | NA |
""" Group3 | r=088(024) | M26(15) | c=0925) | NA | NA | NA |
6 Twisting towards non-painful side (Lx/NPH Medial Rotation)
Group1* | r=090(0.24) | m=13(04) | c=31(43) | r=096 | a=36 | b=01(0.0) |
Group 2 1 r=0.92(0.30) r m=2.1(0.7) 1 c=0.9(3.5) r NA * NA NA ﬂ
Group 3 r=0.87(0.28) m=1.3(0.5) c=-1.6(1.8) NA NA NA

Lx = lumbar spine; PH = hip on the painful side; NPH = hip on the non-painful side
1 The mean correlation coefficients (r) are shown in the table to indicate the goodness of fit. The constants of the linear polynomial

equation (m) and (c) are also presented.

2The mean correlation coefficients (r) are shown in the table to indicate the goodness of fit. The constants of the exponential
equation (a) and (b) are also presented.
3 No significant difference among 3 groups, 2 = 2.46 (p>0.05).
4 No significant difference among 3 groups, x? = 5.30 (p>0.05).
5 No significant difference among 3 groups, 32 = 2.52 (p>0.05).
6 No significant difference among 3 groups, 2 = 6.33 (p>0.05).
* For non-painful subjects in Group 1, the results of curve fitting between axial rotation of the lumbar spine and left and right hip
lateral rotation were pooled together. The results of curve fitting between axial rotation of the lumbar spine and left and right hip
medial rotation were also pooled together.

NANot applicable




Less than half of the plots could be fitted by either the linear function or
the exponential function in all the groups (Table 4.10). As pointed out in section
4.2.3., rotation was generally accompanied by movements of the hips with little
contribution of the spine. Hence, there was no obvious pattern of coordination
between spine and hip movements in most subjects.

Chi-square test showed that there were no significant differences in the

distribution of different patterns in this movement (p>0.05) (Table 4.11).
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Chapter 5 Discussion

5.1. Reliability of measurement

One of the aims of the present study was to establish the reliability of the
Fastrak electromagnetic tracking device for measuring three dimensional
movements of the lumbar spine and hip. In this study, the coefficient of multiple
correlation (CMC) was employed to examine the repeatability of movement data.
The advantage of CMC is that it can assess the similarity of waveform data rather
than just non-continuous data. The CMC values observed in this study were very
high. Thus, the measurement technique could provide highly repeatable data and
the experimental observation was consistent. The technique developed in this
study may be applied in routine clinical assessment to facilitate physical diagnosis
and evaluate treatment effectiveness of low back pain patients. At present, Schober
method is commonly used by clinicians to assess the range of movements of low
back pain patients. However, this method is unreliable (Miller et al., 1992; Portek et
al., 1983) and can be affected by physical size of the subject. It is also a linear
representation of rotational movement. At present, evidence-based practices in
physiotherapy and other medical practices are strongly advocated, and therefore a
reliable assessment and evaluation method is extremely important. The
measurement technique developed in this study can provide an alternative for
clinical assessment of back pain patients. It is relatively easy and convenient, and
able to provide highly repeatable results. However, in this study, only repeatability
of repeated measurements was calculated. Inter-tester repeatability had not been

determined as only one tester was used in this study. Furthermore, the test-retest
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repeatability was not required in this study as subjects were tested in only one
session. Therefore, caution should be taken in interpreting the repeatability of this
study and it was suggested inter-tester and test-retest repeatability should be
determined if this information is required.

Another factor which may affect the reliability of the data is the accuracy
of locating the correct spinous process. It was understood that incorrect location of
spinous process would also contribute error in the measurement of lumbar spine
movements. For instance, Simmonds and Kumar (1993) investigated the accuracy
of locating the L4 spinous process by a group of physiotherapists. They found that
the mean error level was 12 millimeters for within raters and 16 millimeters for
between-raters. In order to minimise such error in our study, the palpation of L1
spinous process followed a strict guideline stated in the methodology section. The
palpation of L1 spinous process was done by only one experienced physiotherapist
to eliminate the possible error induced by different testers. However, concurrent
radiographs need to be taken if the error due to palpation is to be determined
precisely. This was not carried out in this study because of the risks of radiation.
5.2. Validity of measurement

The measurement error due to skin distraction is always a major problem
for any surface measurement technique. To minimize the movement of the sensors
on the overlying skin, the sensors were securely wrapped around the body by
Velcro straps. The stability of the sensors was checked before the capturing of data.
This attachment method was effective as there were no noticeable movements
between the sensors and skin during the experiment. In our study, we found that

the mean root-mean-square errors were 1.14+0.54°, 1.56+0.79° and 1.63+0.86° for
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the lumbar spine, left hip and right hip respectively. The small error size suggested
that our attachment method can successfully reduce the errors associated with skin
movements. Pearcy and Hindle (1989) suggested a similar attachment method in
their experiment to minimize the movement of sensor on the overlying skin.
Although every possible efforts had been put to avoid skin from sliding on the
spinous processes, it was still possible that movement of skin did happen during
the experiment. Radiographic measurements would be required to examine this
source of error, and as explained earlier, this was not carried out due to the risks of
radiation. However, it should be noted that the angle of tilt was relatively
unaffected by the sliding movement, and this should be considered as a minor
source of error. For instance, Van Herp et al (2000) and Mannion & Troke (1999)
also employed electromagnetic device to measure spine movement. They found
that the range of movements of the lumbar spine were in good level of agreement
with X-ray measurements for flexion, extension, side bending towards the left and
right side. However, there was large error in the range of movement of axial
rotation. Van Herp et al (2000) observed 13.6° axial rotation in his study. He
believes the finding was more reasonable than the X-ray measurement of 4.5°
(Pearcy & Tibrewal, 1984) in his study when he compared the values of other
studies (Dvorak et al., 1991; Panjabi et al., 1994). Our results were also compared
with those results presented by Van Herp et al (2000) and Mannion & Troke (1999).
The lumbar spine movements of the present study were generally in good
agreement with their results. There were negligible discrepancies of less than 5° for
flexion and extension. It is concluded, the concurrent validity of the measurements

was established.
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5.3. Magnitude of the lumbar spine and hip movements
5.3.1.  Effects of back pain on the movements of lumbar spine

The three groups of subjects recruited in this study were similar in age,
genders, height and weight. These variables do not present as confounding
variables, allowing comparisons of dependent variables to be made among the
three groups. This study demonstrated that back pain was associated with
significant decreases in the ranges of movements of the lumbar spine in all
directions. This was in general agreement with the findings of previous studies
(Paquet et al., 1994; Pearcy et al., 1985; Porter & Wilkinson, 1997). It is not
surprising that the ranges of movements of the lumbar spine were affected by back
pain in all directions. The subjects recruited in this study were those with subacute
back pain with mild degree of mild back pain (Numerical pain scale=6) during the
time of experiment. Patients were asked to move as much as pain allowed. The
limitations in the lumbar spine movements, in the patient groups could be due to
the exacerbation of pain during movements as well as changes in the mechanical
properties of tissues of the spine and hip.

To assess the symmetry of lateral flexion and axial rotation of the lumbar
spine between the painful side and non-painful side, the ranges of movements
towards the painful side were compared with the non-painful side. The results
showed that the movements towards painful side were almost the same as the
movements towards non-painful side. It suggested that, although back pain
affected their lumbar movements in all directions, unilateral symptoms did not
affect the movements towards their painful side only. Our finding was different

from that of Gomez (1994). He found that both normal and low back pain subjects
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tended to have greater right rotation and left lateral flexion. However, there was no
physiological reason that could explain his observation. Our finding are supported
by the study of Hindle et al (1990). They found that there was a poor correlation
between the location of pain and abnormalities in lateral bending and axial rotation
to the symptomatic side. The differences between Gomez’s study (1994) and ours in
the findings of range of movements may be explained by the differences in
methodology and the subjects recruited. Gomez (1994) used the B-200 Lumbar
Dynamometer to measure the ranges of movements, but he did not report the
placement of this dynamometer during the experiment and the accuracy of the
equipment. The reliability of this equipment in measuring the movements of the
lumbar spine was questionable. It was possible that the arrangement of the
dynamometer might induce significant measurement error. Moreover, in Gomez's
study, he recruited both male and female subjects with age ranging from 18 to 68
years old, whereas we only recruited middle-aged male subjects. This might be
another possible explanation for the discrepancy.
5.3.2.  Effects of back pain on the movements of the hip

Back pain was also found to be associated with decrease in the range of
movement of hip flexion during forward bending of the trunk, but it did not
appear to affect the hips in the other movement directions. The study of Esola et al
(1996) had examined the association between back pain and hip flexion. They
found that there were no significant differences for lumbar spine and hip flexion
between control subjects and subjects with history of back pain. However, their
results could not be compared with ours since the clinical characteristics of their

subjects were different from ours. Esola et al recruited subjects with previous
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history of back pain but no current symptoms. However, our subjects experienced
pain at the time this study was conducted. The study of Porter and Wilkinson (1997)
examined subjects with chronic low back pain. They showed that painful subjects
had less hip flexion when compared with control subjects, although the difference
was not statistically significant. It is possible that the negative statistics results
could be due to small sample size and limited power.

It was interesting to note that back pain was associated with changes in hip
flexion movement only. This may suggest that during trunk bending, stretching of
the posterior hip tissues may elicit pain. It had also been shown that back pain was
associated with increase in stiffness of the hamstring muscles (Halbertsma et al.,
2001; Li et al., 1996) or defensive hamstring muscle reaction (Goeken & Hof, 1991;
Goeken & Hof, 1993). Goeken & Hof (1994) found that some back pain patients
who actually had the same electromyographic activities in the hamstring muscles
as those normal subjects. The decrease of hip flexion during forward bending in
painful subjects may be due to poor extensibility of the hamstring muscle or
protective hamstring reaction, but not pathological reason (Goeken & Hof, 1994). It
should be pointed out that in this study, subjects with limitation in straight leg
raising (SLR) were found to exhibited further reduction in hip flexion when
compared with subjects with back pain only. This further suggests that the
posterior hip tissues are involved for the reduction of hip flexion movement,
although the mechanisms of actions remain unclear. Previous researchers (Fisk,
1975; Scham & Taylor, 1971; Takata & Takahashi, 1994) suggested that there could
be increase in the tension of neural tissues (sciatic nerve) in the posterior area of the

hip and it leads to compression of nerve root and induces pain during the



movement. This may be another explanation why subjects with limitation in SLR
have their hip flexion further affected when compared with subjects with back pain
only. Future research should examine the precise mechanical mechanisms how
back pain affects the posterior hip tissues, such as the stiffness of the hamstring
muscle and the contribution of passive neural component e.g. sciatic nerve, to the
limitation of SLR. Such knowledge is clinically important. For instance, the
information could be used to help design exercise program for restoring the
mechanical characteristics of the posterior hip tissues, or the extensibilities of the
hamstring muscles, and subsequently the movements of the hips.
54. Correlation of lumbar spine and hip movements

In our study, we employed three different of methods analysis to study
the correlation of lumbar spine and hip movements. These included the ratio of the
hip movement to that of the lumbar spine, cross-correlation analysis and angle-
angle diagram. Each method has its own advantages in describing correlation of
movements. The ratio is relatively simple and easy to be calculated and it provides
an overall idea of how the lumbar spine and hip move. However, this method does
not describe the correlation of joint movements in different parts of the range and
at different instants. Angle-angle diagram provides this missing information. It
describes the correlation of joints movements graphically and can be quantified by
fitting the movement-time curves with mathematical equations using the least
squares method. In addition, the coefficient of cross-correlation would indicate the
strength of the correlation between lumbar spine and hip movements. The time
lags would indicate the time shift when the spine and hip movement patterns have

strongest correlation. The advantage of cross correlation analysis is that it describes
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the cohesiveness of the lumbar spine and hip movements indicating the efficiency
of motor control of the movements. Previous studies failed to provide this
important information (Esola et al., 1996; Mayer et al., 1984; Paquet et al., 1994;
Porter & Wilkinson, 1997). It is hoped that with the use of the above method of
analysis, a more complete picture about the correlation of lumbar spine and hip
movements could be made.
54.1.  Forward and backward bending

