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Abstract

An objective measure of muscular low back pain (LBP) symptoms eludes
clinicians. The focus of this thesis is to assess effectiveness of novel magnetic resonance
imaging (MRI) methods in LBP assessment. Subjects suffered from chronic LBP, being
involved in automobile accidents between 9 months and 6 years prior to the study. MRI
results were compared to two questionnaires, the Oswestry disability index (ODI) and
visual analog score (VAS). MRI, through the L4-L5 region of the lumbar paraspinal
muscles, included diffusion tensor imaging (DTI), blood oxygen level dependent (BOLD)

signal fractal dimension (FD) analysis and muscle cross sectional area (CSA).

The most reliable target muscle assessed was the multifidus.  Right-left
asymmetry in both DTI metrics and T2-weighted (T2W) CSA were greater in the injured.
Also, asymmetry measures were correlated with body mass index (BMI) but not age,
height, or level of physical activity (measured via Godin activity questionnaire). The
relationship between asymmetry and LBP symptoms increased for subjects with BMI

below 35kg/m” in T2W and DTI scans.

BOLD FD did not scale with symptoms of LBP. Furthermore no notable
correlation between BOLD FD and any anthropomorphic data was found. However, FD
analysis showed promise following therapeutic Swedish massage, hypothesized as being
related to local perfusion changes, indicating that FD is sensitive to changes in the lumbar

muscle, just not LBP symptoms. Inflammation in LBP was hypothesized to alter
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perfusion. However, variation in time from injury in LBP subjects likely reduced FD

sensitivity.

When combining data from multiple scan types, the symptoms of LBP correlated
best with the unweighted mean of DTI fractional anisotropy (FA) and T2W CSA
asymmetry, and the correlation was greatest (R*=0.88) when only symptomatic (not both
symptomatic and control) subjects with BMIs from 18-25kg/m” were considered. From
these results there appears to be clinical utility in characterizing the symptoms of non-

acute LBP using DTI and CSA.
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“Your beliefs become your thoughts, Your thoughts become your words, Your words
become your actions, Your actions become your habits, Your habits become your values,

Your values become your destiny.” — Mahatma Ghandi

“Every new beginning comes from some other beginning's end.” — Seneca (1st century
AD), and ‘Closing time’ Semisonic (1998).
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Chapter 1. LowBackPain

Background

1.1. Introduction

Low back pain (LBP) affects a large majority of the western population (Fairbank
et al. 1980; Deyo and Weinstein 2001; Davis and Kotowski 2005; Smeets et al. 2006;
Eisenberg et al. 2007; Rubin 2007; Wallwork et al. 2009). Patients with LBP experience
neuropathic pain, depression, anxiety and sleep disorders with higher frequency than
those without LBP (Gore et al. 2012). Between 70 and 80% of adults are expected to
experience at least one bout of LBP (Eisenberg et al. 2007) which requires a physician
visit during their lifetime (Rubin 2007). Primary care physicians in the UK see
approximately one LBP patient per week (Last and Hulbert 2009). The economic burden
arising from chronic LBP includes treatment, loss of productivity, and government
payouts. An upper estimate in the US is $90.5 billion annually (Haldeman and Dagenais
2008), while the estimated cost in the UK is £2.10 billion annually (Chuang et al. 2012).
Estimates from various countries from 1995 to 2002 estimate that national costs range
from €8,149,000 in Sweden to $28,170,000,000 in the US (Dagenais et al. 2008). Per
capita costs range from $225 to $400 USD or equivalent. The cost per patient (not

averaged over the whole population) is much greater than the per capita cost. A
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retrospective study of insurance claims in the US showed that in 2008, medical costs
were, on average, almost three times greater for patients with LBP than age and gender
matched controls (Gore ef al. 2012). One of the difficulties in appropriately formulating

and treating LBP is that there is currently no objective measure of LBP symptom:s.

1.2. Low Back Pain Characteristics

Chronic low back pain (CLBP) can be categorized several ways. (Last and
Hulbert 2009) used etiology for their categories: non specific low back pain, back pain
associated with radiculopathy or spinal stenosis, back pain referred from a non-spinal

source, and back pain associated with another specific spinal cause.
Physical assessment by the physician includes four general methods:

1) Range of motion of the lumbar spine, which includes straight leg raise (Lasegue
test), a sign of neural tension. A test is positive for nerve root irritation at
approximately the LS5 level if there is a painful response for a 30-70 degree bend
(Deville et al. 2000). For the Laségue test, ipsilateral pain is more sensitive
(minimizing false negatives for herniation) and contralateral pain is more specific
(better at ruling in herniation if positive) (Deville ef al. 2000).

2) Palpation of the musculature.

3) Palpation of the bony structures.

4) Neurological examination.

The sensitivity of all of these methods of assessment is very poor for diagnosis of

CLBP (Deyo et al 2001). Also, many subjects have inconclusive findings on imaging

2
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studies (Don and Carragee 2008). False positives are a recurring problem that makes
diagnosis based only on MR images difficult (Deyo et al 2001). Therefore, there is a need

to develop an objective measure that correlates with the symptoms of LBP.

1.3. Involvement of Lumbar Musculature

Bergmark (1989) assessed the structure and function of the lumbar paraspinal
muscles and classified the musculature into two groups: local and global. The global
musculature served to bypass the lumbar architecture, and transfer loads from the thoracic
spine to the pelvic area. The erector spinae (longissimus, spinalis and ilio-costalis) are
among the global structures. The local structures that are attached to the lumbar facets
and act on the lumbar spine directly are believed to span only a small number of vertebrae
and have a limited movement to control the attached joint. The multifidus is among the
local structures (Bergmark 1989), although it should be noted that the transverse
abdominus, the medial fibres of quadratus lumborum, and some of the psoas fibres fit the
criteria in the previous sentence (Hodges 2003). The multifidus is attached caudally to
the ilia and sacrum and rostrally to several spinous processes (Macintosh and Bogduk
1991). Contraction of the lumbar multifidus results in anterior vertebral rotation and
some translation of the vertebrae (Wilke et al. 1995). It may compress or expand
intervertebral discs (Kaigle et al. 1995). The multifidus is implicated in LBP, and
changes in cross sectional area are associated with chronic LBP (CLBP) regardless of the
etiology but not for acute LBP (Deyo and Weinstein 2001; McGill 2004; Last and

Hulbert 2009). Possible reasons for a correlation between the symptoms of LBP and
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changes in the multifidus and erector spinae cross sectional area are through a description
of the biomechanics of the paraspinal muscles of the lower back, described subsequently.
The importance of the erector spinae over the multifidus is postulated elsewhere (Lee et
al. 2011). Lee states: “With these anatomical characteristics, the erector spinae muscle
has a longer lever arm than the multifidus muscle, so most of the extensor momentum of
the trunk is generated from the erector spinae muscle, rather than the multifidus muscle.”
The multifidus may be more biomechanically efficient at alleviating intervertebral stress.
The erector spinae are both required to fire in unison to produce the caudal (downward)
force required to alleviate pressure on the intervertebral discs, while the multifidi are
medially inserted and span fewer vertebrae, so are able to produce the same downward
force without coordination. Also, the mutlifidi insertions are mostly in the I-S direction,
while some of the erector spinae fibres project obliquely. So to produce the downward
force needed, a greater magnitude of force is required, whose vector will then have a
downward component. The multifidus can produce forces that are closer to vertical,

which is required for alleviation of pressure on the disks.

1.3.1. General Principles

Treatment of CLBP often has multiple goals, but assessment of a treatment
regimen should include improvement in pain, mood, and function (Last and Hulbert
2009). Function, as is shown in chapters 1.2, 1.3, and 2.2, is closely related to gross
morphological structure of the lumbar multifidus, and may be related to changes in the

multifidus’ microstructure. Also, objective measures of mood and pain are difficult to
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measure, since there are sometimes, at least in part, non-organic origins for the symptoms

(Wong and Transfeldt 2007).

Generally, every attempt is made to ensure patients are active as soon as is
possible. Extended rest may induce hypersensitivity to pain (Standaert et al. 2008) and
may result in muscle atrophy, of the lumbar multifidus, erector spinae, psoas, and
transverse abdominus, which, as described in chapter 1.4.3, are critical to lower back

stabilization.

1.3.2. Pharmacological Intervention

Treatment is primarily analgesic-based. Most treatments are for short-term use,
and are subject-dependent; different treatments work on different people, and are not
always closely linked to etiology, severity, location or time after LBP onset. Treatment is
based on an ‘analgesic ladder’ developed by the World Health Organization (WHO) for
cancer treatment (MacPherson et al. 2004). Basically, mild pain is treated with analgesics
such as aspirin, acetaminophen, non-steriodal anti-inflamatory drugs (NSAIDs) or
cyclooxygenase-2 (COX-2) inhibitors. There are several classes of NSAIDs, which can
be used in conjunction (Roelofs et al. 2008b; Roelofs et al. 2008a). More commonly, if
one fails then another is attempted. Muscle relaxants may be useful, but it is unlikely that
long term use is beneficial for patients with CLBP (Malanga and Wolff 2008).
Moderate to severe pain, pain which is increasing over time, or whose symptoms don’t

improve with other interventions can be treated by opioids on a short-term basis. Severe
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pain is managed with combination therapy, which may include opioids, acetaminophen

and/or NSAIDS.

There is some evidence that homeopathic medications, such as Salix alba (white
willow bark, which contains salicylic acid) or Harpgaophytum procumbens (devil’s
claw), may be used as an analgesic (Gagnier et al. 2007). Opioids can also be used
sparingly, since they can lead to addiction, tolerance, hyperalgsia or allodynia (painful
feeling for non-painful stimuli) (Chang et al. 2007). Facet blocks are another possible
treatment, which are local injection of anaesthetics or corticosteriods. Epidural steroid
injections are used, although they are most effective for short-term relief (Stout 2010;
Benoist et al. 2012). Local injection of botulinum toxin (Clostridum botulinum) has
recently increased in use, but results thus far have not conclusively shown it resolves
symptoms (Waseem et al. 2011). There is improvement with greater coverage of the
affected area. An imaging modality that can outline the affected area to both ensure

adequate coverage, but allow administration to only the locally affected areas is needed.

1.3.3. Functional Recovery and Exercise Regimen

It has been postulated that there are three different (Panjabi 1992b; Panjabi 1992a)
systems of spinal stability: active, passive and neural. The active system is the supporting
musculoskeletal system, including paraspinal muscles and tendons. The passive system is
comprised of the bony structures such as vertebrae, intervertebral discs, and ligaments.
The passive system alone can buckle under loading force of minimally 90N (Hodges

2003). So the active system must be functioning properly. The neural system includes
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both afferent and efferent connections, and central centers, primarily within the
brainstem, but also including the cortex and spinal cord. If the passive system is
damaged, such as with disc herniation or facet damage, the active and neural systems may
compensate for the loss. In subjects without LBP, activation of the transverse abdominus
is involved with motion, trunk loading and movement of the upper limbs, while there is
increased and/or less efficient activation of the paraspinal muscles such as the erector
spinae (Cresswell et al. 1992; Cresswell et al. 1994; Hodges and Richardson 1996).
There is a wealth of evidence connecting decreased size of the lumbar multifidus with
symptoms of LBP (Hides et al. 1995; Kader ef al. 2000; Yoshihara ef al. 2001; Yoshihara
et al. 2003; Lee et al. 2006; Mengiardi et al. 2006; Smeets et al. 2006; Hyun et al. 2007;
Kjaer et al. 2007; Hides et al. 2008; Kulig et al. 2009; Wallwork et al. 2009; Ward et al.
2009; Lee et al. 2011; Niemelainen et al. 2011; Beneck and Kulig 2012; Shafaq et al.
2012) as well as task-dependent differences in electromyogram (EMG) activity in the
multifidus in subjects with CLBP (Sihvonen et al. 1997). Exercise programs which
encourage hypertrophy of the lumbar paraspinal muscles recover multifidus mass (Hides
et al. 1996). Core stabilization exercises are beneficial for acute occurrences (O'Sullivan
et al. 1997) or the first episode of LBP (Hides et al. 2001). Core stability exercises
generally fall into two categories: 1) those that restore strength and endurance to the
musculature and ii) those that increase postural control (Hodges 2003; McGill 2004). The
strength rationale would suggest that the °‘local’ musculature under Bergmark’s
classification should be targeted, and that under Panjabi’s classification, the active and

neural components should be improved. In subjects with CLBP, there is a larger deficit
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for changes in loads when the challenge is from an external force (e.g., from a box
dropped into the hands) than from an internal force (e.g. swinging arms during gait)
(Panjabi 1992a). The information from internal forces is from efference copies as well as
proprioceptive input, whereas external challenges are from proprioceptive input alone.
There is evidence in the simpler motor control system of the extraocular muscles of the
eye that internal movements initiated by efference copies provide quicker and more
accurate information (Broussard et al. 1999; Roy and Cullen 2002). The improvement of
control [i1) in Hodges’ classification above] may improve the response to external

changes.