This study showed that during forward and backward bending of the
trunk, the relative contributions of the lumbar spine and hip were similar. The
overall mean ratio of the hip to the lumbar spine was found to be close to one. This
finding agrees with the ratios reported in other studies (Esola et al., 1996; Porter &
Wilkinson, 1997). The results of curve-fitting for forward bending movement show
that the coordination of the lumbar spine and hip follows linear pattern for the
majority of normal and painful subjects. A linear pattern indicates that the
contributions of the lumbar spine and hip are similar throughout the movement.
The slope of the best straight-line was found to be steepest in subjects with
limitation in SLR and least steep in normal subjects. Angle-angle plots provide
more information than a simple ratio, which does not take into account of the
patterns of movement coordination. A simple ratio assumes that the pattern is
linear, but this study showed that there were 7 out of 20 normal subjects and 6 out
of 23 back pain subjects demonstrating an exponential pattern. In these subjects, the
usefulness of the movement ratio is limited. The present study thus provides more

info than previous work which only employed movement ratios.
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For forward and backward bending, very few subjects (n=3) did not show
an obvious angle-angle plot patterns. This indicates that the lumbar spine and hip
movement are well coordinated. The majority of subjects employed a linear
coordination pattern. However, previous researches (Esola et al., 1996; Porter &
Wilkinson, 1997) showed that subjects had more lumbar spine movement at the
initial stage and more hip movement towards the final stage of movement. In our
study, only about 30% of normal and back pain subjects adopted the movement
strategies that followed exponential pattern. The difference in the finding might be
due to the variations in lumbar spine-hip rhythm. The lumbar spine/hip ratios in
different phases as reported in previous work might not be sensitive enough to
demonstrate these variations. Nelson et al (1995) observed that there was
considerable inter-subject variation in lumbar-pelvis rhythm among individuals
during loaded spinal flexion and extension. The coefficients of variation among
different subjects during the down lift phase ranged from 13.66% to 16.55% for the
lumbar and pelvis movements respectively, whereas the coefficient ranged 10.98%
to 17.86% for the two movements during the up lift phase. Another interesting
finding was that subjects with limitation in SLR did not adopt a positive
exponential movement pattern during forward bending of the trunk. Such angle-
angle plot pattern would imply increased hip contribution towards the end of
range of forward bending. However, as shown in this study, subjects with limited
SLR had significantly less hip flexion movements when compared with normal
subjects and subjects with back pain only. Therefore, it might be physiologically

difficult for them to have increased hip flexion, particularly at the later stage of
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movement. Hence a linear pattern might be more preferable for this group of
subjects.

The results of curve fitting of the angle-angle plot for backward bending
were not as good as forward bending. Most of the curves could not be fitted by
neither pattern. For backward bending of the trunk, the mean lumbar spine
extension were ranged from 12.7° to 15.5° and the mean hip extension were ranged
from 11.1° to 16.0°. Data was thus fitted over a very small movement and the
numbers of points available for curve fitting were limited. This could increase the
residuals of curve fitting and the pattern could be difficult to be identified.

Previous study of lumbar spine/hip interaction during trunk extension
was limited. Oddsson (1988) studied the interaction between primary movements
and associated postural adjustments during trunk extension movements in
standing. His results showed that trunk extension was achieved by lumbar spine
extension and hip extension which were accompanied by ankle and knee flexion.
The author explained that the movements at the ankle probably were to counteract
the backward shift of the centre of gravity caused by the extension of the lumbar
spine and hip. We made the same observation during the experiment, although we
had instructed our subjects to keep their knee straight during the movement prior
to the experiment. Small movements at ankle and knee were still unavoidable as
subjects had to keep their balance during backward bending of the trunk. As a
result, subjects had to control, not only the lumbar spine and hips movements, but
also the knee and ankle movements as well. The degrees of freedom of movements

that the subjects had to control were large. This might explain why there were large
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inter-subject variations in coordinating the hip and lumbar spine movements
during trunk extension.

The cross-correlation coefficients were found to range 0.89 to 0.96. for
forward and backward bending. The high coefficient suggests that the movements
of the lumbar spine and hip are highly cohesive. However, the cohesiveness of
movements was affected by the presence of back pain and limitation in SLR, as
shown by the decreases in the cross-coefficient coefficient, although the decreases
were not statistically significant (p<0.05). Despite the presence of back pain and
limitation in SLR, the lumbar spine and hips were still able to move simultaneously,
as the time lags for this movement were very small and it was closed to zero in all
groups. However, back pain and limitation in SLR did significantly increase the
duration of movement time for forward and backing bending. It is possible that the
efficiency of coordination was affected by back pain, and movement coordination
could be made easier by reducing the trunk velocity. The study of Paquet et al
(1994) confirm our finding. They reported that patients with low back pain moved
about 40% slower than normal subjects when they were asked to move at their
comfortable speed during forward bending. It had been shown that the decreases
in velocities could seriously affect the functional activities and the quality of life of
patients (Marras et al., 2000).

5.4.2.  Lateral bending

The ratio of hip to lumbar spine movement was found to be smaller than
one (mean=0.51+0.29). This implied that side bending of the trunk movement was
primarily accomplished by lateral bending of the spine with some contributions

from the hips. These findings are related to the fact that the lumbar spine is
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relatively compliant in the coronal plane (Markolf, 1972; McGill et al., 1994). The
study of Markolf (1972) showed that the lateral bending stiffness of the cadaveric
lumbar segments were much less when compared with the lower thoracic and the
upper thoracic spine. McGill et al (1994) had similar finding in their in-vivo study.

Back pain and limitation in SLR were found to affect the relative
contributions of the lumbar spine and hips in accomplishing lateral bending of the
trunk. The hip to lumbar spine ratios for lateral bending were increased, indicating
that the contributions of the lumbar spine to these two movements were less but
the contributions of the hip to these movements remained relatively unchanged.
This finding was also reflected by the increase in the slope of the best straight line
of the angle-angle plot of lumbar spine and hip movements of subjects with back
pain and limitation in SLR.

The cross-correlation analysis for lateral bending showed that the lumbar
spine and hips were less cohesive as indicated by the decreases in the peak
correlation coefficients in all the three groups when compared with forward and
backward bending. The strength of correlation for lateral bending was affected by
the presence of back pain as there were further reductions in the coefficients in
groups 2 and 3. This finding indicated that the correlation of the lumbar spine and
hips movements were affected to certain extent, although the reductions in the
correlation coefficient were not statistically significant. The lack of significant could
be due to relatively small sample size and large inter-subject variance, leading to
limited power. Back pain and limitation in SLR appeared to affect the time lag
during lateral bending. The mean time lag for back pain subjects was negative

whereas the other two groups were positive. It is possible that the lumbar spine
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delays its movement when there is pain induced during the movement. But the
time lags for this movement did not show significant differences among groups,
due to large standard deviations. Power analysis showed that if effect size is equal
0.8*standard deviation and number of subjects are 25, the power is 70% for one-
way ANOVA and it could be considered as a satisfactory power. In any case, it
should be pointed out that the mean time lag in back pain subjects was less than
half second and it might not be clinically insignificant.

In contrast to forward bending of trunk, which predominately followed a
linear movement coordination pattern, there were larger numbers of angle-angle
patterns of lateral bending which could be fitted by exponential pattern or other
patterns in all the three groups. There are thus large inter-subject variations in the
way lumbar spine and hip movements are coordinated during lateral bending. In
back pain subjects, there are only 27% to 45% of subjects whose movement patterns
could be classified into either linear or exponential. Most subjects moved in a rather
irregular movement pattern. This might suggest a loss of coordination pattern in
back pain subjects. The results of the angle-angle plot analysis showed that the
distribution of patterns for lumbar spine side flexion and hip abduction did not
greatly differ from that for lumbar spine side flexion and hip adduction. The
changes in hip and lumbar spine correlation were thus found to both hips. It was
shown that the correlation coefficient of goodness of curve fit was decreased in
back pain patients. This agrees with the results of cross-correlation which also
showed decreased correlation coefficient.

The present study was the first which examined the coordination of hip

and lumbar spine movements during lateral bending. Lariviere et al (2000) had
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studied the effect of load on the coordination of the trunk during lateral bending
tasks. However, the authors omitted the contribution of pelvis and the hip during
these tasks. They only studied the thoracic and lumbar contributions. In their study,
the placement of markers in their experiment failed to reveal hip abduction and
adduction. Comparison could be made between their results and ours.
5.4.3. Twisting

In contrast to lateral bending of the trunk, the hips were the predominate
sources of movement for trunk twisting. This was reflected by the ratio of hip to
lumbar spine movement which was more than one. The mean slopes of the linear
fit of angle-angle plot in all groups were also greater than 1, which confirms the
observation that the magnitude of rotation of hip is larger than that of axial rotation
of the lumbar spine. The lumbar spine has little contribution to the movement
because the facets of the lumbar spine effectively resist any axial rotation of the
vertebrae (Adams & Hutton, 1983). Adams & Hutton (1983) showed that the flat,
medially facing facet of each superior articular process apposed the laterally facing
facet of the inferior articular process when a torsional stress was applied to the
lumbar spine. This mechanism is important to protect the intervertebral discs from
excessive torsional stress and prevents disc rupture. The ratios of hip to lumbar
spine were greater in the painful subjects than in the normal subjects. This was
because there was a reduction in the range of movement of the lumbar spine in
painful subjects (please see table 4.4).

In regard to the angle-angle plot, majorities of the curves could be fitted
by neither linear nor exponential patterns. Most subjects followed an irregular

pattern, largely because the amount of axial rotation of the lumbar spine was



generally small (mean=8.6°+0.8) and an obvious pattern could not be revealed. The
coefficient of cross-correlation for movements in horizontal plane was not as high
as the movements in other two planes. The above findings suggest that the lumbar
spine and hip movements are less cohesive in horizontal plane movements. The
strength of correlation was most markedly affected by back pain in the twisting
movement. The finding indicated the correlation of the lumbar spine and hip
movements in the horizontal plane was altered in back pain subjects. The decrease
in cross-correlation coefficient in group 2 was the most and the decrease was found
to be statistically significant. However it is interesting that the strength of
correlation in group 3 was comparable to that of normal subjects.

The time lag between the lumbar spine and hip movements also appeared
to be altered by pain and limitation in SLR for twisting. The time lag was negative
for normal subjects and subjects with back pain, but the time lag was positive for
subjects with limitation in SLR. The time lag for back pain subjects was more
negative than normal subjects. This could be because the lumbar spine might move
later than the hips, perhaps due to the reluctance to move the painful back. On the
other hand, in patients with limitation in straight leg raise, when movements of the
hip elicited discomfort, the lumbar spine appeared to move earlier than the hip.
However, it should be pointed out that the changes in time lag were found to be
statistically insignificant in this study due to large standard deviations. It is
suggested that further research would be required to clarify this particular finding.
5.5. Scientific and clinical significance

The present study has attempted to address several issues of scientific and

clinical significance. Firstly, the Fastrak™ electromagnetic tracking device was
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found to be the highly reliable for studying the kinematics of the lumbar spine and
hip in various anatomical planes. It is easy to use and could be employed for
routine clinical assessment. Secondly, the normal ranges of movements of the
lumbar spine and hips were established during different trunk movements,
allowing the effects of back pain on kinematics to be examined. Moreover, we were
the first researchers to employ techniques, such as cross correlation and angle-
angle diagrams to show the coordination of the lumbar spine and hips movements.
These techniques provided a thorough analysis of the correlation of lumbar spine
and hip movements, which could not be simply addressed by range of movement,
movement ratio as reported in previous studies.

Our study clearly revealed an association between back pain and altered
kinematic characteristics of the lumbar spine and hips. But it is yet unclear whether
back pain alters the kinematic pattern or whether the altered kinematic
characteristics are the causes of low back pain. For instance, Dolan & Adams (1993)
showed that changes in lumbar spine and hip mobility would alter the bending
stresses of the spinal motion segment. Such changes may also alter the loads in the
facets and posterior spinal ligaments (Adams & Hutton, 1983) and subsequently,
leads to injuries of these spinal tissues. It is possible that altered kinematics of the
lumbar spine and hips is one of the many causative factors of low back pain. On
the other hand, it is also possible that the altered kinematic characteristics of the
lumbar spine and hip are a consequence of low back pain. It may be a
compensatory response to reduce pain or to protect injured tissues. In any case, the
aim of rehabilitation is to restore the normal kinematic characteristics of the lumbar

spine and hip in order to prevent back injury or to restore the kinematic pattern as
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a result of back pain. Clinically, it is important to evaluate the kinematic
characteristics of both the lumbar spine and hip for back pain patients as they have
a very close relationship. Assessment of lumbar spine motions alone will not be
able to reveal how joints coordination is affected by low back pain and the potential
effects on functional performances. Assessment of hip motions will allow the
clinicians to decide whether there are changes in the mechanical properties of
posterior hip tissues and whether an exercise programme is required to modify
these properties. At present, visual observation or simple tape measurement of
back movements is still the most commonly used method to assess and monitor
patients” progress. The accuracy of these techniques is questionable. Moreover,
these methods cannot provide the time history of movements. In this study, we
have demonstrated the complex relationship between the movements of the
lumbar spine and hips throughout the range. It is almost impossible to assess these
relationships by tape measure or visual observation. Therefore, an alternative
method has to be employed to provide the missing information. Electromagnetic
tracking device is one of the equipment that can fulfill the above requirements.
Another issue is that, the correlation of the lumbar spine and hips movements was
found to be altered in back pain patients as demonstrated in this study. Thus,
restoring the normal movement pattern should be another important goal of
rehabilitation of low back pain. The Electromagnetic tracking device may be used
to evaluate the efficiency of an exercise program in restoring the coordination
pattern.

In this study, we have successfully applied angle-angle diagram to show

the complex relationship of two adjacent joints graphically. We have also
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successfully applied curve fitting method to quantify the angle-angle diagrams.
Indeed, the application of angle-angle diagram to assess correlation of joints
movements can be extended to other body parts, such as the movements of the
scapular and glenohumeral joint during shoulder elevation. It is particularly useful
in providing a visual illustration of joints coordination and some other important
information, such as the relative contributions from joints in different phases of
movement. Such information would help clinicians to precisely define the
kinematic problem of a pattern.

5.6. Future research

This study provided strong evidence that back pain and limitation in SLR
altered the kinematics and coordination of the lumbar spine and hip. However, the
role of posterior hip tissues and neural structure (see section 5.3.2.) need to be
examined in future research. From the evidence from our study, it is very likely
that both of them might lead to limited hip flexion in trunk. Lee & Munn (2000)
have derived an elegant method to test the passive moment of the hip during
straight leg raising. Such method could be employed to further investigate the
mechanical properties of posterior hip tissues and neural structures. Normal and
back pain subjects could be compared regarding such properties. The resulting
effect on spinal kinematics will that be determined.

In our study, we did not investigate the kinetics of the lumbar spine and
hip. This study provides information on the kinematics of back pain and limited
straight leg raising subjects had changed, but we did not know the forces and
moments acting on the hip and the lumbar spine. Such information could be

obtained by inverse dynamic method. Kinetic information will help explain the
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kinematic changes observed in this study. Electromyographic technique (EMG)
may provide us the activations of the spine and hips muscles during trunk
movements. This will help identify if such activations could have altered the
kinematic pattern of the spine. Back pain and limited straight leg raising subjects
may have changes in the muscle coordination patterns in different activities. The
re-education or restoration of normal movement patterns may also require muscle
re-education. EMG may give us the insight about the activities of muscles that
control the movements and should be the subject of future research.

Finally, our study recruited subjects with sub-acute back problems and
with pain at the time the experiment was conducted. The findings might not be
inferred to acute or chronic back pain subjects. It would be useful to repeat the

present experiment in other back pain populations.
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Chapter 6 Conclusion

The aim of the present study was to examine the effects of back pain on
the correlations of the lumbar spine and hips movements. Previous research
provided limited information in regard to the coordination of the lumbar spine and
hips and the effect of back pain and limited straight leg raising on such
coordination in different anatomical movements. The present study attempted to
fill this knowledge gap.

The electromagnetic tracking device was found to be highly repeatable for
measurements of lumbar spine and hip movements. The normative data was used
completed with the data collected from subjects with sub-acute low back pain and
limitation in straight leg raise. The results showed that low back pain was found to
be associated with significant decreases in the ranges of movements of the lumbar
spine in all directions. Subjects with limited SLR exhibited greater decreases in
lumbar spine movements when compared with subjects with back pain only. Back
pain was also found to be associated with decreases in the range of hip flexion
during forward bending of the trunk, but it did not appear to affect the movements
of hips in other directions. Cross-correlation analysis showed that back pain
patients modified their joint coordination strategies in accomplishing trunk
movements. These patients were also found to take a longer time to complete the
movements. These may seriously affect the functional activities and the quality of
life of the patients. Angle-angle diagram provided valuable information about the
coordination pattern both visually and mathematically. This suggests that back

pain subjects had an increased tendency to adopt an irregular hip-spine angle plot,

118



suggesting that they had poor motor control leading to in-coordination of
movements.

Future studies should look into the mechanisms of how back pain affects
lumbar spine and hip movements. These may involve inverse dynamic analysis of
the loads acting at the spine and hips. The mechanisms of how posterior hip tissues
affect the kinematics of lumbar spine and hip should be examined. Another
important area for future research is to examine the movement patterns of the
lumbar spine and hip in subjects with acute or chronic low back pain.

The present research has provided fundamental information on the effects
of back pain and limitation in SLR on the kinematics of lumbar spine and hip. Such
information would be extremely valuable to therapists in clinical assessment and
treatment planning. It is hoped that this study will help stimulate further research,

leading to the advancement of science and promotion of evidence-based practice.
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Appendix I

Effects of back pain on the correlation
between hip and lumbar spine movements

Subject Information Sheet

Page 1 of 1
You are invited to take part in a research project that examines the effects of back
pain on the correlation between hip and lumbar spine movements. There is some
preliminary evidence that back pain may affect the correlation between hip and
lumbar spine during forward bending. However, the precise effects of back pain on
the interaction of hip and lumbar spine in other planes of movements are not fully
understood. The purposes of this research are to find out the fundamental
information on the kinematics of hip-lumbar spine in all the anatomical planes
movements, and the effects of back pain on these movements. With such
information, strategies may be developed to regain or restore the normal
kinematics of hip-lumbar spine complex. And thus enhance recovery and reduce
the chance of recurrence of back problems. This research is conducted by Dr
Raymond Lee, Associate Professor, and Thomas Wong of the Department of
Rehabilitation Sciences.

Twenty healthy subjects and forty male subjects with central low back pain or low
back pain with refer pain down to the leg, 18-36 years of age, will be recruited for
this study. If you agree to participate in this study, you will be requested to answer
a few questions. This is to acertain that you are suitable for participating this study.

You will be requested to expose your back, to which four electromagnetic sensors
will be attached. These sensors allow movements of the back to be determined. You
will then be asked to perform forward bending, side bending and twisting of the
trunk in a random order. There will be a demonstration of how these movements
should be performed. You will be requested to repeat the movements three times.
Data collection will be completed in about 45 minutes.

You should experience no pain or discomfort during the test. There is no known
risk associated with electromagnetic tracking of spinal movements. Participation in
this study is entirely voluntary. You are not obliged to participate, and if you do
participate, you can withdraw at any time without penalty or prejudice.

All aspects of the study including the results will be strictly confidential and only
the researchers named above will have access to information on participants in this
study may be submitted for publication in international journals, but individual
participants will not be identified in such a report. The procedure will be explained
clearly to you. If you have any questions or concerns at any stage in the study,
please feel free to contact Dr Raymond Lee at 27664889. This information sheet is
for you to keep. Thank you for your participation.
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Effects of back pain on the correlation
between hip and lumbar spine movements

Consent Form

, voluntarily consent to participate in the

above- mentioned research conducted by Dr Raymond Lee and Thomas Wong.

I understand that the information and results obtained from this research study are
strictly confidential, and that if they are submitted for publication, my right to

privacy will

be retained, that is, my personal details will not be revealed.

The procedure as set out in the attached information sheet has been fully explained

to me and I

understand what is expected of me as well as any benefits and risks

involved. My participation in the project is entirely voluntary.

I acknowled

ge I have the right to question or query any part of the procedure and

can withdraw at any time without penalty or prejudice.

I have been familiarised with the procedure.

Name of
Participant:

of
(Address)

Signature of
Participant:

Signed
(Researcher)

Name of
Witness:

Signature of
Witness:
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Relationship between the movements
of the lumbar spine and hip
Raymond Y.W. Lee *, Thomas K.T. Wong
Expurimient of Rehobilitation Sclences. The Fong Zong Polytechnic Uhiversiey,
Yuk Chai Roed, Funghom, Hang Kong

Abmiract

Movenrenis of the lumbar spine and hips were mezsured in 20 healthy subjocts using an
sleciromiagnetic srecking dovice, Movement sensors were amached to the L1 spinous pracess,
the 1arum and the thigha, Each subject was requestad 10 pertom the fellowing movemtnits of
the trunk: ferward and backward bending, |ateral bending and twinting. The ratic of be max-
imum magnituds of spina movement £o that of the hip was delermined. Angle-sogle plot and
crass-correlalion were used 1o examine the relationship bedween the mosements of 1be spinc
and lip. [t was shown tnar during {orward and backward bapding of the trunk, the overall
contriburions of the Jumbar apine und hip wers similar, but the spine had @ greater tontiihu-
t10n 10 the sarly stage of the movement. Eatersl bending of the trunk was found to be primar-
ily accomptished by movement of the spine, whereas the Lips were the predeminate sources of
movement for twisting. Moreowver, it was ghown thet in the sagitisl snd horizonial planes, the
moverment pallerfis of the spine xnd hip were in phase, whercas in the ooronal plane, the spine
generally moved sarlier than the hips, It 5 concluded that ellneal examinution of the back
should inctude kingmatic measures of both the Jumbar spine and hips.
© 2002 Elsevier Science B.Y. All nights reserved.
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1, Introduction

Low back pain 3 r 3erious headth problem {(Chase, 1993 Frymeyer, 1984 Tndahl,
Velund, & Reikeraas, 1995; Pope, Andersson, Fromoyer, & Chaffin, 19915 Stubba,
1983}, and is frequendly asseciated with 3 ckuugs in the mobility of the lumbar spine
and hip (Delan & Adama, 1943, Ellison, Rese, & Sabmmann, 393, Fairbank, Pyn-
2ent, Poorvlict, & Phillips, 1984; Melin, 1990, Impairmen: of spinal mobility has
been shown w esult in varous farms of functional disabilities (Cox et al, 206,
Mayer, Tencer, Kristofcrson, & Moonay, 1934), which have profound effects on
the quality of ife An undersianding of the kincmalics of the himhar spine and
hip i clinically imporiant, & this would facilitae the dzvelopment of effectiva clin-
jcal examination technigues and rehabilitation programmes,