To enhance control, muscle retraining is necessary. Movements are performed as
parts of a greater movement, called segmentation (Cowan et al. 2002). This will allow
the therapist to identify specific deficits in parts of a movement, which must be targeted.
Task simplification is the other aspect of increasing control, and consists of changing
postural loads (movement in a supported position) or reduced speed of movement. Motor
learning occurs in three phases: cognitive, associative, and autonomous (Mannion et al.
2001).  Cognitive movements involve reproducing the precise movements with
appropriate feedback either visually or from the therapist. The associative phase involves
increased repetitions and holding time with the critical parts of the movement. During the
autonomous phase, the task should become automatic, and only limited conscious control
is needed, and is tested often under distracted conditions to ensure appropriate control is
achieved (Jull et al. 2002). These training regimens should also consider the differing

initial positions of the lumbar spine.
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The strength training, part of Hodges category ‘1)’, is aimed at reducing the stress
on the spinal column during movement, and stasis. Swiss ball programs and stability
exercises (McGill 2002) are used to enhance core stabilization. The primary aspects
include movement of extremities while balancing on unstable surfaces to exacerbate the
torsional requirements. Although both closed and open chain exercises are used, close
chained exercises are emphasized (where the hand or foot is immobile on a surface)

(O'Sullivan et al. 1997).

Exercises that improve both 1) and ii) above, are required. However, the local
system’s deficits are critical. Local musculature is ideal for controlling intervertebral

motion, where global musculature is ideal for orientation (Bergmark 1989).

There are other forms of treatment, which, under certain circumstances, may
alleviate the symptoms of CLBP. They include spinal manipulation, yoga for therapeutic
reasons (Viniyoga), lumbar supports, transcutaneous nerve stimulation, massage, and
acupuncture (Chou et al. 2007a; Chou et al. 2007b; Williams et al. 2007; Furlan et al.

2009).
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Chapter 2. Technical Background

2.1. MR Diffusion Overview

Diffusion is based on the random, multidirectional movement of particles or
molecules, first described with pollen grains in 1827 by Robert Brown (hence the term
Brownian motion). Magnetic resonance imaging (MRI) is the only in vivo imaging
modality that can acquire diffusion sensitized information. Although MRI can acquire
information from atomic spins of many different isotopes, most often they are sensitive to
the probing of water molecule diffusion as MRI signal, based on the signal from

hydrogen.

Diffusion MRI is routinely done by encoding water diffusivity in 3 orthogonal
directions. By default (in an axially acquired acquisition), these are called diffusion along
X (left-right), Y (anterior-posterior), and Z (inferior-superior), or Dx, Dy, and Dz. This
approach is called diffusion weighted imaging (DWI) and is minimally quantitative,
giving only mean diffusion weighting, (Dx+Dy+Dz)/3, and apparent diffusion coefficient

(ADC):

_ —b-ADC

10
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where § is the signal at a specific diffusion weighting (b-value; described below), Sy is
signal without diffusion weighting, ADC is the apparent diffusion coefficient (in units
mm?/s) and b (in units s/mm?) is the prescribed diffusion weighting (see equation 2.2 for

the b-value components).

Diffusion can be encoded in several ways, most commonly using the ‘pulse field
gradient’ (Stejskal and Tanner 1965; Callaghan and Soderman 1983; Le Bihan et al.
2001), where a spin echo experiment (i.e. 90° radiofrequency (RF) pulse, followed by
time t/2 and then a 180° RF pulse) is modified to include two diffusion encoding
gradients of equal direction and magnitude applied equatorially on either side of the

refocusing RF pulse, as shown pictorially in figure 2.1.

90 © S U U Readout

180 ©

A

Figure 2.1 Depiction of the pulsed field gradient. The two equal duration (8) and magnitude
(g) gradients are separated by time (A). A 180 degree pulse is applied in the inter-gradient
time

Diffusion weighted images show reduced signal intensity where [water] spins are

more mobile. This is due to the reduced echo intensity that results from unequal gradient-

11
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induced phase shifts that results when spins have diffused over time, A. Diffusion
weighting can be increased by increasing the gradient duration (8), magnitude (g) or time

between diffusion sensitizing gradients, A. They are interrelated with the b value:

)

b= y252g2(A - 5] (2.2)

The symbol y is the gyromagnetic ratio (42.576 MHz T"' for hydrogen 'H). An
extension of DWI is diffusion tensor imaging (DTI), which applies the tensor encoding of
diffusion weighted images resulting in a rotationally invariant diffusion matrix.
Rotational invariance indicates insensitivity to the angle of fibers within the magnet’s
Cartesian framework and hence provides robust quantitation of water diffusion
characteristics. Diffusion tensors are encoded using at least six diffusion directions, which
are typically geometrically optimized. Data is then ‘distilled” from multiple directions
into a 3x3 matrix whose diagonal components are diffusion magnitudes. This can be
visualized as an ellipse, where the magnitudes along the three greatest directions are the
eigenvalues (A, A2, A3), whose directions are given by their eigenvectors (g, €;, €3). The
lower right drawing in figure 2.2 shows a description of the diffusion ellipsoid and
associated eigenvalues. Data from the eigenvalues are typically presented, along with the
re-formulated data such as mean diffusivity (MD), fractional anisotropy (FA), and radial

diffusivity (RD), which are:

AL+ A A,
B 3

MD (2.3)

12
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3x[(MD—A)* +(MD—A,)* +(MD — 1,)*]
FA = 2 2 2
2x (A T+ A4, +A)) 2.4)

RD — A+ A
2 2.5)

FA scales between 0 and 1, with 0 being a perfect sphere, where all As are equal, and 1 is
a hypothetical cylinder of infinite length. FA is often used as a measure of abnormal
tissue structure. In tissues with elongated cell structure, as in neurons, axonal membrane
rupture will result in decreased barriers to diffusion and the second and third eigenvalues
increase. So, a change in FA might arise from increases in A, and As, or a decrease in A;.
For this reason, RD is used since changes in its value are independent of A;. Conversely,
it is theoretically possible that A; may increase if intracellular components are damaged,
and the level of damage is not sufficient for cell membrane rupture. Diffusion in vivo is
also altered by membrane permeability, the relative size of free and bound water pools,
the interaction and size of associated macromolecules, tissue viscosity, and local
temperature (Andre and Bammer 2010). Diffusion MRI is an important imaging
modality since it reveals changes in detailed microstructural anatomy, which no other
imaging modality is able to do. It has been invaluable in several applications, including
the early evaluation of cerebrovascular disease, muscle pathology and cancer, and in the
assessment of brain functional connectivity in health and disease (Price 2007; Madden et
al. 2009; Sosnovik et al. 2009; Vadakkumpadan et al. 2010; Gerstner and Sorensen 2011;

Jang 2011; O'Donnell and Westin 2011; Madden ef al. 2012).
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Of importance in biological systems is the fact that living tissues have
hydrophobic lipid bilayers (constituents of cell and organelle membranes), which restrict
the random translation of water molecules at both sub and supra-cellular scales. The ideal
tissue micro-structure for diffusion MRI is one in which the cells are elongated and thin,
such as with neural tissue. Also, the sarcomere structure of skeletal muscle is ideal, since,
not only are the cells elongated, but also have similar orientation within a voxel, as
depicted in figure 2.2. Of course, this is a simplistic description; intracellular structures
such as the mesh-like sarcoplasmic reticulum and t-tubules also provide intracellular
barriers to diffusion, and thus may reduce A;. The sarcoplasmic reticulum may reduce
any or all three eigenvalues, and damage to the sarcoplasmic reticulum may be reflected
by increased diffusion in any or all eigenvalues. Neurons typically have less uniform
direction in the cerebral cortex, given the typical voxel size for diffusion tensor imaging

(DTI) of approximately 8 mm’. This is the lower size limit for reasonable scan times.

14



Ph.D. Thesis — G.E.G. Jones; McMaster University — Biomedical Engineering.

Skeletal muscle fibre

A1

Diffusion Ellipsoid

Figure 2.2 Upper left: diffusion in the absence of tissue, such as in a phantom. Diffusion is
of equal magnitude in all directions. Upper centre: diffusion in a myofibril or axon, whose
magnitude is much greater in one direction, the long axis of the cell. Diffusion in the other
two directions is restricted. Lower depictions: Diffusion in skeletal muscle tissue, whose
myofibres are all oriented in generally the same direction (although not completely
parallel). The first eigenvalue (A;) is greatest and aligns with the muscle axis. The second
and third eigenvalues (A; and A3) are expected to be much lower in healthy tissue.
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2.2. MR Diffusion for LBP

MRI of the lower back is well studied, however, most data is only from the spinal
cord and some associated anatomy such as the dorsal root ganglion. At time of thesis
submission, there are no other diffusion MRI studies of the lumbar paraspinal muscles,
the multifidus, quadratus lumborum and erector spinae. The paragraphs below describe
the uses and limitations of diffusion MRI in the spinal cord, and later, why DTI in the
lower back musculature is relevant and is less technically challenging than spinal cord

DTL

For pathology associated with low back pain, diffusion-MRI research is being
evaluated as a potential means of clinical assessment. However, many diffusion studies
in the lumbar area focus directly on the spine, in an attempt to confirm etiology. Eguchi
used diffusion MRI to identify the location of endplate abnormalities (Eguchi et al.
2011b) or nerve root entrapment (Eguchi ef al. 2011a). DTI is also used to specifically
study intervertebral discs (Zhang et al. 2012) and other aspects of the lumbar spinal cord
(Adhikari et al. 2011; Balbi et al. 2011; Mohamed et al. 2011; Pease and Miller 2011,
Barakat ef al. 2012; Mulcahey et al. 2012). There are, however, challenges with DTT in
the spinal cord, which are not as prominent in muscular DTI. There are inhomogeneities
in areas around the vertebral column (Barakat et al. 2012), which are due to the presence
of differing bone densities of the spinous, auricular and transverse processes, pedicle, and
other bony structures (Bammer and Fazekas 2003). The target structures in the spinal

cord are typically very small, necessitating high resolution. If imaging of any nerve-
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related pathology is required, partial voluming becomes an issue. Also, narrowing of the
spinal canal through disc herniation or spondolysthesis would further shrink the target
structure. Finally, artifacts due to bulk motion, such as cerebrospinal fluid (CSF)
pulsation, swallowing in the cervical regions, and/or respiratory motion interferes with

image acquisition and ultimately quality.

Diffusion in the lumbar musculature, specifically the lumbar erector spinae and
multifidus, minimizes these difficulties. The tissue to be imaged is homogeneous, the
movement artifacts from breathing, heart rate and swallowing are minimized, and the
difficulties in bone density differences are minimized, since the multifidus and erector
spinae are farther away from the bony structures than the intervertebral discs and nerve
roots. Further, DTI in the muscle (but not lumbar paraspinal muscles) is well studied
relative to spinal column. A standard body surface coil can be used, since the tissue is
very superficial. Skeletal muscle is an ideal target tissue since myofibres are organized in
a regular, repeated structure, and the intracellular architecture (composed of actin and
myosin filaments, parallel to the muscle axis and membranous T-tubules perpendicular to
the muscle axis) also has the same orientation and similar structure. These structures
form a barrier to water diffusion. The DTI metric FA has shown high sensitivity to
muscle injury from eccentric (muscle contraction during lengthening) contractions, more
so than T2-weighted imaging, and the differences in FA were not based only on local
oedema (McMillan ef al. 2011). DTI metrics in skeletal muscle are more variable if the

SNR is below 25, and data with SNR below 20 should not be used (Damon 2008).
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2.3. Blood Oxygen Level Dependent (BOLD) MR

Blood oxygen level dependent (BOLD) MR uses the different susceptibilities of
oxygenated and deoxygenated haemoglobin (Hb) of red blood cells to infer the metabolic
status of the tissue supplied by the vessels. Changes in the BOLD signal can originate
from changes in any phenomena that alter local blood oxygenation, such as perfusion,
blood volume, heart rate, local metabolism, and vasodilation. Defined first in the brain by
Ogawa et al. (1990), BOLD signal forms the basis behind functional MRI (fMRI). Often,
especially for brain, BOLD signal change is driven by a defined paradigm and data are
fitted to a haemodynamic response function (HRF) model that puts blood flow, blood
volume oxy:deoxyHb ratio and metabolism into one signal. Resting state BOLD analysis
is appealing in that no models are needed and, therefore no model-associated assumptions
or constraints are required. One such approach is to determine the fractal dimension of
the BOLD signal. In short, the fractal dimension (FD) is a measure of the signal temporal
complexity. Noisy signals, with little sinusoidal modulation from blood flow, are
complex signals and a higher fractal dimension reflects this. Sinusoidal signals, such as
those with greater blood flow contribution within a voxel, have less complexity and lower
FD values. The FD scales between 1.0 and 1.5, where higher values are more complex
signals. Fractal dimension can be calculated by several methods. One, the power
spectrum method, requires conversion into the frequency domain using a fast Fourier
transform (FFT) and assumes a relationship where B (the spectral index) is determined

by:
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=5
B fﬁ (2.6)

Where A is the amplitude of the BOLD (T2%) signal at a particular frequency, f. The

A

fractal dimension (FDps) is then calculated as:

_(B+D)

FDp =2-=— -

Alternatively, FD may be calculated using the relative dispersion method (FDgp).
Relative dispersion is a synonym for coefficient of variation (CV), which is simply a

sample’s standard deviation divided by mean. FDgp is then calculated using:

) x|

m ref

RD(m) = RD(m,,, o)

Where m is the scale and m,. is set to 1. Biological tissues often have two FDgp
components, called simply the slow and fast components of the FDgp, where FDgp_gow 18

calculated with 4<m<64 seconds, and FDgpyas is with 0.25<m <2.00 seconds.
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Chapter 3. Hypotheses

As described in Chapter 1.1 and 1.2, LBP and CLBP in particular, are difficult to
diagnose with clinical observation and with standard imaging including conventional
MRI sequences. There is a need for accurate diagnoses. It is clear that there are levels of
treatment both pharmacologically (based on the analgesic ladder described in the previous
section) and there are different stages of recovery exercises (section 1.4). It has been
shown that stratified care (Whitehurst et al 2012), whose endpoint may be forgoing the
lower ‘rungs’ of the ladder for more severe cases, or not undergoing the more initial
stages of exercises for the less severe cases, may improve symptoms and lower cost. As
such, it is critical to describe the forms of treatment adequately as in sections 1.4.2 and
1.4.3. Physicians are able to diagnose abnormalities in the spinal column, and this area is
typically scanned in clinical lower back MRI. However, 70% of symptoms are related to
the musculature (Deyo et al 2001), and are not the central focus of clinical MRI. This is
one possible reason why current conventional scans show limited correlation with LBP
symptoms. This study, whose central focus is the paraspinal musculature, may help close

a gap in MR diagnosis.

Decisions involving governmental or insurance company assistance require
accuracy, and the current gold standards (such as the Las¢gue test described in chapter 1,

or questionnaires) all have subjective elements. An objective accurate, precise measure is
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needed. Further, stratified care, placing LBP patients into one of three categories, may
improve symptoms at lower cost compared to current best practices (Hill ez al. 2010; Hill
et al. 2011; Whitehurst ef al. 2012). It is critical to accurately evaluate LBP symptoms to
ensure that patients are placed in the appropriate stream. The MRI scans described below

may assist in that placement.

Current clinical MRI paradigms cannot distinguish between new and old injury
(as described in chapter 1). Using DTI in the spinal cord (as shown in chapter 2.2), there
is some utility, but there must be some pre-scan knowledge of the location (in the I-S
direction) of injury, and scans are not of use for some forms of lower back dysfunction,
such as stenosis (cannot separate old from new injury). Scans of the skeletal paraspinal
muscles avoid these pitfalls; they are altered in subjects regardless of etiology and

location for injuries originating the lumbar and thoracic regions, as shown in chapter 1.3.

MRI scans and analyses were performed on subjects with and without the

symptoms of CLBP to test the hypothesis:

1) Can advanced MRI scans differentiate between subjects with CLBP and

healthy control subjects;
2) Do the advanced MRI scans correlate with the symptoms of CLBP; and

3) Correlations between CLBP and MRI metrics will increase when taking
cofactors such as age, gender, weight, height, BMI, and/or level of physical activity into

consideration.
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The proposed advanced MRI scans, analyses, and resultant MRI metrics are: DTI
measures (A, Az, A3, FA, MD, RD), blood oxygen level dependent (BOLD) signal fractal
dimension (FD) and T2 weighted (T2W) muscle cross sectional area (CSA). Data from
these three scans will be compared in subjects with CLBP and controls. Further, data
from BOLD FD, DTI and T2W CSA will be correlated with questionnaires that measure
the symptoms of LBP. Finally, data will be correlated with other anthropomorphic factors
such as age, gender, weight, height, BMI, and/or level of physical activity (which will be
estimated with the Godin leisure time exercise questionnaire) to determine any mitigating

influence.
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Chapter 4. Diffusion Tensor Imaging

(DTI) in the Healthy Lower Back

Gavin E.G. Jones, M.Sc., Dinesh A. Kumbhare, M.Sc., M.D., FRCPC, Srinivasan Harish

MBBS, FRCPC, and Michael D. Noseworthy, PhD, P.Eng.
4.1. Context of Paper

DTI in skeletal muscle has been explored in the lower extremities and the forearm,
but this is the first study in the lumbar musculature, and only the second to study the
multifidus. The first is in the cervical multifidus and uses diffusion weighted imaging
(Elliott et al. 2010), and is not relevant for lower back dysfunction. The following
submitted publication determines the reliability of DTI parameters, compares them to
those acquired in other body parts, such as the soleus and gastrocnemius of the calf, and
determines whether DTI metrics are affected by any demographic characteristics in a
healthy population. Determining these factors is a necessary first step in evaluating DTI’s

efficacy in measuring the lumbar musculature in subjects with pathology such as CLBP.
4.2. Declaration Statement

Gavin Jones as principle author wrote the article, performed all analysis and

inserted data images/tables as appropriate. MRI scanning protocols were designed by
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Michael D. Noseworthy (MDN). Experimental design was done by MDN and Dinesh A.
Kumbhare (DAK). Srinivasan Harish (SH) assessed scans for clinical anomalies. MDN,
DAK, and SH provided guidance and advice, in proofreading and editing prior to
submission. The manuscript was submitted for publication to the Journal of Computer

Assisted Tomography (JCAT) on July 6, 2012.

4.3. Abstract

Objectives: To characterize diffusion tensor imaging (DTI) tensor eigenvalues (A, Ay,
A\s3), fractional anisotropy (FA), mean diffusivity (MD), and radial diffusivity (RD) in

healthy lumbar musculature.

Methods: Seventeen healthy subjects (10 men, 7 women, 28+7yrs) were scanned using a
3.0T MRI. Axial DTI was performed using 15 diffusion directions (b=400mm?/s) at the
L4 level. Oswestry low back pain and Godin physical activity questionnaires were

administered to rule out underlying lower back problems.

Results: Skeletal muscle DTI metrics were similar to those previously published. All
measurements showed low coefficient of variation, except for quadratus lumborum.
Laterality was not significant. Significant gender differences were observed in the
quadratus lumborum (p<0.05). Significant correlations were found between subjects’

weight and BMI with FA and A, of the multifidus muscles.

Conclusion: DTI metrics in paraspinal muscles can be reliably measured and are

influenced by BMI and weight, but not age or physical activity.
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4.4. Keywords

Magnetic resonance imaging (MRI), diffusion tensor imaging (DTI), skeletal muscle,

lumbar spine

4.5. Introduction

Diffusion tensor imaging (DTI) is a well recognized method used for assessment
of anisotropic tissues such as brain, muscle, and myocardium. It was first used for
imaging skeletal muscle fifteen years ago'.  Since then, DTI of skeletal muscle has

- 25 - - . 3,59
become more widely used “~, with a dominant focus on the lower extremity™ .

DTI results are influenced by the anisotropic diffusivity of water. It is
hypothesized that diffusion along the long axis of the myofibre is greater than that
perpendicular to it (due to membranous barriers, including the sarcolemma and
perimysium). The regular repeated structure of myofibrils is another reason for the
proposed reliability of DTI in skeletal muscle'®. The first eigenvector (g;) of the DTI
matrix is believed to align with the direction of the myofibre. Furthermore, increased
second and/or third eigenvalues (A, A3), or decreased fractional anisotropy (FA), are

thought to indicate structural abnormality'’.

The lumbar multifidus muscle is implicated in mechanical low back pain''. Fatty
infiltration of the lumbar multifidus (LM) is correlated to leg pain, when other anatomic

structures appear normal. However a causal relationship has not been conclusively
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proven in this regard'’. Patients with degenerative disc disease have lower cross sectional
area (CSA) of the paraspinal muscles as well as the quadratus lumborum'?. This suggests
that structural abnormalities in the lumbar stabilization muscles may be implicated in low
back pain (LBP). It is recognized that anatomical abnormalities seen on routine MRI of
the lumbar spine do not necessarily correlate to the functional disability of the patient'’.
Also, conventional MRI techniques do not assess the functional contribution of the
paraspinal muscles in the natural course of mechanical LBP. Hence, a new imaging
approach would be helpful for the evaluation of LBP. DTI may reveal abnormalities in
the muscles that are not visible using conventional MRI techniques used for LBP
evaluation. Also, the reliable characterization of DTI metrics in the
uninjured/asymptomatic paraspinal musculature is an essential initial step to allow
assessment of any pathological state. Hence, the purposes of this study were to 1)
quantify tensor eigenvalues (A;, Ay, A3), mean diffusivity (MD), fractional anisotropy
(FA) and radial diffusivity (RD) of muscles of the lower back (longissimus, iliocostalis,
multifidus and quadratus lumborum) at the level of L4 in asymptomatic healthy
volunteers; and 2) to determine whether those measures are correlated to anthropometric
(height, weight, age, gender, BMI) information. Once healthy lumbar skeletal muscles
can be reliable characterized it is hoped this study will provide the foundation for

comparing LBP patients.
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4.6. Methods

4.6.1. 4.6.1 Subjects

Ten men and seven women (mean age of 28+6 years) with no symptoms of low
back pain (LBP) in the 6 years preceding the study were recruited. Subjects were not
permitted to perform strenuous exercise, drink alcohol or caffeine in the six hours before
scanning. Informed consent was obtained from each volunteer. Full approval from our

institution’s Research Ethics Board was obtained prior to the start of the study.

4.6.2. Magnetic Resonance Imaging

All MRI scans were performed using a GE Signa HD 3T MRI scanner and 12-
channel neck/spine array RF coil (GE Healthcare, Milwaukee WI). Subjects were
scanned in a supine position with the isocenter approximately at the L4 level. Following a
3-plane localizer scan, the following sequences were done: 3D fast IR prepped SPGR
(axial acquisition, TE in phase, TI=450, flip angle=120, 512x224 over 20cm FOV, 2mm
thick, Omm skip, 120 slices); Sagittal T2-weighted FRFSE (ETL=23,
TE/TR=150/3800ms, 448x224 matrix, 4 averages (NEX), rbw=41.67kHz, 28cm FOV,
4mm thick, Imm space); axial and sagittal T1-weighted FSE (ETL=3, TE=minimum,
TR=575, 28cm FOV, 4mm thick, Imm space, 416x256, 3NEX, rbw=41.67kHz); and
Axial T2-weighted FRFSE (TE/TR=150/4625ms, ETL=23, FOV=20, thickness=5Smm,
Omm skip, 448x224, NEX=3, rtbw=41.67kHz). None of our subjects showed any signs of

gross pathology.
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To ensure accurate quantification, DTI data were collected in 4 separate scans,
each with the same prescan values (shim values, centre frequency, and transmit/receive
gain values) and geometric prescription. In effect the scans were done with 4 averages
(NEX). However, each acquisition was corrected for motion and eddy currents prior to
being summed and subsequently the tensor was processed on the resultant summed
dataset. Each DTI scan was done with one b=0s/mm” image and 15 optimized diffusion
encoding gradient directions, with a b-value of 400s/mm® (TE/TR=62/10000ms,
acquisition and reconstruction matrix size = 64x64, 20 slices covering L.3 to LS5 in the I-S
direction, 5.0mm thick. Omm skip, FOV=40cm). The total scan time for all 4 NEX was

12 minutes.