Previous research bad cxamined the telationship betweenn lumbar spize and hip
tovements duriog lorward and backward bending of the trunk (Bsels, MeClure,
Filzgerald, & Slegler, 19%0; Maywc of al., 1954; MeClure, Escla, Schrsies, & Sicgler,
1997; Paguct, Malouin, & Richards, 1994; Porter & Wilkinsca, 1997). It was lound
thal during the carly stage of foreerd bending, the magnitude of mavement of the
spine waz greater than that of the hip, but the relative contribution of tha spine
was redyoad in che fined slage of forward bending {Esola et al., 19%; Mayer ot al,
1984; Paquet ct ul., 1994: Rose, Sahrmann, & Norton, Y8%). The moveroent paltcm
of the spine ard hip during backward bending of the trunk was generally a reversal
of the [orward bending pattom (Bsols ¢t al,, 1996; MeClure &t al., 1907

Ciracovotsky et al, (1990) suggestad that the kincmatcs of lumbar spine and hip
sould be affiecled by tjury and therapeutic inderventions, Some rescarch studics
(Mauyer el al., 1984; Faquet ot 4., 1994} showed that the contrtulion of the lumhar
spine to forward bending was reducsd in subjects with low back pain However, the
studics of Porter and Wi'kinaon (1997) and Esola ¢t el (1994) found that the gootri-
bution of the lumbar spine was increased in back paticnts and in naympiomatic sub-
jeuts with a past histery of hack pain, The differences in the resullm of previous
investigatiors coukd be due to differenesy in the clinical history and characteristics
of Lthe subjecis recruited.

A Lmitation of previous research (Esole ot ul., 1995; Mayer et al, 1984; McClure
et al., 1997, Nelsom, Walmsley, & Stevenson, 1945, Paraet ctal,, 1994; Porter & wil-
kinson, 1997} was that they examined only the relative magnitude of the movements
of the spimc and hif in diffsrent stages of the movemaat, The: aimilarity or dissimilar-
ity of the time history pattorns of the movements of the spine and kip had nat baen
studied. There was no information on the phase clatieoship batwean the movement-
Hme curves of the two jolnts, Such information should ba sought, as it would provirds
further insights inta coordination strategies of our body. The present study at-
tompied to 0se the mathermaticad technique of zross-cotrelation o study the above
kinermatic infortmatico (Keodall, 1976; Li & Caldwell, 1999),

Previoys kincmate studies of the relationship betwesn the lumbar spine aad hip
ware limited to movements Lo the sagillal plane {Esola et ul, 19946, Mayer <l ul,
1864, MoChure et a1, 1257; Melson et al,, 1995 Prquoet ot al., 1994; Porter & Wilkin-
gon, 1997), This was largely becanse furward bending was recognised as a major risk
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[yctor [ur low back pain (Bergogu.st-Ullman, 1977, Mapora, 1973 Mellin, 1985).
However, haclk pain has also bean assaciated with lateral bending, twisting and var-
ipus asymmetrical movements of the irunk {Andersson, 1931, Jin et al., 2000; Marras
et al., 1993). There is currently no information on the relationship between apine and
hip movemenls in the coronal and horizental planea.

Previons resentch penerally employed wideo techniques to study the correlation
between spine and hip movemenis (Esols et al., 1996; Mayer el al., 1984; MeClure
et ul., 1997; Paguet at al., 1994, Porter & Wilkipson, 1997), Technical difficulties
in three-dimensionsl analysiz cight wlso explain why previous studies were Fmited
to sagittal movements of the trunk. Three-dimensional video analysis was time-pan-
suming, expensive and maccurate due to closely positiencd markers and chenging
inter-morket distances (Peargy, Gill, Hindle, & Johnson, 1987).

Recently, electramagnetic tracking devices have been developed and successfully
used Tor three-dimensional kinemasic analysis of spingl movements (An, Jacobsen,
Berglund, & Chao, 1988; Burnctt, Barcctt, Marshall, Ellictt, & Day, 1998, Lee,
2001; Munniot: & Troke, 1999; Pearcy & Hindle, 193%). These devices wers eany
to uss, hiphly accurate and reliable (Burnett et al., [998; Lec, 2001; Pearcy & Hingdle,
1589). A major attraction was that they were able 1o provide real-time kinematiz
data {Lee, 2001).

The puipose of the present study was 10 examine che relationship between the
movernens of the lumbar spine and kips in the three analomical planes, The benefits
of glectromagnetic tracking doviees made them most suitable for measuring spine
am hip movements in this sludy.

2. Methods
2.4, Subjeerr

Twenly tnale healthy subjects (meen age =20+ 1 vears, mcan wecight =
62.4 + 5.0 kg, mean height = 1,71 £ 0.04) were recriited for this study. They wers
in good health with no history of back pain or leg pain that ray be attributed to
the back within the last 12 months. They were excluded if they had undergons pre-
vious back surgery, had a fractore, dislocation or any structural defects of the spine.

Ethice approval for this study was obtained from the Departmental Research
Committee of the Hotg Kong Pelytechnic University. Subjscts were infarmed about
1he eaperimental pracednre and any petential risks prior to the attainment of a writ-
ten comsent form.

2.2 Inscrumencation

The 3SPACE Fastrak {Polhemus Inc., Colchester, ¥T 05446, USA) was used Lo
measurd movernents of the lumbar sping and hips. The system had a source that gen-
vratid a low-frequency ma gnertie field which was detecied by the sensors. The source
was placed in a fixed position close 1o the subject {within 0.7 m). Two sensors of the
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systert were emp.oyed to measurc the movemenis of (he lunbar spine — one senscr
was placed over the L1 spingus pracess and the second senser over the sacium, Two
olbicr 5ensors Wers used to measure the movcmenis of the hips by placing them over
tng lateral agpect of the Jeft and right thighs. Fach sensor was attached 1o & small,
mouldable plastic plate with plastic screws, A Velero bard was threaded through
the plate and lghly woappad around tie subject's wunk or leg so as to minimise
the movement betwesn the sensor sl the underlyving skin. The cubles of the sensors
were attached (o the skin on the side of the trunk so tha they did o1 move the sen-
sor erroneous!y duting the movement. Initial testing showed that the above arrang:s-
ment provided the most secure s=nsor attachments.

The Fastrak had an ekecurenic unit that calenlated the three-dimengional positions
arwl orientations of the sensors rolative to the sonree. The unit was linked to & per-
sonal computer via an RS232C seriul interface. Speclfically devaloped custom soft.
ware was uged to control the Fastrak operation, data acquisition and display in
real time. The software developed in this study was sble to perform fust serial com-
ounication at 113.2 kBaud allowing a data wpdate rate of 120 He, As four sepsors
were used m thia experiment, the sampling rate wes 30 Hx per sensot. The experi-
meotal sel-up of the Fastrak systemn has been described in & previons study (Les,
2001).

The Fastrak output cormprscd the 3 x 3 matrices of dirsction cosines that de-
seribed the orientations of the senzors relative to the source. Lumbar spine move-
ments were derived from the relative orientstion between the L1 and sacral
sensors, and hip movements from that between the thigh and sacral sensors. The
method of computation was based on the mathematical techniques described by sar-
lier authors [Colke, Migg, Ronslcy, & Yeadon, 1993; Grood & Sentay, 1983 Lee,
2001; Peaccy et al., 1987). The Joint Coordinate Sysiem angles propascd by Graod
and Suntay (1983) were derived from the direction cosine matrices. The fcxionfex-
tension axis of the spine and hip was Exed to the pelvis and defined by g line joining
the two anterior superior ilise spines. Axial rotation of tha gpine was defined as ro-
tation about the longitudinal axis of the thorax, and that of the hip &5 rotation aboul
the longitudinat axis of the fernur. The third axis of the sping and hip was obtamed
by the cross-product of the twe segment-fined axes of the respective joint. This de-
fined lateral bending of the spint and abductionfadduction of the hip. The following
sign convention wus adopted: [a) the lumbar spinc: Acxion, loft 1ateral flexion and laft
axial rotation {i.e. lefoward mum of the tharax relabive to the pelvis) were considered
to be positive, and {b) the hip: flexion, abduction and laterel rotation were positive.
Movemenis in the ocpposiie directions were represented by negative values,

2.3, Procedure

After the sensors were altached to the subjects, they were requested to giand wp-
sight in their most comforiabke posture with feet skouldec-width apart and palms
facing imwerds, The positions of the lumbar spine snd hips in this posture were re-
goided hy the Festruk, and take: as the zero reference positions. The movements of
the spine ued hips were caloulated with respect to these reference pasitions.
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Fach subject then pedormed ihree continuaus eyeles ol cach of the anatomical
moverments of the frunk: maximal forward then backward bending, lataral bending
1o lefc and vight, and axial rotation e keft and right. The threc analotmical mave-
ments wera tesied in & rundom onder. Each movemect trial was performed over &
12 s period a1 a speed ihat was most comforzable for the subject. Thers was a rest
period of 5 min after cach movement trinl. In order to examing the repostability
of the movement daia, the above experimental proceduse was repealed three Limes,
The sensors wees not detoched and remuinsd securely artached (o the bady when the
experiment was rzpeated. This eliminated any error due to removal and reattach-
wrot of the eensors.

24, Daa analvsis

The movemsnts of each body joint were plotted apainat time. In order (o examing
the repeatabilily of measurements of each joint movement, the angle-time curves ob-
taiped in the three measwemant trials were fizst normalised with respect to tiroe to &
uniform length. The coefEcient of multiple determination (Kadaba ¢t al,, 198%; Yu,
Eiznbacher, Grawney, Johnson, & An, 1997) was than caloalated S0 doteonnine (e
degree of similarity of the three sets of angle—time curves. The means and stardard
deviations of the maximum range in cach direction of movements were determingd
for each subject. The standard deviations would indicate the variability of the move-
ment data in 5 given snbject.

The ratios of the absolute values of the maximyum movements of the lumbar spine
1o those of the left and right hips {the S/LH and 3/RH ratios) wete determined for
each trunk movement. This describes the relative contribution of the twa joints at
thz ol position of the movement. However, the ratie does not show how the joints
atrived at the end position. Angle-angle plots (Barker, Kelly, & Paul, 1996; Grieve,
1368; Hershler & Milner, 1980, Miller, 1983) were thus used 1o revesl the trajectory
of the movemenl pattern. The movement of the hips was plotted aguinst that of the
lumbar spinc for cach mevement of the trunk. The general shape of the curve de-
seribes the trajectory of the movement, A straight ling in the angle—sngle plat indi-
cates “cxact” coordination of the lumbar spine and hips, and deviation from a
straight line iadicates the rclative magnituds of movements of the hambar spine
and kip varies gl diferant stages of ihe irunk movement.