4.6.3. Questionnaires

Standard English Oswestry Low Back Disability Questionnaire’ and Godin
Leisure-Time Exercise Questionnaires were given to subjects immediately after the MRI.
The Oswestry questionnaire has 10 questions revealing the effect of LBP on everyday
activities. The answers range from 0 (least severe) to 5 (most severe), resulting in an
Oswestry Disability Index (ODI) from 0-100%, with 100 being the most severe.
Information is generally interpreted as: 0-20%: minimal disability; 21-40%: moderate
disability; 41-60%: severe disability; 61-80%: crippled; 81-100%: subjects are either
bed-bound or exaggerating their symptoms. The ODI was measured to ensure that
subjects had no symptoms of LBP, which may influence our results. Since multifidus and
erector spinae (which include the iliocostalis and longissimus) are altered in subjects with
LBP"?, the muscle microstructure, which may influence DTI measures, may also be
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affected. Collecting and ensuring a low ODI score for each of our asymptomatic subjects
is an important quality control measure to ensure that LBP symptoms do not contaminate

our results. The Godin questionnaire is a measure of the person’s activity level.

4.6.4. Data Analysis

DTI measurements were made of the bilateral multifidus, longisissmus,
iliocostalis, and quadratus lumborum, although regions of interest (ROIs) were separated
into right and left muscles. Tensor analyses was performed using FSL 4.1 (FMRIB

Analysis Group; http://www.fmrib.ox.ac.uk/fsl/). ~ Registration of each NEX was

performed by registering each b=0s/mm? image to the chronologically first b=0s/mm”
image (i.e. from NEX=1). Eddy current correction was performed after image
registration. Singular value decomposition was used to create the 3x3 diffusion tensor,
from which the three eigenvalues (A;, A, A3) and eigenvectors (€, €, €3) were
calculated. Fractional anisotropy (FA), a parameter widely reported as a measure of the

elliptical nature of the tensor, was calculated using:

FA=\/§ (ﬂl—)_t)z+(}tz_z)2+(%_;—t)z

A+ A+ A
Where mean diffusivity (MD) or A was calculated with:

A+A+ A,
3

A=

Radial Diffusivity (RD) was calculated by:
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A+ A,
2

RD =

Individual muscle diffusion analysis was done by drawing regions of interest
(ROIs) over the axial T1-weighted images using AFNI (National Institute of Mental
Health, NIMH). The ROIs were then resampled to the lower resolution of the DTI data.
Care was taken to ensure that no other tissue was included other than the target muscle,
even if some of the outer limits of the target muscle were not included, to minimize
partial voluming. In the axial plane, ROIs were chosen to encompass the lumbar
multifidus, iliocostalis, longissimus, or all three muscles (erector spinae + multifidus or
ES+M), as well as the quadratus lumborum. Figure 4.1 shows several sample ROIs in

both axial and sagittal planes of a 27-year-old man.
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quadratus lumborum |lio-costalis longissimus > multifidus

Figure 4.1 ROIs superimposed on 3D-SPGR images in a 27 year old male. A) the left
multifidus in the sagittal plane (red). B) the left multifidus in the axial plane. C) shows the
right multifidus (green), right longissimus (yellow), iliocostalis (light orange), and
quadratus lumborum (dark orange). The red ROI in C) depicts the left multifidus,
longissimus and iliocostalis muscles (erector spinae + multifidus or ES+M).

4.6.5. Statistical Evaluation

Analyses were performed using SPSS 17.0 (IBM). DTI results (FA, mean
diffusivity MD, A;, A,, A3, RD) were examined using 2-way ANOVA, with laterality (left-
right) and gender as factors. If ANOVA significance was achieved, Fisher’s Least

Squares Differences post-hoc test was performed.

To determine whether the subject data (age, height, weight), or results from

questionnaires were correlated with DTI results, Spearman’s correlations coefficient were
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calculated (p). A correlation was determined to be significant if a 95% level threshold

was achieved (p<0.05).

4.7. Results

None of the subjects had any lumbar stenoses, disc abnormality or other
pathology, as judged using routine MR imaging. Furthermore, the results of the Oswestry
questionnaires indicated that subjects did not suffer from LBP; the mean +/- SD for ODI

was 0.0+0.0%. Crombach’s alpha was 0.98 for the 10 questions asked.

Figure 4.2 A) Sample T2W image in the axial plane. B) b=0 s/mm?, C) A;, D) A, E) A3
maps. All are at approximately L4 of a 27 year old male.
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Figure 4.3 Statistical assessment of normality was assessed for all ROIs. Sample
histograms of first (A; in A and D), second (A; in B and E) and third (A3 in C and F)
eigenvalues are shown. A) to C) shows data from a 22 year old right handed male’s right
multifidus. D) to F) are from a 27 year old right handed female’s left longissimus. Data
that is normally distributed, based on the Shapiro-Wilk normality test (p>0.05), are in A, B
and D.

A sample T2W image, an image with no diffusion weighted gradients (i.e. b=0s/mm?) and
eigenvalue maps are presented (fig 4.2). Eigenvalue histograms from the multifidus of a
22-year-old male’s right multifidus muscle (fig 4.3A-C) are compared to that of a 27 year
old female’s left longissimus (fig 4.3D-F) to show variability in ROI distributions. Very
few voxels had A, greater than 3.0x10° mm?sec, indicating inclusion of larger blood
vessels within selected ROIs was minimal®>. All data passed a Shapiro-Wilk normality

test (p>0.05) with data distributions appearing similar to Froeling et al.’.
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DTI measures were highly correlated between each other. For example, the FA values
from left and right ES+M showed a Spearman’s correlation of p=0.97. Furthermore,
right MD was positively correlated with A; (p=0.89) and A, (p =0.92). Since both A; and
A\, are used to calculate MD, these correlations are expected. Most correlations of DTI
metrics with anthropometric data (e.g. age, weight, height, Godin score and BMI) were
often low, based on Spearman’s correlation coefficient (i.e. -0.15<p<+0.15). However,
higher correlation values were noted between right ES+M FA and weight (p=0.38), right
ES+M FA and height (p=0.38), right ES+M A, and age (p=0.34), and Godin score and
both right ES+M MD and A; (p=0.37 and 0.36, respectively). As an example, Fig. 4.4
shows scatter plots of the eigenvalues for left and right ES+M target muscle group vs.
BMI, as well as their associated correlation coefficients. All eigenvalues negatively

correlated with BMI, with A; being the most correlated (fig 4.4).
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Figure 4.4 Plots of eigenvalues (A A2 and A3) vs to body mass index (BMI). The target ROIs
are the left (A-C) and right (D-F) ES+M (longissimus, iliocostalis and multifidus). The best
linear fit (dashed line) and Spearman’s correlation coefficient are also shown.

Values for FA, RD, MD, and eigenvalues are shown in tables 4.1 and 4.2. Two
way ANOVAs, for each muscle, were performed with laterality (left vs. right) and gender
as factors. The only significant effect was gender, specifically for the quadratus

lumborum muscle (p<0.05).
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Multifi

FEMALES
MALES

TOTAL

Longissimus

FEMALES

MALES

TOTAL

Ilio-costalis

FEMALES

MALES

TOTAL

dus

Left Right

FA MD M A2 A3 RD FA MD M A2 A3 RD
021+0.03 | 1.7240.11 | 212014 | 1.60£0.14 | 142+0.08 | 151+0.09 021£0.02 | 1.79+0.15 | 2.19+0.18 | 1.67+0.14 | 149+0.15 | 1.58+0.14
0.20+0.03 | 1.68+0.10 | 2.05+0.16 | 1.57+0.09 | 1.40+0.06 | 1.49+0.07 0.21+0.03 | 1.61+0.13 | 2.00+0.16 | 1.53+0.09 | 1.35+0.10 | 1.43+0.09
0.20+0.03 | 1.69+010 | 2.08+0.16 | 1.58+0.09 | 1.41+0.06 | 1.50+0.07 021+0.03 | 1.69+0.16 | 2.08+0.19 | 1.59+0.13 | 1404014 | 1.50£0.13
Left Right

FA MD A A2 23 RD FA MD A 22 23 RD
0.23+0.03 | 1.74+0.16 | 2.17+0.18 | 1.54+0.15 | 1.43+0.14 | 1.49+0.14 0.22+0.02 | 1.74+0.06 | 2.13+0.14 | 1.59+0.16 | 142+0.13 | 1.51+0.14
0.21+0.04 | 1.68+0.16 | 2.07+0.25 | 1.56+0.15 | 1.41+0.11 | 1.47+0.13 0.19+0.02 | 1.51+0.17 | 1.85+0.22 | 1.40+0.16 | 1.30£0.14 | 1.35+0.15
021+0.03 | 1.704016 | 2.11+.022 | 1.55+0.15 | 1424012 | 1.480.13 021$0.02 | 1.724047 | 2.11£0.21 | 1.59+0.16 | 1432014 | 1.5120.14
Left Right

FA MD A A2 A3 RD FA MD M A2 A3 RD
0.21+0.03 | 1.78+0.18 | 2.21+0.21 | 1.66+0.18 | 1.50+0.18 | 1.57+0.15 0.23+0.03 | 1.66+0.16 | 2.09+0.20 | 1.49+0.13 | 1.36+0.15 | 1.57+0.13
0.19+0.04 | 1.75£013 | 2.13+0.23 | 1.64+0.10 | 1.49+0.08 | 155+0.15 021£0.03 | 1.62£0.23 | 2.02+0.28 | 1.48£0.21 | 1.35+0.20 | 1.1.5620.15
020£0.04 | 1.76£015 | 2162022 | 1.65+0.13 | 149012 | 1560.14 022+0.03 | 1.64%0.20 | 205+0.25 | 148+0.18 | 1.360.18 | 1.56£0.14

Table 4.1 Data are mean * standard deviation. Eigenvalues, MD, and RD units are x10-3

mm?/sec

3 Muscles (Multifidus, Longissimus, Ilio-costalis)

Left Right

FA MD A A2 A3 RD FA MD M A2 A3 RD
FEMALES | 0.23+0.06 | 1.78+0.17 | 2.26+0.29 | 1.62+0.14 | 147+0.13 | 1.55+0.13 0.24+0.04 | 1.76+0.11 | 2.24+0.17 | 1.62+0.10 | 1.43+0.12 | 1.53+0.10
MALES 0.19£0.03 | 1.76£0.19 | 2.14+0.29 | 1.65+0.16 | 1.47+0.13 | 1.57+0.14 0.20£0.02 | 1.71£0.18 | 2.10+0.24 | 1.60+0.16 | 1.44+0.14 | 1.52+0.15
TOTAL 0.21£0.05 | 1.7740.17 | 2.20+0.28 | 1.64+0.15 | 1.48+0.13 | 1.56+0.13 0.22+0.04 | 1.74£0.15 | 2.17+0.21 1.61£0.13 | 1444013 | 1.52+0.13
Quadratus Lumborum

Left Right

FA MD M A2 A3 RD FA MD M A2 A3 RD
FEMALES | 0.34+0.10 | 1.55+0.49 | 2.05+0.51 1474049 | 1124047 | 1.30+0.48 0.3240.07 | 1.60£0.32 | 2.17+0.44 | 1.44+0.20 | 1.20+0.29 | 1.32+0.29
MALES 0.24+0.04 | 1.80+0.29 | 2.26+0.29 | 1.70+0.35 | 1.44+0.25 | 1.57+0.30 0.27£0.04 | 1.70£0.16 | 2.22+0.20 | 1.55+0.18 | 1.35+0.14 | 1.45+0.16
TOTAL 0.29+0.09 | 1.67+040 | 2.15+0.41 1574042 | 1.28+0.40 | 1.43+0.40 0.29+0.06 | 1.66+0.25 | 2.19+0.33 | 1.49+0.24 | 1.28+0.23 | 1.39+0.24

Table 4.2 Data

mm?/sec

are mean * standard deviation. Eigenvalues, MD, and RD units are x10-3

For most of the target muscles the CV was 15-23% for FA and approximately

10% for the eigenvalues. MD and RD were also approximately 10% of the mean. We

did note much higher FA values for quadratus lumborum. Also, FA values from females’

left and right quadratus lumborum had SD as 29% and 21%, respectively. Some subjects
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had a much thinner quadratus lumborum and the ROI consisted of a lower number of

voxels, which could have contributed to higher SD than for other muscle ROIs.