Cross-correletion (Kendall, 1978; Li & Caldwell, 1959] belween the movementa of
the ‘umbar spire and hips was caloulated over the three conzecutive movement eycles
of the trunk. The movemnent of the lumbar spine was used as o mierénes for estab-
lishing the correlation. Cross-correlation was celculaled for each trial of forward/
backward bending, lataral bending and axial ratation of the trunk. The analysis
compared the time histories of the kinematics of the lnmbar spine and hip, The phase
relationship betwesn the spine and hip movemenls was cxanine] by determining the
ticie lag at which the absolute value of the correlation coeflicient was maximal. +-
1ests were employed 10 determine if the mean time laga were significuntly differznt
from zero. The signs of the lumbar tpine movement and the accompanyicg bip
movement were made the same in Lhe cross-correlation snalysis so that the phase
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difference could be properdy detected, For instance, in analysing the cross-correlation
between left lateral flexion of the sping and the eccompanying right bip adduction,
the right hip adduction would have 1o be made positive 3o that it would not appear
to be half eycle out of phase. Similacly, the l=ft hip mcdial rotation that sccompanied
Ieft axial rotation was made poaitive in the erasscorrelation analysis of these two
oy e ents.

3. Resulis
1.1 Reperiabifity of data

The mean coeficient of muhiple determination for measaring the variovs anatom-
ical movements was 0.98 + .01, sugeeating that the movement—time curves were
highly similar in repesisd messurements. The maan stapdard deviption of the max-
jmum movemnents was found to ba 2.1 £ 1.0° The measurement system was thus
considered 10 ba sufficiently relable for the purpose of this study.

3 2. Morward und backward bending

The mean S/LH and S/R H ratios for forward and bacicward bending were clese to
1 (Teble 1). This suggests that the muximum magnitude of Bexion and extension of
Iwrobar spine and hips were approximately equal (Fig. 1). All subjects showzd simalar
movement trajpctorizs. The (ypical pattern i illustrated by Fig. 2, which shows the
angle-angle plot of movements of the lumbar epine and the Jelt hip for one of the
subjects. The plot war similar in ihe case of the right hip. 1n regard to forerard bend-
ing, the curves are concave to the left, indicating that the lumbar spiot contributed
ersater 1o the carly slage of the movement and movement gecutred predominantly at
the hips in the final stage. 'Lbe shape of the curves is generally reversed fur backward
bending.

The mean peak cross-correlation coefficients for forward and backward bending
were high (0.89 and 0.87 for the crosg-correlation between the lumbar spine and the

Table 1
The wean (ST rodos of the abealute valuss of the maximum movements of the fumber spinc to thoso of
the ‘oft and right hips (the S1H and SRH wtios)

Lumbar spide and left hip S'LH Lurmbaer spine and sight hip 3/RH
ratia ralio
Meoan 5D bean 5D

Forward beding 11 02 11 032

Backward bending 1.3 4 I3 [T

Lef sida bendmg &1 oA 4.3 03

Fight side bending 1.6 0.3 3 D4

Lelt toviaticg 02 0. 03 )

Right twisting 0.1 04 0.1 0.4
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Fig 1. Means snd standerd deviations for the mexrmum movesnects of the hunbar spnc and hupi o the
1htee aneromicel plarcy. For sipn comronlion, sec text, The follawing mevemenis ace ghown in the grapk:
{a} Forward and backward bending flexian aad extansion of the spine and hips, {b} lateral bending. latere]
Hsvion o the sgine, and abduction aad adduction of te bips, and (5) tisiing: sl rottion of The spine,
and medial and Jateral avtnlion of the Hpd,
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Fig. 2. Angle-anple piot of the mavstnants of the lumbar spdne and the lefi hip tn the sagittel plome during
Formard and backward beading of the wwunk (bt 05
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Taklz 2
Remults of crozs-correlation unalyais of the mevements of the lum'»ar epine and hips
Forward and Lefr and right Left and
bockward _l:acn!diu]; lateral tendlng  right twisting
Lumbar epine Mean (813) peak correlation 0.8 (.06 0.54 {0,25) G {016
pnd loft has coclicient
Mean (SD) titne 'ap st peak  —0.01 (0.04) 1.27 {230 (.59 (1.93)
correlation [a)
Lutrbus spine  Mean (50 peak cormelatinn 047 {0.07) 302N 080 (022
and right hip  vorecient
Mean [0 time tag at poak 0.02 (.04 1.24 (3.29) 048 [1.37)

aormalation (s)

Ieft and right hips respectively, Table 2). The shapes of the movement-time curves of
the lumbar spine and hips wete thus very similar. The time lags at peak correlation
were negligible (Table 2), and found to be not significantly different from zero
{p > 0.05). This suggested (hat there was no phase difference between the movements
of the spinc and hips during forward and backward bending.

3.3, Lateral bending

Left latera: flexdion of the jumbar spine was found (o be accompanied by ebduc-
tion of the left hip and adduction of the right hip (Fig. 1). The pattern was reversed
inn right laterul bending. Fig. 1 shows that lateral bending of the tronk was mainly
achizved by lateral flexion of the tunibar spine and the contributions of both hips
were small, Hence, the SfLH and S/RH mtios were found to be large (Tabie 1).
The movements of the two hips wers asymmetrical. In regard to left side bending,
the magnitude of abduction of the left hip was staller ihan the adduction of the
right hin (Fig. 1). The $/LH ratio was thus higher than the S/RH mtio (Table 1).
The asymmetry was reversed for right side bending of ibe trunk.

Fig. 3 shows the angle-angle plot of the movements of the spinz and the Jeft hip
fot one of the subjects. The patiem lur the right hip wag a mirror image of Fip. 3.
Therc were large variations in the shapes of the angle-angle plots among the sub-
jects. Howaver, in al: cases, as shown in Fig. 3, the curves werc close to the harizontal
axis, indicating that the contribution of the hips was small

The mean peak cross-correlation cosfficient was small (Table 2}. The degree of us-
sociation between the spine and hip movements was weak. The mean time laps at
peak correlation were 1.2] and 1.24 s for the left and right hips respectively. -tests
showed that these mean values were significantly different from zero {p < 0.05). Thus
thr lumbar spine generally moved cardier than the hips during lateral bending of the
trok. Bt it should be pointed out thar there were large variations in the time
leg values among the subjecls studied, es shown by the larpe standard deviarions
i Tasle 2.
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Tig. 1. Angle-anghe plot of the movements of Ihe lumbar spine and the lefi hip in the coronal plane Furing
lateral bending ef the trugk {subpct 05)

1.4 Twinlinp

During twisting of the trunk to the Jeft, the lumbar spine rotated to the lefi, the kit
hip rotated medially and the right hip rotated laterally (Flg. 1), The patiern was rc-
verssd for right Lwisting. The &/LH und S/RH ratics were lesa than 1 (T ablg 1). Unliks
interal bending, frunk twisting was mainly achieved by movernents of the hips witk
waall amount of movement of the lumbar spine {Fig. 1) In regard to left twisting,
{he SLH ratio was smatler than the S/RH ratio (Fig. 1), indicating that the magnitude
afmedial rotation of the left hip was larger than thar of the Iateral rotatian of the right
hip. This saymmetric movement patlern was reversed for right twisting of the trunk.

Fig. 4 shows the angle-angle piot of the movernenls of the sping and the left hig
for Lruatk twisting in ant of the subjects. The cage of the right hip was a mirror image
of Fig, 4, About 0% of subjecis showed this pattern, and the remaining subjects
showed plots with various shapes. In subjects where the plots were almost straight
lines as shown in Fig. 4, the relative contribution of the spine and the hips was siz-
star throughout the movements. In all subjects, since the contribution ef the lumbar
spine was small, the lines wers close to the vertical axis.

‘The results of (he cross-correlation analysis show there was a strong degros of as-
sociation between the spine apd hip movements (Table 2). The mean time lags at
peuk correlation were 0.59 and 0.48 s for lef: and right twisting respectively (Table
7], and the standard doviations of the time lags wexe found to bc large (Table 2}
i-togls showed that the tean time lags were mot significantly Jifferent from 2ero
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Fig. 4. Angle-angle piot of the mavements of the hombar spin snd the left kip n the berizanial plane
during twisting of the tunk {eubjest 05},

{z > 0.65). It was concluded that the titning of the spine and hip movements was nol
different for the Lwisting movemnent.

4, Discussion

'['he present study provides nseful mformation on the normal kinematic pattems
of the spine and hips. The measurement technique was found to provide repeatable
data. The experimenlal observations of the study were cansistent, enabling conclu-
wions ta be drawn on the relationship betwecn the mavements of the lumbar spine
and hips. However, the study was performed in a small group of youug healihy sub-
jects, and precautions should te exercised if the resulia were to be generalised to
pther populalinns.

The range of movements of the lumbar spine aod hip ohaerved in this stndy were
similar to thoss reported eisewhere (Dolan & Adums, 1993; Ellison et al., 1999, Eavla
el al., 1096; Mayer elsl, L9584 MeClure et al., 1997; Nelson ot al., 1995; Paquetet al,
1094; Pearcy & Hindle, 1989; Porter & Wilkinson, 1597). However, it should be noted
that hip movements were not measured in same previous siudies (Dolan & Aclams,
1993 Mayer et al, 1984; Nclson €1 al., 1995). They messured the absolute movermnent
of the pelvis or femur in space rather than the rclative motion between the pelvis and
the femur. Tn these cases, direct comperison of the experiznental data is not possible.
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This study showed :hei during forward and backward bending of the trunk, the
overall contributions of the lumbar spine and bip were similar, but the spioe hed B
greater contribution to the early stage of the mavement. Similar ghservations were
also made in previous rasearch (Esola ef a1, 1996; McClurs et al, 1997, Paguet ¢
ai.,, 1994; Porter & Wilkirson, 1597). However, no previous rescarch had performed
cross-cotrelatian analysis of the movemeai data. In this study, such analysis showed
that the lumbar spitie and hip had very similar movement patterns and there was no
time lag between them,

This study also provided information on the relationship between movements of
the spine snd hip in the coronal and horizantal planes. Thig had never been reported
in previous studies. In the coronal planc, trunk movement was primarily acpom-
plished by lateral bending af the spine, whareas in the horizontel plate, the hips wore
the predominate sources of mavement. This ohservation could be due to the fact that
the apine is relatively corpliani in the coronal plene when compared to the horizon-
tal ptane {Markolf, 1972; McGill, Seguin, & Bennett, 15%4), In the horizontal plane,
the facers of the lumbar spine sffectively resist uny axial rotation of the vertebrag
(Adams & Hutlon, 1983). In addition, as shown by the cross-correlation enalysis,
there was 1o phase difference in the spine and hip movements i the hodsantal plane,
bot the lumbur spine appenrs to move carlicr than the hip during Jateral bezding. It
shocld be painted out the standard deviations of the time lag values were large, sug-
gesting that thece were large varinbions in the timing of the lumbar spine and hip
among nommal individuals. Therefore, clinically, a small change In the timing of
the spine and hip would unlikely indicate & dysfunction of these joints.

The angle—angla plots reveal interssting relationship between the spine and hip in
diffrent stagea of the movement. Regarding forward and bending of the trunk, the
shape of the plot was tae same for all the ubjects, This indicates that all subjects used
{he same coordination strategy in cornpleting the movement. The lumbar spine bad &
great contribution to the movement in the early stage thag in the final stage. In regard
to lateral bending, the shape of the plot was less consistent, bul in most subjects, the
relative coptributions of the spine and hip did not appear to changs throughout the
movement. In the coronal plans, there were large variations in the shape of the plols.
Diflerent subjects appear to adopt different strategies in pecomplishing tht movement.
However, it should be potnted out that the nlotis highly consisteni among the various
mavement cycles for a given subject. Thug each individual uacs a specific coordination
siratzgy which does not appear to change in repeated movements.