4.8. Discussion

In this study we characterized DTI metrics and their variability, and how they
relate to anthropometric data in the lower back muscles of healthy adults. FA and
eigenvalues are similar to those found in other studies on different muscle groups® * * 2!
but with higher eigenvalues than those reported by Van Donkelaar et al.**, and slightly
lower than those found in the quadriceps muscles®. Furthermore, we show similar

coefficient of variation as those shown in other studies® >* %

. No other studies, to the
best of our knowledge, also evaluated laterality, gender, and height/weight as possible
influences on DTI metrics. We did not find left/right asymmetry in any of the lumbar
muscles analyzed. Laterality may or may not be of importance in certain populations.
For example healthy professional cricketers are expected to have asymmetric lumbar
hypertrophy®®. There was no significant difference among DTI metrics in the multifidus,
longissimus, quadratus lumborum and iliocostalis, or ES+M ROIs. The ES+M may have
included more fatty tissue than other muscle ROIs, although this fact didn’t affect our
measures. However, this is an important observation for future studies of pathology such
as low back pain, since increased fatty infiltration in injured erector spinae muscles has
previously been observed®” **

The correlations between Godin and the left multifidus Ay, Ay, A3, and RD were

very low, implying that eigenvalues measured in the lower back musculature are not
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affected by the subject’s level of physical activity. Also, no significant correlation
between any DTI metric and age, height, or gender was found. Our age range was fairly
narrow. However, the range for our subjects was between 19 and 47 years. Elsewhere, a
lack of age dependence was found for DTI tractography of calf muscles®. Thus a larger
age range in our study would not likely have resulted in any different conclusion with
respect to DTI metrics.

The observations described above would indicate that, in future DTI studies in the
lumbar musculature at the L4 level, it would be best if data were separated into groups
based on BMI. DTI metrics are not related to other subject characteristics, such as
gender, age, height and physical fitness, and such data may be grouped together.

Based on a literature survey, DTI is thought to be useful in assessing dysfunction

13,27, 30, 31, 32, 33, 34
. However, there have

associated with muscular structural abnormalities
been no lower back DTI studies. It is well understood there is a strong connection
between LBP symptoms and lower back musculature abnormalities. For example, data
from conventional MRI has shown that lumbar multifidus muscle of LBP subjects may
have different CSAs during active contraction®. Furthermore, these muscles show
increased fatty infiltration. Subjects with various forms of LBP have been shown to

o g 13,2 1
have altered multifidi and erector spinae'> " 3% 3!,

Specifically, electromyography
(EMG) of the multifidus is different between subjects with LBP, compared to healthy
controls, during active movement®>>°. In the lumbar erector spinae and multifidus, EMG

and MRI results are related, where increased EMG activity is correlated with increases in

muscle T2 relaxation’’. There is other evidence implicating the erector spinaec and
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multifidus in LBP, based on CSA of the lumbar multidifus®® ***. To the best of our
knowledge, our work is the second report using diffusion weighted MRI in the
multifidus®, and the only study using DTI to assess both the lumbar multifidus and
erector spinae muscles. It should be noted, however, that routine spinal MRI studies
often fail to correlate with symptoms'®. In these studies frequently an older stenosis or
other injury is attributed to the current symptoms.

In this current study, we have demonstrated that measurement of DTI metrics in
the multifidus and erector spinae are repeatable and agree with previously published
results for other skeletal muscles. BMI and weight scale with FA, but DTI measures did
not correlate with other subject factors such as age, height, and level of physical activity.
Furthermore, gender was not a significant factor. Our protocol can be done in a

reasonable time on most clinical scanners.
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Chapter 5. Lumbar Multifidus DTI and

Chronic Low Back Pain (CLBP)

Gavin E.G. Jones, M.Sc., Dinesh A. Kumbhare, M.Sc., M.D., FRCPC, Srinivasan Harish

MBBS, FRCPC, and Michael D. Noseworthy, PhD, P.Eng.
5.1. Context of Paper

DTI measures in subjects with LBP and uninjured controls are compared. DTI
metrics are also correlated with both demographic information and the symptoms of LBP,
as measured by standard questionnaires. The relationship between BMI and DTI FA Al
is re-established (originally uncovered in chapter 4.3) and the relationship between LBP
symptoms and DTI FA Al is shown for certain BMI categories, confirming both the
relationship between DTI FA Al and BMI, and showing that DTI FA Al is an appropriate
measure only for subjects with a certain BMI range. Determining the efficacy of DTI
measures to correlate with LBP symptoms and characterizing the limits of those
correlations may provide valuable information in the study of CBLP, and may provide a

tool to objectively measure injury.
5.2. Declaration Statement

This chapter is a manuscript in preparation for submission to SPINE, and the final
draft will be submitted in subsequent months. As such it meets the formatting
requirements for SPINE. The concept and hypothesis for this paper was developed by
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Dinesh A. Kumbhare (DAK), Michael D. Noseworthy (MDN) and Gavin EG Jones
(GEGJ). MR scanning of patients was done by MRI technologists in the Imaging
Research Centre (IRC) at St. Joseph’s Healthcare, according to technical suggestions
provided by MDN and GEGJ. All image and statistical analysis was performed by GEGJ
who also wrote the entire first draft of the manuscript. Guidance, advice, proofreading

and editing were provided by MDN, DAK and Srinivasan Harish (SH).

5.3. Abstract

5.3.1. Study Design

This is a cross sectional observational study.

5.3.2. Objective

To determine whether diffusion tensor imaging (DTI) of the lumbar multifidus
can explain the symptoms of low back pain (LBP) and whether DTI measures are

correlated with subject demographics.

5.3.3. Summary of Backeround Data

The lumbar multifidus is implicated in chronic low back pain. DTI is becoming

widely used to study skeletal muscle.
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5.3.4. Methods

Twenty six asymptomatic (controls) and 28 symptomatic (LBP) subjects
underwent DTI scans on a 3.0T GE Signa MRI with b value of 400s/mm? in 15 optimized
directions, with NEX=4 and TR/TE=10,000/62ms. Before MRI, subjects completed
Oswestry, visual analog scale (VAS), and Godin questionnaires. Eigenvalues (Aj,A2,A3),
fractional anisotropy (FA), mean diffusivity (MD) and radial diffusivity (RD) are
presented in subjects with and without the symptoms of LBP. Asymmetry index (Al) was
also calculated: (Xiefi-Xright)/ (XieftXright), Where ‘X’ is any DTI measure (FA, MD, RD, A,
A2, A3). Also, DTI measures were correlated with the severity of LBP symptoms as
measured by the Oswestry disability index (ODI) and VAS, as well as subject
demographics; age, height, weight, and body mass index (BMI). Statistical comparisons

were made with ANOVA and Pearson’s correlation coefficient.

5.3.5. Results

Evaluating standard measures (FA, Aj, A2, A3, MD and RD), between control and
LBP groups were not significantly different. However, DTI measures were more
asymmetric in the LBP group, and significantly greater for FA Al and A; Al. This is due
to a greater difference in the females’ asymmetry than males. Also, there is greater FA
variability with the multifidus’ of the LBP group than controls. FA Al correlated with the
ODI (R?=0.32) but also weight (R?=-0.38) and BMI R?*=-0.37). DTI metrics did not

correlate strongly with other demographics.
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5.3.6. Conclusion

DTI can differentiate the symptoms of LBP, but measures such as Al and within-
multifidus variability should be used, and data should be compared to subjects with

similar BMIs.

5.4. Keywords

Diffusion Tensor Imaging, Magnetic Resonance Imaging, Chronic Low Back Pain,

Multifidus

5.5. Key Points

» This study evaluated the efficacy of DTI of the lumber (L4) multifidus to 1)
differentiate between a population with and without the symptoms of low back
pain (LBP) and 2) correlate DTI measures with the severity of LBP or the
subject’s age, height, weight, BMI, or level of physical activity using 3.0T MRI.

» Standard DTI measures did not resolve the symptoms of LBP, but the LBP or
symptomatic group showed more asymmetric fractional anisotropy (FA) and first
eigenvalues (A;), which is a more prounounced difference in females than males.

» FA asymmetry correlates with the symptoms of LBP but also with the subject’s
weight and BMI.

» FA variability within each subject’s multifidus, as measured by standard

deviation, is greater in the symptomatic group than controls.
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» DTI of the lumbar multifidus is a useful technique to objectively measure the
symptoms of LBP but non-standard measures such as left/right asymmetry or
within-multifidus variability are required, and subject’s weight or BMI should be

taken into account when such comparisons are made.
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5.5.1. Mini-Abstract

Diffusion Tenor Imaging (DTI) can resolve the symptoms of low back pain (LBP)
by comparing the left /right asymmetry of the lumbar multifidus’ fractional anisotropy
(FA). The FA asymmetry is related to both the symptoms of LBP and body mass index
(BMI). For BMI below 30.00kg/m?, the relationship between FA asymmetry and LBP

increases.
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5.6. Introduction

It is estimated that 60-80% of the population will have low back pain (LBP)
sometime through their life, and that up to 86% of that population experiences more than

one bout of LBP',

Diffusion magnetic resonance imaging (MRI) has shown utility in evaluating
spinal injuries, however these studies focus on abnormalities within the spinal cord™®.
Quantifying the results from diffusion tensor imaging (DTI) in the lumbar multifidus

muscle may be useful because

DTI is sensitive to micro-structural changes as a result of skeletal muscle strain
injury, even at early points when local oedema may influence the results’.

The lumbar stabilization muscles, especially the multifidus, are ideal targets since

they are altered in subjects with low back pain'®'".

Bergmark et al (1980) postulated that global musculature (the erector spinae)
served to transfer loads from the thoracic spine to the pelvis, while local musculature (the
multifidus) acts directly on the lumbar spine'?. Studies of the lumbar multifidus in target
regions from L4 to S1 have shown that there is decreased volume with unilateral chronic
LBP" and more asymmetric cross sectional area (CSA) in the LBP-injured population,
compared to controls '“'***. Improvement in the symptoms of chronic LBP can occur
with an exercise-related regimen which involves stimulation of the lumbar core muscles

including the multifidus®'**. Exercises that specifically target the lumbar multifidus are
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believed to improve symptoms of chronic LBP ***°. Thus, the multifidus is an ideal target

for DTI.

DTI uses a pulsed-field gradient in which a lack of coherence and a reduction in
signal is related to water’s diffusion in one direction. Diffusion in at least six directions
are required. Using singular volume deconvolution, a 3X3 matrix of either diffusion
directions (g1,€2,63) or magnitudes or eigenvalues (A;, Ay, A3) is created. These
eigenvalues are 3 components of an ellipse. Theoretically, in skeletal muscle, which is a
regular repeated structure whose cells are elongated, the A; is aligned with the long axis of
the muscle. Diffusion in that direction is maximal, while diffusion is restricted by
sarcolemmal membranes in the other two directions. If there is damaged tissue within a

voxel, the diffusion ellipse should be more spherical than in intact tissue.

The purpose of this study was to test the efficacy of DTI in differentiating
subjects’ symptoms of LBP, by comparing the DTI metrics in the multifidus of controls
and symptomatic (LBP) subjects. Further, we sought to determine whether the DTI
metrics are correlated with the severity of LBP symptoms and whether they are correlated
to any other subject demographic information (age, gender, weight, height, BMI and/or

differences in physical activity).
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5.7. Materials and Methods

5.7.1. Subject Population

The St. Joseph’s Healthcare Research Ethics Board approved all procedures.
Fifty-three subjects were used for this study. See table 5.1 for a summary of the two

groups’ demographic information and the results of each questionnaire.