There is evidence to suggest that back pain could alter the relationship berwecn
{he movements of the lumbar spine and his (Esola et al., 199¢; Mayer et ul., 1984;
Paquet et al., 1994; Porter & Wilkinson, 1997), although this had only been studied
itt the sagittal plane. Tt ¢ therefore important that clinival examination of back pa-
tients should include measurernont of the movements of bath the spine and hips.
Scech exmmination should not ooly include measurement of the magnitude of the
movernents but also their timing and temparal relationship. [ should be noted that
soamie clinical measurement methods, such as finger-tip-to-foor distance and single
iclinpreesry (Mertitt, McLean, Frickson, & Offord, 1996; Roodinelli, Murphy,
Esler, Marciano, & Chotmalkjian, 1992; Stude, (Goertz, & Gallinper, 1994}, are rather
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misleading. These techmiques arc thought to provide information on the movements
af the lumbar spine, but actuaily measure tho total movements of both the spire and
the kips. The contribution of the hip o the measurements could not be ignored since
this would be very signideant as suggested by the results of this study, especially i
the sugittal and coronal planes.

Altered movement patlernd of the apinc and hip may be a potential factar that
conlributes to the development of low back pein. Fer instance, Dotan and Adams
(1993} showed that changes in spite snd hip mobility would alter the bending stres-
ses of the spinal motion segment. Such chunges may alse alter the loads ia the facets
and posterior sping! ligaments (Adams & Hutton, 1983). On the ather hard, it may
atso be argued that altered movement pattzms of the spioc and hip may be the con-
sequence of low back pain. It may be a compensalory response to reduce pein or to
protect injured tisaucs.

Futurc research should exemine the effects of back pain and varlous spinal disor-
ders on the three-dimensicaal kinematics of these joints. kit should alse be directad at
the characicrisation of the movement strategies in various functienal activitics, such
as walking, running, and climbing staire. The present siudy demonstrated that var-
ious technigues, such as angle-angle plot and gross-correlation, could be used 15 pro-
vide a thorough analysis of the movement patterns of the spine and hips, These
techniguss provide Turther insights into the coordination strategics of our body,
and skould be utilised in future studies.

&, Conchusion

The present study showed that the lumpar spine and hip had similar contribution
to forward and backward bending of the trunk, but the spins had & greater contri-
bution to the early stage of the movement. Lateral bending of the trunk was pritrac-
ity accomplished by movement of the spiue, whereas the hips wers the predominatc
sources of movernent for twisting. Regarding the timing of movements in the sugittal
and horizontal planes, the movement pattcrns of the spine and hip were in phase,
whereas in the coromal plane, the spinc moved earlier than the hips. 1t i recom-
mended that dinical examination of the back should include kinematic measures
of hoth the Jumbat spine and hips, Measurement methods that do aot diseriminate
the movements of the two joints, gach us the finger-to-tip method and single incli-
nometey, could provide misleading information. Further research should be cartied
oul to exargine (he effects of back pain and various spinal disorders on the movement
coordination of the spine and hip during functional activitics.
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1. Imroduction

Low back pain is & serious health problem affecting cighty percert of poople at
some (me in thoir life {Andersson, Svengson, & Oden, 1983 Chass, 1992; Frymoyer,
1988: Indahl, Velund, & Reikeraas, 1995, Pope, 1991 Stubbs, 1982). I affects ihe
mobility of the lumbzr spine and adjucent joints (Dolan & Adams, 1393, Ellison,
Rose, & Sahrmann, 1990; Fairbank, Pynseat, Yan Poortvliet, & Phillips, 1984; Mej-
lin, 1990} leading 1a functivual disabilities (Cox et al,, 2000; Mayer, Tencer, Kristo-
fw1s0n, & Mooney, 1934). H is clinically important te inereese aur urderstanding of
the efects af kack paitt on the sclalionship between the movements of the humbar
spine and hip in the three anatomical planes. This would provide {nsight imto the
motar functions of back patients, in particular, their lumbar spine-hip coordination
strategies, und would help develop rehabiitation prograrmes for restoring their
metor functions.

Previous kinematic wudies of the relationship batween the lumbar spine and hip
movements were mostly limited to sagittal plane (Adams & Hutton, 1983). It was
shown that duricg the early stage of forward bending, the magnitude of movemert
of the spine was greafer than that of rhe hip, but the relative contribution of the spme
was reduced in the fnal stage of forward bending (Bsola, McClure, Fitzgerald, &
Siegler, 1996; Mayer et al., 1984; Paquet, Malouwin, & Richards, 1994; Rose, Sahr-
mann, & Noston, 1928). Lee and Wong (2002} examined the cotfelation Detween
the lumbar spitie and hip movements in the other anatomical planes. They found
that s.de bending of the trunk was mainly achieved by lateral Hexion of the lumbar
spitie with addustion of the ipailateral kip and abduction of the contralateral hip.
Twisting of the trunk was found to be mainly achicved by hip tatations with small
amuount of contnbution from the epine.

The effacts of buck pain on the relationship betwoen the movemenis of the lumbar
spine and hip were inconclusive. Some research studies (Meayer et al., 1984; Paquect
el ul,, 1994) showed that The cantribution of the lumbar spine to forward bending
was roduced in subjects with low back pain, However, the studies of Porter und Wil-
kinson {1997) and Esola et al. {1996} found that the coniribution of the lumbar spine
was increasad in back pain patients and in asymptomatic subjccts wilh a past history
of back pait. The differences in the results of previous investigations cauld be due to
the differences in the clinical history and characteristics of the subjects being studlied.
One limitatlon of these previous studiea wes that lhey ooly cxamined movements in
the sagittal piane. Numerous stucics (Anderssor, 1981; Jin et al,, 2000, Marras et al.,
1993} suggesied that back pain is associuted with side bending, twisting eud various
ssymmmetrical mavements of the trunk. There is currently no mformation about the
effects of back pain on the correlation hetween the movements of the lumbar spice
and hips in lrontal and horizontal plapes.

The radicgraphic study of Pearey, Portck, and Shepherd (1985) showed that pa-
Lienis with limiled stmight leg raise (SLR) exhibited restricted lumbar spine move-
merts. Gajdosik, Afbert, and Mitran (1894) also demonstrated chat hamsizing
tigltniess wey associaled with decrease m lumbar spine flexion, although they
did not examine the movernents in the other anstomicu) plancs. Gocken and
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Hot (1954} ohzerved that patisnts with limitation in SLR showed earlier onset of
electromyopraphic activity of the hamsiring muscles during the S[.R procedure.
Hall, Zraman, and Elvey (1998) made similar observation and sugpested that the
changt in muscular response was a defenss reaction 1o protect the inflamed merve
roots. The above research work clearly shows that lithitation in SLR is associaled
with changes in e motor functions of the himbar spine and nip. H would be clio-
ically useful to farther explore these changes, and cxamine how limitation in SLE
affects ~he cnordination between thz mavements of the lnmbar spine and hip.

The purpase of the present study was Lo examine the effacts of back pain and lim-
itation in SLR on the relationship between the movements of the lumbar spine and
hips in the tares anatomival planes.

2. Materlals and methods
2.4, Subigcrs

Sixty-vti subjects were recruited from lecal university and outpaticnt physiother-
apy dlinic of local hospital. They were divided into thres groups: Group | — twenty
normal subjects whu were in good health with no history of back pain o leg paith
thul might be attricuted to the back within the last 12 manths. Group 2 ~ twenty-
four smbiscts with current low back pain (ie. pain over the 1.1-gacram region without
any radiation 10 areas distal ta ihe gloteal crease) bul no SLR Limitation. Twelve of
these subjects had pain over the left eide of the back and the remiaining subjects ovet
the right side. Group 3 — seventeen subjects with back pain and restricted SLR (ie,
SLR with s pain free range of Jess than $3%). Ten of group 3 subjects had pain over
the left side of the back accompanied by fimited SLR of the left leg, and the remain-
ing subects had pain and limitcd SLR on the right side. Thers were no signilicant
difforznoes amang the three groups of subjects regarding age, weight and height
p > 0.05) (Table 1).

Subjects were exgluded it they had inflammatory joint disease, fracture/dishu=ation
of the vertebral column, history of spinal surgery, neurological signs or unable to
perform trunk movements due to unbearable pain.

Etuics approval for this study wus oblained from the Departmental Research
Commities of the Hong Kong Pelvtechnic University. Subjecly were informed abowt

Talde 1

Porsonal and chmocal characteristics of te sy subjecs
Grawp Mirnber of subjects AHge Heght (cm) Weight fkg) PAS RN
1 piy 42 {8} 170 {5) 714 (18,5} 0 Q
2 24 41411) 172 {4) 6B .6 [3.5) 6(1) 10{
1 17 39 (A0 174 {4} 1.4 (4.5 i 12{H)

Group mean values (503 arc prosanted in this lable.
PAS = pain analog scaie, RMG — Roland-Morris questionnaire soore,

154



4 TET Worp, YW ler | Human Movement Scienpe 27 £2004) 21-34

ihe expetitmentai procedure and any potential risks prior [0 the aftainment of writlcn
rongent.

2.2, Fnstrumeniciion

The 3SPACE Fasirak {Polfemus Inc., Cokhester, VT 05446, USA) was used o
easure movements of the lumbar spine and hips. The experimental sst-up of the
system have been described in & previous study {(Lec, 2061, Lec & Wong, 2002). Ti
had a source that penerated a low-frequency magretic field which was detected hy
the sensors, The source was placed in a Fred position close to the subject (within
0.7 m). Twe seasorz of the sysiem were anployed ta measurs the movements of
the hunbar spine — one sensor was placed ovet the L1 spinnus process and the second
sengar over the sacrum. Two other sensors were used to measure the movements of
the hips by placing them over the posteriar aspetl of the left and right thighs Each
sensor was attached to a amall, monldablc plastic plate with plastic serews. A Velcro
hand was threaded through the plate and tightly wrepped arcund the subject’s runk
of leg s0 &s to minimise the wovement between the sensor and ths underiyisg shin,
The cables of the sensors wers attached ta the skin on the gide of the trunk g0 that
they did not move the sensor erroneously during the movement, Initial testing
showed that the above arrangemenl provided the most secune sensor attachments.

Ths Fastrak hod an elsctronic unil that calculated the three-dimneénsional positions
and orientations of the sensors relative to the source, The unit was linked to 2 per-
sonal compuier via an R8232C serial merface. Specifically developed custom soift-
ware was used to control the Fastrak operation, data acquisition and display 1he
reqults in Teal time. The software developed in this study was able to perform fast
serial cormmunication at 115.2 kB and allowing a dala update ratc of 120 Hz, As four
sensors were used in this experiment, the sampling rate was 30 Hz per sznzor.

‘fhe Fastrak ouipul comprised the 3x3 matrices of direction cosines that de-
scrited 1he erismiations of the sensors relalive to the source. Lumbar spme mave-
merss weee derived fram the relative arientation between the LI and sacral
sensors, and hip movements from that between the thigh and sacral sensors. The
method of computation was based on the mathemartical techmques praposed by car-
lier authors {Colc, Nigg, Ronsky, & Yeadon, 1993; Grood & Suntay, 1983; Lea,
2001; Lec & Wong, 2002, Pearcy, Gill, Whittle, & Johnson, 1987). Movements in
the coronal snd horizantal planes were classified according to the side where pain
was felt. This was oot applicable, however, for asymptomalic subjects in Group 1,
and in this casz, movements of the twe sides of the body were pooled together. This
was acceptabie becausc i-tests revealed thet there were no signiticant differences in
the magnituds between the two sides (p > 0.05). The overall means of the movemenls
were used for comparisen with the magnitude of movements of the painful subjeets.