* *
CONTROL: N Wt(ka) __Height(m) _ Age(yrs) _BMI(ka/m? ODISCORE __VAS Godin

Females 12 63.4%15.7 | 1.63%0.11 3714 241*7 0.5%0.9 0.2+0.3 25.3%23.2

Males 14 83.7%16.2 | 1.7610.07 39%14 2714 1.9%4.1 0.1+0.2 45.6+32.3

Both (M+F) 26 75.0£18.7 | 1.70%0.11 3814 2616 1.3%3.2 0.1+0.3 36.9%£30.1
LBP:

Females 17 74.9%23.5 | 1.6310.07 45213 28110 48.6%23.5 5.8%3.0 18.2+¥18.1

Males 11 83.2%14.4 | 1.7210.10 45211 2818 40.8%20.7 6.7+2.5 29.9%+37.4

Both (M+F) 28 78.2+20.5 | 1.67+0.09 45212 28+8 45.8%+25.2 6.1+2.7 22.4126.5

* p<0.05 comparing LBP and controls (M+F combined)

Table 5.1 Demographic information collected, separated into male and female subjects.
ODI: Oswestry Disability Index score (0-100), VAS: Visual Analog Scale (0-10), Godin: Godin

questionnaire results.

Subjects with LBP symptoms were recruited from one of the author’s (DK)
practice. When possible, control subjects were recruited who were gender matched and
had similar ages, within 5 years. There were no significant differences between the LBP
and control groups when subject weight, height, age, body mass index (BMI) and Godin
score (a measure of physical activity) were compared (Student’s T test, p>0.05), while
Oswestry disability index (ODI) and visual analog score (VAS) scores were significantly
different (Student’s T test, p<0.05). For the non-significant comparisons only the Godin

approached significance (Student’s T test, p=0.13).
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5.7.2. Clinical Questionnaires

To measure low back pain, the widely used standard English Oswestry
questionnaire was administered”>*’. The ODI scales between 0 and 100% where lower
scores indicate less severe symptoms. The Oswestry questionnaire is believed to be
preferable when the subject’s symptoms are more severe, while a competing
questionnaire, the Roland-Morris is better at detecting moderate disability*®. The
Oswestry questionnaire was used since our subjects had a mean ODI of 48, which the
Oswestry questionnaire categorizes as ‘Severe Disability’. Subjects were also asked to
complete a VAS questionnaire. This continuous measure where 0 is no low back pain and
10 is unbearable pain. Finally, subjects completed the Godin Leisure time questionnaire,

which is a measure of their physical activity, which starts at 0 and has no upper limit.

5.7.3. MRI Protocol

MRI was performed on a Signa 3.0T horizontal bore magnet (General Electric
Healthcare, Milwaukee, WI). A standard twelve channel body coil was used, using the

lower elements (8-12) with the subject in the supine position.

Subjects had axial 3d SPGR, T1 FSE, axial T2W, sagittal TIW, and 4 separate

DTI scans.

DTI scans used a diffusion weighting b value of 400 mm/s in 15 optimized
directions, with TR/TE of 10,000/62msec, matrix size of 64X64, phase direction A/P, 40

cm FOV, 5 mm thickness and 20 slices. Four separate scans were performed, each with
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the same prescan values and geometric prescription. They were summed offline (see

below for specifics) so that the DTI NEX is 4.

Axial T1FSE used TR/TE of 450/8 msec, matrix size 256X192, phase direction
R/L, NEX was 3, FOV was 40.0 cm, with a slice thickness of 5.0 mm and 20 slices. Axial
T2W images were also acquired with TR/TE=5366/149ms, flip angle 90°, slice thickness

4 mm, 20 slices covering at least L3-L5, matrix size 512X512, FOV 28 cm.

5.7.4. Offline Analysis

Data was analyzed using freeware AFNI (National Institute of Mental Health,
NIMH) and FSL 4.1 (FMRIB Analysis Group). First, the b=0s/mm” images for each of
the three DTT NEX were registered to the chronological first set’s b=0s/mm? image. Then
By correction was performed. Next, eddy current correction was performed in FSL. After
that, the 4 NEX were summed. Then singular value decomposition was used to create the

3X3 tensor, whose magnitude eigenvalues (A, Ay, A3) are reported.

Eigenvalues were also re-formulated so that mean diffusivity (MD), radial

diffusivity (RD) and fractional anisotropy (FA) are calculated:

A+ A+ A,
B 3

A+ A
RD = 9 2)

MD )

FA:\/3><[(MD—).1) +(MD - 2,)* +(MD - 2,)’] 3

2x (A2 + A+ A7)
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To illustrate the normalized difference between a left and right measure,

asymmetry index (Al), was calculated:

xleft - xright

Al = x 100 4)

Xiofi T X rigns

where Xie; and Xrign: are the left and right multifidus’ values for any DTI measure. Xi. may

be the left multifidus’ FA, MD, RD A, Ay, or A3.

Regions of interest (ROIs) were hand drawn on the higher resolution axial TIW
image, registered, down-sampled, and a mask was created to fit the DTI data. There are

no units for Al

5.7.5. Statistical analysis

Data was analyzed using SPSS 17.0. The Shapiro-Wilk test was used to test for
normality. Data, which contribute to means, are distributed normally, so parametric

statistics are used.

To compare the symptomatic and control group, 2-way randomized ANOVA was
used, with disability (LBP pain symptoms) and laterality (left-right) as the factors for
each DTI metric (data which are compiled in table 5.3 and figures 5.2 and 5.3). One-way

ANOVA was also used (data in figure 5.4).

Pearson’s correlation coefficient was used to compare the questionnaire results or

any demographic information with the magnitude of a DTI metric (from figure 5.5).

Student’s T test was calculated to compare control and LBP group’s demographic

information or questionnaire indices (from table 5.1).
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5.8. Results

ROI Height

Quadratus

lliocostalis

Longissimus

Multifidus

ES+M

Figure 5.1 Sample ROIs of the ES+M (erector spinae and multifidus), multifidus,
iliocostalis, longissimus, and quadratus lumborum drawn on a TIW image. Only data
from the multifidus with the ROI encompassing L3 to L5 are presented.

Figure 5.1 shows a sample set of ROIs drawn on the TIW image. Fat was not

included in the ROI. All of the ROIs shown in the image were collected, but only data

from the multifidus are presented since its structure is ideal for lower back stability but

. 28,29
not necessarily movement™ .
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5.8.1. DTI Measures

Male, Female, Right, Left combined
Controls LBP

FA 0.21%0.03 0.22+0.04
MD 1.67+0.15 165+0.17
Ay 2.07+0.18 2.05+0.25
Py 1.56+0.15 1.55+0.18
Ay 1.38£0.104 1.35£0.15
RD 1.46£0.14 1.45£0.16

Table 5.2 DTI parameters in control and LBP subjects. 1 way ANOVA revealed no effect of
LBP/ control for any measure.

Table 5.2 shows the mean values for all DTI results with males, females, left and
right are all combined. There is no significant difference between the symptomatic (LBP)
and asymptomatic (control) groups for any DTI measurement (1 way ANOVA comparing

the control/LBP groups). There is virtually no difference in FA, RD, and MD.
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A) Female, Left Multifidus B) Female, Right Multifidus
Controls _ LBP Controls _LBP
FAl 0.22:0.04 0.23+0.04 FAl 0.22+0.04 0.22+0.04
MDYy 1.6520.15 1.63+0.17 MDy_1.66+0.17 1.6640.22
| 2.0820.17 2124022 by 2114022 2.0740.31
b 15320.17 1.584+0.20 o 157£0.19 1.5610.24
4 1352016 | 1373016 24 130+019 | 1353018
RDOy__1.4420.17 1.48+0.17 RDOy_1.48+0.19 1.4540.20
C) Male, Left Multifidus D) Male, Right Multifidus
Controls _ LBP Controls _LBP
FAl 0212003 0.2240.04 FAl 021003 | 0213005
MOy 1.6820.12 1.64+0.11 MDY 1.63+0.13 1.60+0.17
7 )2.0720.18 2.0240.18 7 )2.02£0.15 2.2210.27
o 1.59+0.11 1.53+0.09 o 156+0.10 1.5040.14
hd 14120.08 1.36+0.09 a4 1.360.10 1.3240.14
RDL_1462014 1444009 RDOL_1.46£010 1411014

Table 5.3 DTI metrics separated based on gender and laterality. There are no significant
effects of LBP/ control for any comparison (1 way ANOVA).

Mean data, which are parsed into right and left, and male and female, is shown in
table 5.3. Using two way ANOVA with laterality and LBP disability (either LBP or
control) as the factors, there was no main effect of LBP for either the male or female data

(2 separate comparisons, one for each gender).

5.8.2. DTI Asymmetry index (Al)

When all data is combined and plotted in figure 5.2, the LBP group had greater
asymmetry, which reached significance for FA and A;. Al was separated into male and

female data, which is shown in figure 5.3.
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6] Asymmetry Index, Control and LBP
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Figure 5.2 Asymmetry index (AI) difference in the controls and LBP groups. Student’s T
test was performed to compare control and LBP data for each DTI measure. Means =
standard deviation are plotted.
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Figure 5.3 Asymmetry index (AI) difference in the controls and LBP groups, separated into
females and males. Student’s T test was performed to compare control and LBP data for
each DTI measure. Means * standard deviation are plotted.

In females, the differences are more pronounced. There are significant differences in FA
and A; Al, while in males there are only significant differences in A; In fact, the FA Al
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changes in males are in the opposite direction as expected, where the controls are more
asymmetric. In calculating the mean FA Al, all of the males low values less than 0.5 with

one exception.

5.8.3. Intra-multifidus variability

The amount of FA variability in each subject’s multifidus is presented as the
standard deviation (SD) for each multifidus. Each subject’s multifidus has one SD value

(for all voxels contributing to that ROI). Data from the FA SD are plotted in figure 5.4.

014 1 Within-ROI standard deviation fractional
anisotropy (FA)
0.12
% 0.08
2 *
F *
£ oo
2
g J.04

Left Controls Right Controls Left LBP Right LBP

p<0.05 One way ANOVA

Figure 5.4 FA variability within each multifidus, as reported by standard deviation. Note
that there the standard deviation within each ROI is greater for the LBP group than the
controls.
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The other measures (A, A2, A3, MD, RD) showed no significant LBP/control effect. The
standard deviation is significantly greater (Student’s T-test, p<0.05) in the multifidus of

our symptomatic population than controls.

For measure of within-ROI standard deviation, there are high correlation
coefficients between metrics we would expect, such as right A; SD and left A; SD
(R’=0.68) and right MD SD and left MD SD (R’=0.83). This indicates that the
phenomena underlying within-ROI variability exist within the subject, and are not simply

random differences in variability.

5.8.4. Correlation

Pearson’s correlation coefficients were calculated between factors for both groups

combined, and relevant, but not all, data are presented.

There is a strong correlation between the VAS and ODI results (R*=0.93),
indicating that the scores from both questionnaires effectively measure the similar
phenomena, likely the symptoms of LBP. Also, many of the DTI parameters show high
correlations with other DTI parameters (not graphed). This is expected. For example, the
correlations between the right multifidus’ RD and either A, or A; are very high (R* are

0.98 and 0.97, respectively) simply indicating an accurate calculation.
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Figure 5.5 Sample relevant scatter plots, with Pearson’s correlation to the right. A: Plot of
ODI vs FA Al shows a slight relationship. B: plot of ODI vs FA Al for only symptomatic
(LBP) subjects (no controls) with BMIs under 25 kg/m?. C: the relationship between BMI
and FA Al, showing a slight negative correlation.

The data from figures 5.5A-C show some most relevant correlations for DTI’s
efficacy in predicting LBP symptoms. The correlation between FA Al and VAS is
R’=0.31 and FA AI and ODI is R*=0.32 (plotted in figure 5.5A). These are 0.34 and
0.35, respectively, when only the LBP group is considered. The greatest correlation
between FA Al and demographic information was between FA Al and weight (R*=-0.38),
although FA AI and BMI also had a high correlation (R*=-0.37), as seen in figure 5.5C.

It is unlikely that the relationship is due only to the postulate that people with LBP
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symptoms are less active due to their injuries, and likely have a higher BMI/weight. In
the control group only, there are correlations between FA Al and either weight (R*=-0.26)
or BMI (R*=-0.22). Also, the relationship between FA Al and ODI is positive, while there
is a negative correlation between FA Al and BMI. This would indicate that the
correlations between FA Al and weight (R*=-0.38) and BMI (R’=-0.37) are at least in
part due to LBP symptoms independent of inactivity. When differences in BMI are taken
into account, the correlation between FA Al and ODI scores increases from R?*=0.32 to
R?=0.81 for the group with BMI between 16.00 and 24.99 (n=9, figure 5.5B) and to
R?=0.59 for the ‘pre-obsese’ group, for symptomatic (LBP) subjects with BMIs between
25 and 29.99. There are also low correlation between FA Al and ODI score for subjects

with BMIs between 30.00 and 34.99 (R*=0.05).

Surprisingly, the correlation between BMI and Godin score was very low (R*=-
0.18) which may indicate the limitation of one or both measures. The Godin scores
showed high negative correlation with both the VAS (R*=-0.43) and ODI (R*=-0.47)
scores, since it’s probable that subjects in the LBP group were more likely to be

sedentary.

5.9. Discussion

FA Al was significantly greater for the LBP group. FA Al also scales with
severity of symptoms of LBP. Other studies have shown an increase in multifidus CSA

14,15,19,30,31

asymmetry , altered EMG activity of the erector spinae as well as the multifidus

during gait, and increased muscle stiffness > in LBP subjects compared to controls >°.
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Interestingly, Hides did not find that there was a correlation between the severity of LBP
and degree of multifidus asymmetry with ultrasound imaging *°. It is possible that MR
DTI is more sensitive to such changes. We found a correlation between FA Al and ODI
score, which increases with increasing LBP symptoms. There was also a relationship
between FA Al and BMI or subject weight, but a negative correlation. Since the
correlations are in opposite directions, the FA AI-ODI relationship is based on the LBP
phenomenon, not simply that symptomatic subjects have higher BMI and that there is
aFA AI-BMI relationship. The correlation between FA Al and ODI increases for BMIs
under 30.00, thus minimizing the effect of BMI. The connection between FA Al and ODI
is greatly reduced for subjects with BMIs above 30. Also, we found that the reliability of
FA Al is greater in females than males, and that the changes in FA are due to A; and not
A, and A3, which is expected if there is sarcolemmal damage. It is possible that the
damaged tissue may not be extreme, such as with sarcolemma damage, but intracellular
components may be affected. With mild damage to muscle, such as with delayed onset
muscle soreness (DOMS), there may be intracellular structural damage such as z-line
streaming,”® which would be consistent with increases in A;. Z-line streaming is a
disruption of the sarcomere found after eccentric exercise where the myosin-dense z disk
intermingles with the I-band, and is a measure of disruption of the intracellular contractile

35
structure .

There may other mild intracellular effects, such as a slight change in
mitochondrial density or possibly slight damage to the t-tubular system, whose directions

are perpendicular to the sarcomere, and would affect A;.
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We found that standard presentation of DTI metrics did not resolve the symptoms
of LBP but FA Al and intra-multifidus were both greater in the LBP group than controls.
A hypothetical cause for this may be incomplete fibre damage to the multifidus in
symptomatic (LBP) subjects, where some voxels are affected, but many are normal and
do not have altered FA values. Typically multifidus ROIs have approximately 70 voxels.
If only a few were damaged, they might not greatly affect the mean FA value, but will

slightly increase the SD values, thus an increased SD for affected multifidi in the LBP
group.

DTI has previously shown to reveal altered skeletal muscle conditions; DTI of
skeletal muscle has previously shown to be sensitive to masseter muscle position®®,

38,39

tibialis anterior muscle length®’, calf muscle contraction®®® and patellar dislocation®.

5.10. Conclusions

This is the first study of the efficacy of MR DTI in the lumbar multifidus in
subjects with and without LBP. Standard presentation of the data does not differentiate
between the LBP and control groups; however both FA Al and within-multifidus SD are
greater in the symptomatic group than controls. Greater FA Al is primarily due to
asymmetry in A; in females. FA Al correlates with ODI scores (a measure of LBP
disability) but also BMI. When groups are broken down into BMI categories, 3 of the 4

BMI categories show much higher correlations between FA Al and ODI scores,
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indicating that DTI of the lower back may be promising, but only if the mitigating factor

of weight/BMI is accounted for.
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Chapter 6. Lumbar Stabilization
Muscles and Low Back Pain: Associations
Between Asymmetry, Cross Sectional Area

and Anthropometric Data

Gavin E.G. Jones, M.Sc., Dinesh A. Kumbhare, M.Sc., M.D., FRCPC, Srinivasan Harish

MBBS, FRCPC, and Michael D. Noseworthy, PhD, P.Eng.

6.1. Context of Paper

The CSA of the multifidus in subjects with CLBP is well studied. ~The novel

analyses in this manuscript include:

1. Male and female data are separated, and LBP and the efficacy of CSA on
CLBP are shown for both genders, separated.

2. Several different muscle groups are studied: the multifidus, erector spinae,
psoas, and quadratus lumborum.

3. The correlation between CSA and the subjects’ demographic characteristics

are studied in the injured and control subjects combined, and in controls alone,
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to ensure there is no interaction between demographic characteristics and LBP
symptoms.

4. The CSA data is correlated with the results of questionnaires which are
indicators of the symptoms of LBP, in addition to comparing between control

and LBP groups.

The relationships studied above are shown in two critical locations, at the upper and
lower endplate of L4, an analogous publication compared control and LBP populations at
the top of L3 and the bottom of L5 (Lee et al. 2011) but very few other studies used

multiple locations in the inferior/superior (I-S) direction.

6.2. Declaration Statement

The concept and hypothesis for this paper was developed by Gavin EG Jones
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were provided by MDN, and Dinesh A. Kumbhare (DAK) and Srinivasan Harish (SH).
The manuscript was submitted to The Archives of Physical Medicine and Rehabilitation

on July 17 2012.
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6.3. Abstract

Objective: To determine the relationship between lumbar spinal muscle cross sectional
area (CSA) and their left/right asymmetry, with low back pain (LBP) severity, level of

physical activity, gender, age, weight height and BMI.

Design: CSA and CSA asymmetry of the multifidus, erector spinae and multifidus
muscle group (ES+M), quadratus lumborum (QL), and psoas at the upper and lower L4
endplate were evaluated on axial T2-weighted MR images acquired using a 3.0T MRI

scanner.

Setting: Subjects were from the general community, scanned using a research dedicated

MRI system at a university teaching hospital.

Participants: Subjects with chronic low back pain, LBP (n=26), and age and gender

matched asymptomatic controls (n=25).
Interventions: Not applicable.

Results: CSA showed gender based differences in the QL and psoas (p<0.05) but not
ES+M or multifidus. When males and females were combined, only the QL at the lower
L4 endplate showed a main effect of LBP (p<0.05). CSA left-right asymmetry was
significantly different for many comparisons of the multifidus muscle, and only one other
target muscle group (male ES+M at the upper L4 endplate). Correlation between CSA

asymmetry and (a) symptoms of LBP in multifidus was 0.35 (Pearson’s R?); and (b) 0.63
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with BMI. When BMI in LBP patients was narrowed to include only slightly overweight

(25.00<BMI<30.00) the correlation for multifidus CSA asymmetry increased to R*=0.66.

Conclusions: CSA asymmetry significantly correlates in subjects with LBP, and the
correlation increases when the range for BMI is minimized to include only overweight
subjects. The most sensitive muscle to CSA change in chronic LBP is the multifidus,
since it’s changes most positively correlate with LBP symptoms, and is not affected by

gender.
6.4. Keywords

magnetic resonance imaging (MRI); cross sectional area (CSA); morphology, low back

pain
6.5. Introduction

Low back pain (LBP) is pervasive through many societies'™. As many as 80% of
adults will experience low back pain during their lifetime’. Societal costs can be
substantial. Cost per capita per year (not per patient) range from €209 in Sweden to $474
in Australia®’. In the United States, direct costs alone are estimated to have been $90
million in 1998 ® and 100 million in 2008°. Diagnosis is made more difficult by old
injuries, which can be interpreted as the cause of symptoms'®. More accurate diagnosis

may reduce costs.

Initially, for most subjects experiencing the symptoms of LBP, the cause of the

symptoms cannot be defined, and are said to have non-specific LBP (NSLBP)''. Of those
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diagnosed, disk herniation is common, and is associated with both gross morphological

and functional deficits in the paraspinal muscles'.

The muscles associated with LBP are the erector spinae (lumbar iliocostalis
andlongissimus), multifidus, and psoas'®'°. MRI findings have shown that atrophy of the
multifidus is associated with symptoms of LBP'®. Decreased muscle cross sectional area
(CSA) and fatty infiltration'” are related to the symptoms of LBP'®*’. Multifidus CSA
was also found to be more asymmetric in subjects with the symptoms of LBP'®. 1t is
estimated that <10% difference between right and left CSA values at the L5 region “could
be related to previous episodes of LBP”. However, a 10% CSA difference was also
found in control subjects®®. Changes in tonic activity have also been observed; task-

related EMG activity is related to multifidus atrophy®’ and LBP.

Evaluation of the LBP literature shows the symptomatic patients are routinely
considered one homogenous group. Many LBP populations are heterogenous, as
measured by questionnaires such as the Visual Analog Scale (VAS) and the Oswestry
Low Back Pain Disability Questionnaire.

The goals of our study were to determine lumbar muscle (lumbar multifidus,
erector spinae and multifidus (ES+M), quadratus lumborum (QL), and psoas) CSA in
subjects with and without LBP, and to determine whether measurement location (upper
and lower endplate of L4), or gender, specific effects exist. Also, the study was designed
to determine the relationship between CSA and a number of factors, including severity of

pain, subject age, height, weight and BMI.
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6.6. Methods

6.6.1. Subjects

In a study approved by our research ethics review board in accordance to the
Helsinki Declaration, 51 subjects (25 healthy controls and 26 subjects with LBP
symptoms) were recruited to participate (see table 6.1 for subject data). Every attempt
was made to recruit controls with similar age (+5 years), and BMI (+3kg/m?) values and

gender to those of the LBP subjects.

N Wt(kg) _ Height (m) _Age(yr) BMI(kg/m? ODI(0-100) VAS (0-10)  Godin

Control:  Females 12 54114 1.62$0.12| 37%14 2417 11 0.1$0.4 | 23422
Males 13 69+13 |1.75$0.07| 37#14 2614 12 0.0$0.1 | 51#33
* K * ¥

Both (M+F) 25 62115 |1.69%0.11, 37#14 2516 142 0,1+0.2 38431

LBP: Females 15 63+17 |1.64£0.06| 43+12 2747 51$22 | 5.842.9 | 1716
Males 11 72#12  |1.72%0.09| 4511 2843 45#20 | 5.8+2.8 | 19%28

Both (M+F) 26 6716 | 1.68+0.08| 44%12 2746 49+22 | 5.8%2.8 | 18%21

Means+SD **p<0.01

Table 6.1 The subject population. All values are listed as a mean * standard deviation.
BMI: body mass index, ODI: Oswestry disability index, VAS: visual analog scale.
Symptomatic subjects have significantly higher ODI and VAS values than controls (*
p<0.01).

Almost all symptomatic (LBP) subjects had either radiculopathic or non-specific
LBP (NSLBP). Subjects in the LBP group had been involved in an automobile accident,
which ranged from 9 months to 6 years prior to MR imaging. Although the LBP group

had symptoms greater than some other studies®'~*

the symptoms were not life-altering or
excessive. All subjects were ambulatory. No subjects were previously characterized as

having whiplash associated disorder (WAD) grade 3 or 4; all were grade 2 or lower.
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6.6.2. 6.6.2 Imaging Protocol

All subjects were imaged supine with legs slightly raised to improve comfort.
Images were acquired using a GE Signa HD 3.0Tesla MRI scanner and 12 channel-

phased array receive coil (General Electric Healthcare, Milwaukee, WI).