2.2, Progedure

Roulineg clinical examination of (he subjects was conducted by a qualified physio-
therapist prior 1o data collection. This included history aking, clinical examination,
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pelpation, passive SLR test, radiograph:c examination and screening tests to caclude
subjects with pathologies that would prevent them from parlicipating in this study.
Subjects were asked (o perform warm up exerclae which included forward, bhackward
and side bending, and twisting of the trunk. Sensars were then attached 1o the gub-
jects. They were 12quested to siand upright in their most comfortable posture with
faet ghoulder-widih apart and palues facing inwards. The positions of the lumbar
spine £nd hips in this pesturc were recorded by the Fastrak and taken as the zero
reference positions. The movemen:s of the Jumbar spine and hips were calculaied
with respeet to these referenee positions.

Subjects were requested to perform thres continuous cycks of each of the follow-
ing movemments of the trenk: (1) forward and then backward bending, (2) side bend-
ing towards the Jeft and right, and (¥} twisting towards the lcft and right. The three
mevemenl [rials were tasted in 2 random order. Each trial was performed over 2 3 s
petiad at a speed that was most comfortable for the subjects, They were instructed 1o
Move to the limit of the available range, or 10 the po:nt where the pain or symptoms
(if any) became intolerable. There was a rest period of 5 mio after each mavement
trial [n order to examine the repeatability of the movement data, the above exper-
imental procedure wag repeated three times.

2.4, Dara analvais

“The movements of the lwnbar spine and hips were ploited again time. The dura-
fion af the three cycles of trupk movement was wyeraged 10 determine the rean
durniion of ane complete movement cycle. This allowed the velocily of the trunk
to be evaluated. The angle-time curves obtained in the various movernent cycies were
then normalised with respect to time so thal each movement cycle corresponded to a
unifarm length of 50 samplc poicts (Tepresenting 100% of the movement cycle], each
interval represent 2% of the cycle, The coefficient of multiple determination (Kadaba
ct al., 1989 ¥u, Kienbacher, Grownoey, Johnson, & An, 1997 was caloulated to
determine the degree of similarity of the movement-time curves obtained iu the three
trials. The maximum magnitades of the movements of the lumbar spinc and hips
movements were determined. The ratios of the magnilude of the movement of the
lumbar spine to those of the hips were computed for each movement trial.

Crosscorrelation (Kendall, 1993; Li & Caldwell, 1999) between the movements of
the lumnbar spine and hips was calculated aver the three consecutive mavement cycles
of the trunk. The movecient of the hunbar spice was nsad as a refercoce for cstab-
lishicg the correlation. The analysis compared the time histores of the kinematics of
the lumbar spine and hip, The peak correlation cacfiicient would show the strength
of cotraiation of the movements of the spine and hip. The phase relationship barween
the spinc and hip movements was examined by determining the time lag at which the
absolute vahue of the correlation coefficient was maximal. A positive lime lag implicel
that the lumbar spine moved eartier than the Lip in the movenent cycle.

One-way analysis of variaose (ANOVA) waz parformed using the saftware SESS
Version 10.0.0 (SPSS Ine., Iinois 60406) to compare the mean magnitude of the
movements of the sping and hip, the magn peak correlation coefficients and the mean
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time ‘ags among the three groupa of sujects, Past-hae analysis was carried out using
ihe Tukey procedure il any significant difference was revealed. For cach groop of
subjects, £-tests werc also carvied our 1o determine if the mean time lags were gignif-
icantly different from zero. Statistical significance was accepted al the 5% Lavel for ull
1&51S.

3. Remulis
3.1 Repeatability of uin

The mean coeficient of multiple determination for measuring the various anatom-
ical movements was 098 (.01, sugpesting that the movement-time curves were
highly similar ic repeated measurements. The mesn standard deviatien of the max-
imum moavements among ihe Thiee movement trizls was found to be 2.1 £ 1.0°. The
measurement system was congsidered to be able provide sufficently repeatablk: data
for the purposo of this study.

3.2 Forward and backward bendinyg

During forward bending of the trunk, the mean lumbar spine Aexion to hip flexion
ratios were close to 1 [Table 2). This suggests that the contributions of the lombar
spine and hips wers approximately equal. [t was shown that tack pain and limitation
in SLR were associated with significant decreases in the ranges of spine and hip flex-
jon (p < 0.05). The decreasc in hip flexion was significantly larger in subjects with
limited SLE than in subjects with beck pain enly. The mto of lumbur spine to
hiz flexion was oot significantly affectad in subjects of groups 2 and 3 {p = (.03)
as back pain and limitation in ST.R produced decreases in the runges of movement
in poth the Tombar spine and hips.

During buckward heading af the trunk, the ratio of lumbar spine to hip extension
was about |.4. Back pain and limitation in SLE were asgociated with decreases in the
ranges of ‘umbar spine and hip extension, but such decrease was found to be statis-
tically significant orly in subjects with limitation in SLR {p < 0.05).

The msan peak cross-correlation coefficients for [orward and backward hending
were Ligh (0.89-0.96), The shapes of the movement-time curves of the lumbar spine
and hips were thus very similar. The time lags at peak correlation weve negligible,
and i-tests showed that the valucy were aot sipnificantly different from zerc
{j ;> 0.05}. This suggests that thers was no phase differance becween the movemsents
of the Jumbar spine and hips during forward and backward bending. There were no
significant differences in the correlation cocflicient and time lag values among the
three groaps of subjects (g = 0.035).

In aeymptomatic subjects, the meao time required ta complete one cyele of trunk
forward and backward bending was found to be 4.4 ¢, For subjects with back pain
and Hmitation in SLR, the amount of time required was found to be more than
deubled 1p < (.05}
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Tuble 2
MWaovemenis of tke Inikar sptue and hips dening forwacd and badosmrd bendmg of the truak
Croup 1 i 3
farward bensdine
Mean Lx Sssion ROM (*7F L9 (5.9 331487 208 (11.%
Mean PH texian ROM (7P 72.1 {1557 524 (19.3) 395 {115}
Mean NPH flexioa ROM (o3-+ 519 (1459 40.¢ (135
Ranhe of LAPI meicmenly” 141 w.24) 031 NES (.52
Ratio of [AMPH moveenls® 1170 {030y 084 (053
Bured wowref Bevsdiig
Mean Lz extemeion ROM (") 155 [Td) {4 9 71} 127 {3.0
Mean FH extensior, ROM (=) 15,7 (6.3 135 15.8) L1 (5.5
Mean MPH extension ROM () 137 (5.5} 1.0 (6.4
Katio of Lx/PH movameas” LY (1 45 L4232 {1.52) 11z {3.96)
Ralic of L3WNPH mevemenl e 137411 1.64 {1.d4%)
Cross-carrslufion ghaIsl
Mean peak cocrelation coclfivicnt — L= Q.96 (R.05) 093 (0.1 OB 1IN
and FH!
Mean peak cocrelation coclfivent — La (.9 (DU 093 (0.0%) BT (DY)
and NFH"
Mean tioe oy telwees Lx apd PIT (3 =002 (007 .05 (1.08) -3 N1
Moan (ime lag netween L and NPH  —0.03 (D.08) —0.04 (0,08} 008 (0.1}
{s™
Maan duration of one oyde of forward 4,44 (0.9} 2302 %9) 933 {353

and backward bending [5F"°

L~ lumbe s spine; PH =hip an 1he painfll aide; NP = blp on the noo-painful side; ROM = range of
1M1 TR OLeNT.
Group mean valoes {SEM) are tresenied in this table.
‘ignificant dhfkarence beiwesn groups | aod 2 (o < 0.021
ogigmificant diffaronce betwesn gromnpe 1 and 3 {p < (.05,
-Bignificant differencs between graupy ¥ aod 3 {p < 005,
IHar pea-prinful sohiscts It Group |, moverme of ibe tvwo sides ol Lthe body wers pocted Topther.
The overn.] means of the mevements were used fur eomparlson with movements ia the painfa) sobjects
lo growps Z and 3.
*No signiflcant difference ameng the thres groops (p > 0053

3.3 Xtde bending

Cruring side-bending of the {runk, lalcral flexion of the lumbar apine was found 10
be aceompanied by abduction of the ipsilaternl hip und adduction of the contralat-
etat hip (Table 3. The magoimde of the lunbar spine movemen! was more thun
twice of those of the hips, as shown by the gpine o hip movement ratios. Subjecrs
wirth back pain and limitation in SLR shawed significant reduction in the range of
lateral Aexion of the lumbar spine {p < 0.03). But there wers no significant differ-
ences in the rangst of hip abduction and adduction among the three granps of sub-
jects (p > 0.05). Since buck pain affected the movements of the lumbar spine only but
uot those of the hips, the ratios of spine to hip movemsenis were significantly reduced
in subjcctz of groups 2 And 3.
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Table 3

Movements of 1he [wnbar saie and bips duricg side bending of the mmk
Grog | 2 3
Lareral bending towerds painil side
Mean Lx rida Amrion ROR (5" 237 54 11.8 (43) V1B {47)
kezan PH chductior HOM (°F 119 (6.2 NE3N 101 {5413
Mean NEH sodweion RO (* 1.5 (720 0.3 {5.1) 8.4 {53
Eatin of [xFH movwmeist? 236 {0.78)F 1535 0L 152 {0 E4)
Hatp of Li/NPH movemsns=* LET{LA0F 197 (1B 238 (LED
Laeral bestng ineards nog=naigivd side
Mean Lx sidi Dexiont ROM ("¢ 2T (547 112 {17 12.5 4.6
Mz=n PH sddaction ROM & 1L.5 (7.3 00 {63 6.8 {58
Moan NPH ubdotion RO (= LI %J 1L3 {67 B4 (5
Ratle of LaT'H movemomts? 267 {1.40¢ |.BE {1.36) 258 (1.7}
Ritio of LaftBPE movernents 236 (0780 {58 (AN} 155 (054}
Cross-vorvelation amadysin
Mean peak correfation cogdbicient - Lx B4 (1. 1E) LN RN E) 077 (126)

and PH*
Mean peak comeefalion eoeftudent - L 0.84 (0. 18} O.7F {0.18) 8D (D21}
and NFH*

Meyn time lag between La and PH (3 407 (0.26) —0.56 {2.:4) 0,23 {1400
tdean dime lag betoween 1 and WEH (sF 007 (0.24) .06 {2.23) [13] {00 75)
bfsun duration of ooe gycle of side bend. 3,66 [0.71) 6.6 (1.55) .28 (1.5}

lng Teearde the left und might skdes (3p*"

Lx = lurabar spine; FH = hip on the painfil side; WPH =hip on iha net-painfs] side; ROM =mnge of
mavrement.
GroJdp mean valias (SEM) ar: presented [n this @bz,
igignificant d&fferenee between proupe L amd X {p < 05L
E%ipnifica=l difforonce Stweva groups 1 rad 3 (g < 9.05)
egmifiednt differance between groupe 3 and 3 ia < 0.05).
?Fi>: non-painful pulsjects in Group 1, movements of the iwo sides of the bady wens pooled cogecher.
The overall meens of 1he movementy were wssd Ffor gomparisme: with movetsnt jo the pamful subjoace
m prowps 2 and 3.
Mo sipnificant dillerener among (e three gromp {p = 005).

The moean peak cross=coreelation coefficient ranged from 0.76 o 0.84, indicating
that Lhe degr=e of association between the lmmber spine and hip movements was
high, In regard to normal subjccts, f-tesls revealed that the mean thme laps ar paak
porrelation were not significantly differeat from zevo (= 0.05). Thus the Tombar
gpine and hips moved simultaneously during lateral bending of the trunk. In group
2 subjects, thers was a penerally icadengy that the movernent of the hip on the pain-
ful side preceded that of the lumbar sping. This wes reflected by the negative time jag
vitlues observed jo thess subjects. However, the mean lime lag was generally pogitive
for sibjects in group 3, indicating that the lwmbar spine moved carlicr than the hip.
Subjects in groups 2 and 3 exhibited large variations in how they medified the spine
wnd hip -mevement coordination. The standard deviations of the mean time lag in
these patiens were large, and statistically, the changes in the tirna lng values were
found ta be tnsignificant (@ > 0.05).
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Sulbyjects with back pein and limitation in SLR required sigaificantly maore time to
complete one cycle of side bending whes compared ta asymptomeatic snhjects

(p < 0035
3.4 Twisting

Dwuring twisling of the trank, the lunbar spine rotated 1o the same side, the mpsi-
latera! kip rotuted medially und the contralaterzl hip rotated laterally {Table 4], The
rutios of lummbar spine to hip movements were ess than |, indicating thar the eontri-
bution of the spine was smaller than that of the hips in accomplishing tle movement.
Subjects with back pain and Hmitation in SLE exhibited significant deorcases in the
tange of lurabar rotation (g < 0.05). This led to significant decreases in the ratios of
lumbar spinc to hip movementa (p < 0.03],

Table 4

Mavemanes af L ombar spine and hips during lwigting of the ok
Grmip | 2 3
Tleirring domymede pomful side
Meaa Lx axial rotavien ROM (9 13.2 (460 73030 20349
Mean PH medial tonzion ROM () 0.5 (440 223059 124 {6.5)
Wenn NEH lsleral rocation ROM {(°F 1750499 0R (5.0 18.9 (6.6
Raotio of LvPH maremeals " .6 {0, 20 G5 (1N .58 (0.3
Ratio of LWWPH movements? €85 (0.4 038 (019 0.56 {0.29)
TReisting sonardy son-pamid 16k
Mean Lx axial rorsrion ROM (P8 P12 (40P 6.7 2% BAF {50
Mean FH medinl rotation ROM ("] 17.5 (4.9 171 (%1 0.3 {4.8)
}fean WPH luleral rowatkon ROM ¢ M5 (4 4F 19.7 (4.9 192450
Rane of Lx/PH mavemens™” G 85 (A AT (021 0.38 (0. 14]
Ratio of LvNPH mavemeas® 0.64 (2299 0.37 {L.21} 0.48 (6.23]
Crossoarrelaiion ancdy.siy
Wzum peak correlation coeffeient - Lx 087 {3.08) 071 {37 0.85{0.13)

and PH'#
Meam peak correlation coetficient — LT 087 [1.05) 073 (19 053 (014}
atd NFH"

Mear: time Lig beoween Ly and PH (¥ —086 [0.11) =035 (1.3 015 {080
Mean time lap between Lx aund NPH (pF  -U.06 (G.11) =0 6 (fF 13} «15{0481)
mean doretiom of om: evele of twleting 151 (1.63) 592 {165 523 {1.33]

towards the left and right sides {&*®

Lx = lumbar spine; PH =hlp on the painfal slde; NPH = hip on the nan-painful sics; ROM =range of
maovement.
Group racan valuss (SEM) ars presembed in Lins lable,

18ipnifcunt Hiference hatween groups 1 and 2 {p < 005,

vSienificant difference betwem groups 1 and 3 {p < (05,

cSignificant differencs between groups 2 nd 3 {p < 005,

SFar pou-paintul subjects io Growp b, movenmte of the two sides of the body were pacled togcthice.

The sveralt merns of the movemant wera used for comparison with moverteruie in th pairful subject

in groups 2 and L
*to significant diffsrsnce aronp Tha thies growps (p = 005
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The resulrs of the cross-carrelation analysis show there was & strong degree of
association between the umbar spine and hip movements. Subjects io group 2 exhib-
fted significant decresse in the peak correlation coeficiant (p < 0.03), indicaring that
1hz spine and hips of these sutjects moved in 2 Jess cohesive manner, The mean time
lags at peak correlation were not significantly different from zero For sabjects in
group 1 {p > 0.63). Tae time lag values weore gonerally negative for subjests in group
2 and positive for subjects in group 3. However, due to the large standard deviatinna,
ANCOVA did aot show that lhe differences in the mean time lag values among the
three growps of subjecls were statistically significant {p > 0.04).

Significant increases in the time soquired to complate ans cyele of trunk twisting
wera observed in subjects of groups 2 and 3 (p < 0.09).

4, Diseussion

Thiz study provides valuable information on tbe movamnent characteristics of the
himbar spinc and hips in subjects with back pain and limited SLE. The measurement
technique was found to provide highly repeatable data and the cxperimental obser-
vations wers consistent. The technique develeped in this study mey be vsed in ou-
lice clinicat assessment to help establish physical diagnosis and evaluate treatment
efiectiveness of low back pam patients.

Our patient samples comprised iwo groups of male subjects with subacute back
pain {subjecls with current symptoms with more than 2 wecks nnd less than 3
months). There were no mpmficant differences between the two samples regarding
their severity of pain and level of disalxlity as measured by the Roland-Mormis ques-
lienmaire. Their age was alse not signifcantly different from that of the ssvmplom-
atic subjects. The eonirol of the above potential confounding variables enables
conclusions to be deawn from the findinga of this study.

This study demonstrated that back pain was associated with significant decrasses
in the ranges of movements af the lembar spine in all directions. This was in gencral
agresment with the findings of previous studies (Paguet el al., 19%4; Poarcy <t al..
198%: Porter & Wilkinson, 1997). Back pain wus 2l:o {ound to be associated with de-
crease in the range of movement of hip flexion during forward bendisg of the trunk,
but it did not appear to affzet the hips in the other movement directions. Only the
stady of Esola et al. {1996} had examingd the association betwesn back pain apd
hip Aexion. Their resullz could not be compared with ours sinee the clinical charac-
teristics of their subjects were differcnt from curs. Esola et al. recruited subjects with
previous history of back pain but no current symptoms. However, our subjects were
experiencing pain at the time 1his study was conducted.

It was intzresting to noie that back pain was asyociated with changes i hip Hexion
movement only. This may suggesl that stretching 1he posterler bip tissues may elicit
pain but not tissues in the other areas of the hips. Another suggestion of this finding
i5 tha: baek pain is associated with changes in the mechanical charactenistics of the
postcrior hip tissues or changes in the Jevel of activily of the posterior hip muscles
such as the tumstrings. [t should be pointed cut thul subjects with limited SLE
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exhibited further reduction i hip Bexion when compared with subjects with back
pain only. Thia further suggests that the posterior hip tissues were involved, although
the mechanpisims of actions remain noclear. Previovs vesearchers (Fiak, 1975; Scham
& Taylor, 1971; Takata & Takahashi, 1994 suggested that there could be ineresse in
the tension of peural tissues (sciubic nerve) in the posteriar area of the hip. It had alse
been shown that back pain was associated with increase in stiffness of the hamstring
mnsclea (Halbertsma, Goeken, Hof, Groolbofl, & Ewsma, 2001; Li, McClure, &
Pratt, 1996). Future research should examine how back pain affects the posterior
hip tissues. Such knowledge is clinically important &s it could be used to design exer-
cise program for restoriag the mechanical characteristies of the posterior hip tissues
and subsequently the movements of the higs.

This study shuwed that during forward and bagkward bending of the tnmk, the
relative contributions of the fumbar spine and bip were similar. Side bending of the
truck movement was primarily accomslished by laeral bending of the spioe with
game comtribulions {rom the hips. Begarding trunk twisting, the hips were the pre-
dominate sources of movement. These fodisgs are related to the fact thal the lumbar
apine is relatively compliant in the ¢cotonal plane when compared to the bodizontal
plane (Markolf, 1972, McGill, Seguin, & Bennoztt, 1984). In the horizonial plaee,
the facets of the lumbar spine effectively resist any axial rotation ef the vertshras
(Adama & Hutton, 19583).

Back pain and timitation in SLR were found to afect the relative contributions of
the lumbar spine and hips in accomplishing side beadiag and twisting of the trunk.
The lumbar spine and hips were also found to be less cohesive in performing these
trunrk moveroents as indicated by the decreases In the peak correlation coefficients.
The strenpth of correlation was most markedly affected in the twisling movemnent.
The above findings cicarly ndwated the motor coordination of the lumbar spme
2nd hip was affecied in back pain subjects, eapecially in the horizontal plane.

Regurding forward and backward bending of the trunk, the lumbar spive ard kips
were still ablo 10 move simultaneously deapite the presence of back pain and Lmita-
tion in SLR. However, the time lag betwoen the lumbar spine and hip movementa
appeared o be alterad by pain und limired SLR for lateral bending and twisting,
The time lag was generally negative for subjects with back pain only, In these
paticnis, the lumbar spine moved later than the hips, probably becanse of the reluc-
taace to move the prinful back, On the other hand, in patisnts with limitation in
glraight leg raise, when movements of the hip elicited pain, the lombar spine
appeared to move earlier than the hip. However, it should be pointed out that the
changes in time lag were found to be statistically insignificant in this study due {o
the large stardard devidtions, Further ressesch would be required to clarify the
effects of back pain and limtation in SLR oo the timing of the movements of 1he
tumbar spinc and hips.

10 this study, it was al3o shown that hack pain subjects rey vired significantly mare
time ta perform the trunk movements. This cbservation was in agreement with those
of previous work (Malchaire & Masset, 1995; Matras & Woogsam, 1986) which also
reported sigmificent decrcases in trunk velocities in back pain patents. [t had been
shown that the deoreases in velocities could seriously affect the functions! nctivities
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and the quality of life of patients (Marras, Lewis, Ferguson, & Parnianpour, 26001
The present sindy did not examine the effecty of irunk velocity oo the movement
patterns of the lumbar spioe and hip and their coordination strategies, and this is
an imporiant area for futmrs cesearch,

Tha present atudy clearly revealed su wsockation between back pein and altered
kinematic characteristics of the lembar spime and hips. But it i as yel umlkar
whether the allersd ¥:nematic characteristics are the causes of low hack pain. For
instsnce, Dolan and Adams (1993} showed that changes in lumbar spine and hip
mobility would altsr the bending stresses of rhe spinal motion segment. Suck changes
may alse sher the loads in the facsis and posterior spinal ligaments (Adams &
Hution, 1983), On the other band, it i5 also possibk that the alered kinematic char-
acteristics of the lumbar spinc and hip are a consequence of low back pain. [t may be
a compensatoTy response to reduce pain ar Lo protect injured tissues.

Clinically, it is important 1o evaluate the kinematic characteristics of both ihe
lambar spine and hip far back pain patients. Asscssment of hambar spine motions
alane will mot be able 10 reveal how joinl coordination is afected by back pain
and the polential imphbeolions on functional performance. Assesement of hip
motions will allow thes clinicians to decide whether there are changes in the mechan-
;ca) properties of posterior hip tiszues and whether an exercisc programme may be
required 10 modify these properties.

£, Conelosion

Low back pain was found 1o be ussociated wich significant deorcases in the ranges
of movements of the lumbar spine in all directions. Subjects with limited ELR exhib-
iled greater decreases in lurnbar spine movements when compared with subjects with
back pain only. Back pain was alie found to be associated with decreases in the
range of hip Bexion during forward bending of the trunk, but it did not appear to
gffact the movements of hips in other directions, The results of this study suggest that
back pain patients modify their joirt coordination strategies in accomplishing trunk
moverents and take a longer time to corplete the movements. These may scriosly
affect the Functional activities and the quality of life of the patients. Future studies
should laok into the mechanisms of how back pain affcets lumbar spine and hip
movemnents. This may iovolve inverse dynamic analysis of the loads acting at the
spine and hips. Acother important area for fulure research Is to exarming the effects
of trunk velocily on the movement paticros of the lumbar spine and hip and thejr
coprdination strategiea.
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