Following patient positioning, with isocentre set approximately at L4, a routine
clinical spine imaging protocol was followed. This included; axial T2-weighted (T2W;
TR/TE=5366/149ms, slice thickness 4mm, Omm gap, 20 slices covering at least L3-L5,
matrix=512 x512, FOV=28cm); sagittal T2W FRFSE (TR/TE=5000/149ms, slice
thickness 4 mm, Imm slice gap, NEX=2, 14 slices, matrix=512x512, FOV=40cm);
sagittal TIW (TR/TE=566/10ms, slice thickness 4 mm, Omm gap, matrix=512x512,
FOV=28cm); and axial TIW (TR/TE=450/9m:s, slice thickness 4 mm, 14 slices covering
at least L3 to L5, matrix=512x512, FOV=40cm). The T1W images were used strictly for
diagnosing additional abnormalities but not to calculate CSA. Axial T2W images were
used to draw regions of interest (ROIs) on left and right multifidus, erector spinae and
multifidus (ES+M), psoas, and quadratus lumborum. ROI analysis was done using Osirix

(http://www.osirix-viewer.com/). ROIs were drawn around each muscle epimysium, at

the top and bottom endplate of L4. No attempt to exclude fat from ROIs was performed

as it was decided that this decision would add too much subjectivity to the analysis.

Asymmetry Index (Al) was calculated as the normalized difference between left

and right CSA values:
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right

CSA,,;, —CSA

CSA,; +CSA,,, 6.1)

6.6.3. Questionnaires

All subjects filled out a standard English Oswestry low back disability (version
2.0), visual analog scale (VAS) for pain, and a Godin activity questionnaire. The

Oswestry Disability Index (ODI) was calculated in the standard manner™.

6.6.4. Statistical Comparisons

To compare anthropomorphic data between the LBP and control groups, one
tailed Student’s t-test was used. To compare between the LBP and control groups,
ANOVA was used. If one-way ANOVA was used, LBP/control was the factor, and if two
way ANOVA was used, laterality (left/right) was the other factor. Correlation

. . . . 2
comparisons were made with Pearson’s correlation coefficient (R”).

6.7. Results

A high correlation (Pearson’s R?=0.92) between VAS and ODI was noted (fig
6.1). There are many points at the origin because all controls scored 0 for both the VAS
and ODI. When only the LBP group was considered (crosses in fig 6.1), and the data at
the origin are not considered, Pearson’s R? is 0.84. We believe this high correlation

indicates that measures are internally reliable, and an accurate measure of LBP.
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Figure 6.1 Plot of VAS vs. ODI scores for all subjects tested. Note that many of the
asymptomatic (control) subjects scored 0 for both the VAS and ODI. The Pearson’s R?=0.92
for all subjects and R2=0.84 for just the LBP group.

There are significantly greater ODI and VAS scores in the symptomatic (LBP)
group than controls (two tailed Student’s t-test, p<0.01, table 6.1). There were no other
significant differences for any demographic values comparing the control and LBP
groups (table 6.1). Two-way ANOVA revealed main gender effects for both weight and
height (p<0.01), but there was no gender-related age or BMI effect, so that males were
not of different ages or BMI than females. There were no significant LBP/gender
interactions for either weight or height. As expected, the ODI and VAS scores were

significantly greater than in controls (p<0.01).
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6.7.1. Comparisons between LBP and control groups — CSA

Sample ROIs from a 32-year-old control male are shown (fig 6.2). Axial slice

(figs 6.2B and 6.2D) locations were prescribed on sagittal images (figs 6.2A and 6.2C).

B Name CSA(cm’)
Lett Multifidus 688
32 Year Old Asymptomatic Male Upper L4 Bt
«ft Psoas 16.76
e — Right Psoas 1598
: ] Left OL 53
Right QL 688
Lertisutinaus
D Name CSA[em?)
) Lett Multifidus 682
" Right ES+M 25,68
32 Year Old Asymptomatic Male Lower L4 [y
- ) Right Psoas 17.16
el i Left QL 57
Right QL 702

Figure 6.2 Sample regions of interest (ROIs) from a 32-year-old asymptomatic (control)
male. Unilateral ROIs of both the ES+M and multifidus are shown for ease of viewing.
Values to the right are the CSAs measurements for each muscle.

For many comparisons, there was no significant effect of LBP on CSA, when compared
to healthy controls. However, some notable exceptions include: female left (p<0.01) and
right (p<0.05) ES+M at the upper L4 endplate (table 6.2) and female right QL at the

lower L4 level (p<0.05, table 6.3).
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Left

Right

Multifidus
ES+M

QL

Psoas

Multnidus
ES+M

QL

Psoas

Muscle CSA (cm?), Lower L4 Endplate

Both Genders Females
“onuols P Controls BF
21.38-4 03] 17.11=:4 36 20.49=277115.23=3.17 |
-
N74:418 JN72-373
21.48+473116.74+4 31
Jz2iss428 | 1552341

Table 6.2 Muscle CSA (cm?) for each group at the lower endplate of L4. Data are from both

sexes combined, as well as parsed into that from male and females.

Left

Right

Multifidus
ES+M

QL

Psoas

Multifidus
ES+M

QL

Psoas

Muscle CSA (cm?), Upper L4 Endplate

Both Genders Males Females
jldi-‘%; lf +5 1 3 42+ 1 D8+ 1 1} 1+3 8 1 3-3
147+ |§:§§§s 7] S+ 1§ giff 1649-3 4
R 2.24-317 . nsa-2sa] |zss-244 R

Table 6.3 Muscle CSA (cm?) for each group at the upper endplate of L4. Data are from both
sexes combined, males and females.

There were several others, which approached significance (for example, female

left upper L4 multifidus p=0.08, comparing controls with LBP, table 6.3). So, for many
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of comparisons, more significant differences between LBP subjects and healthy controls
was noted for females relative to males. No propensity between upper and lower L4
location was noted in significant comparisons between LBP and controls; i.e. this was

split roughly evenly between both locations.

In trying to determine whether there were any gender-based differences, only the
control group was used for statistical comparison, so that effects of LBP symptoms would
not contaminate gender-only effects. One-way ANOVA in the control group revealed that
in the upper and lower endplate of L4, the right and left psoas, and left QL muscles

demonstrated significant gender effects (p<0.05).

6.7.2. Comparisons between LBP and control groups — CSA Al

CSA Asymmetry Index, M+F
Muscle
Group Controls LBP

Upper  Multifidus 4.8:3.8° 10.4:85

L4 ES+M 4.0:3.4 5.0+37
QL 8.8:5.1 N.7+8.4
Psoas 4.6+3.6 54+3.8
Muscle

Group Controls LBP
Lower Multifidus 61:4.3" 1.0:53

L4 ES+M 4.2+4. 59:32
QL 9.9:7.0 15.0+8.9
Psoas 4.6+3.4 52+3.6

* p<0.05

Table 6.4 CSA asymmetry index for all muscle groups and locations, with both sexes
combined. Significant CSA asymmetry was noted at both upper and lower L4 in the
multifidus (* p<0.05). No other LBP muscles showed significant difference between healthy
controls.
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CSA Asymmetry Index

Females Males

Muscle _Controls LBP Controls LBP
Upper Multifidus 4.2:3.8% 107:84 5.2:42% 1.0:55
L4 ES+M 5.0:42 4.9:39 31:24% 6.3:39
QL 87:71 13.6:9.4 8.8+5.4 16.0+10.0
Psoas 6.5+4.1 5.4+4.4 2718 3.4:22

Muscle _Controls LBP Controls LBP
Lower Multifidus 6.0:5.0 1.0:6.9 6.2+:4.9% 10.0:6.7
L4 ES+M 54+52 5.6+2.9 3.0:2.7 5.3+3.7
QL 9.9:84 14.2:9.8 9.9+59 9.0:6.5
Psoas 56+3.7 6.6+3.9 3.7:28 55:2.9

* P<0.05

Table 6.5 CSA asymmetry index in all muscle groups and locations, when separated by
gender. LBP subjects had significantly greater CSA asymmetry in the multifidus in both
males and females in the upper L4 (* p<0.05). Additionally male LBP subjects had
significantly greater CSA asymmetry in the ES+M (upper L4) muscle groups and multifidus
at lower L4 (* p<0.05).

CSA AI values are shown in tables 6.4 and 6.5. The LBP’s multifidus was
significantly more asymmetric in the lower L4 region of the multifidus (p<0.05, one way
ANOVA) when data from both sexes were used. There were no significant differences
between the control and LBP groups for any other muscle group or location when both
sexes were combined (table 6.4). For data parsed into sexes (table 6.5), there were
several significant effects (p<0.05, one way ANOVA) of LBP, in the upper L4 region’s

multifidus for both males and females, and the male’s ES+M ROI.

6.7.3. Correlations - CSA

Among comparisons between muscle CSA and either ODI or VAS, one of the most

significant correlations was between ODI and right multifidus at the top endplate of L4

82



Ph.D. Thesis — G.E.G. Jones; McMaster University — Biomedical Engineering.

(R*=-0.39) and left multifidus at the same location (R*=-0.35) (fig 6.3A). The multifidus

Al at the top of L4 correlated with ODI score with R*=0.38 (fig 6.3B).

A) ODI Score (Percent) vs Right B) ODIScore (Percent) vs Multifidus' Al,
1f ' 10
100 Multifidus' CSA, Topof L4 [ 100 Top of L4 > Commrol
a0 X 90 X x
g 80 X o g 80 X LEF
S X X g C X X
3" X X g 01X X
£ 6 x » 3 X X
8 so X X x g§ so AX X
> a0 XX X % % x X > a0 XX % x x % X 5
2 5 £ o x R2=0.38
3 20 X X R2=-0.39 3 20 X x
10 é 10 x& X
0 00 B0 a8 000 2. o o o oommIR o (-
0 2 a 6 8 10 12 0 5 10 15 20 25 30 35 40
Cross Sectional Area (cm2) Asymmetry Index
. Lpe .
CS)J BMI vs Right Multifidus' CSA, Top of DL Left vs Right ES+M CSA, Top of L4
: L4
a5 o » 40 X
« |R2=0.35 o= |R2=0.88
_ <o E 10 ®
¥ * x %o < s 25 " M x
£ 2 @X 5 o X g o
= el © 2 2 X
g X o 2, o>g$>§0x><°
15 [ § = Fe3 © Controls
10 < Control 10 <¢
5 X |gp 5 xXLBp
0 ‘ 0
0 2 4 6 8 10 12 0 5 10 15 20 25 30 35 a0
Cross Sectional Area (em2) Right ES+M CSA (cm2)

Figure 6.3 Correlations plots between ODI and CSA (A), ODI and asymmetry (B), BMI and
multifidus CSA, and left versus right ES+M cross sectional area. All measures were made
along the top of L4. Pearson’s correlation coefficient (box in each plot) are also provided.

Large correlations between CSA and weight, and CSA and BMI were observed
for the erector spinae (R*=0.41 and R?=0.49 for the left and right ES+M at the top of L4
and R*=0.36 and R*=0.46 for the left and right ES+M at the bottom of L4) and multifidus
(R?=0.43 and R*=0.35 for the left and right multifidus at the top of L4 and R*=0.44 and
R*=0.47 for the left and right multifidus at the bottom of L4 (fig 6.3C). There were many

high correlations between the left and right values, such as left and right ES+M at the top
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of L4 (R?=0.88, fig 6.3D), left and right multifidus at the bottom of L4 (R?=0.88), left and
right psoas at the top (R?=0.94) and bottom (R*=0.96) of L4, indicating that inter-subject
variability is greater than within-subject left-right variability. The same left-right
comparison for the LBP group only showed lower correlation (R?=0.82) than that of

controls alone (R*=0.92) indicating greater asymmetry in the LBP group.

The most significant comparisons for the multifidus ROI and anthropomorphic
data were between the left multifidus at the top of L4, whose correlations for weight and
BMI are 0.40 and 0.63, respectively. A similar comparison between the left ES+M and
weight (not shown) revealed a correlation of R>=0.61. Age did not correlate with CSA or
asymmetry. There was very little dependence of muscle/ROI size and age; there was only
one correlation above 0.20 (R?=0.23 for age vs. right multifidus at the bottom of L4) for
any muscle CSA and age. Also, there were low correlation coefficients between most
CSA and Godin activity scores. The exceptions are the psoas, which, at the top of L4, had
values of R*=0.20 and R*=0.19, for the left, and right, respectively, and at the bottom of
L4 had values of R>=0.29 and R*=0.31, for the left, and right, respectively. Thus, there

were no significant effects of age, activity level, or height.
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ODI Score vs Right Multifidus CSA, B ODI Score vs Multifidus Al, Top of L4
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Figure 6.4 Correlations plots between (A) ODI and cross sectional area, and (B) ODI and
asymmetry index. Pearson’s correlation coefficients (R?) are also shown

The relation between the right multifidus® CSA at the top of L4 and ODI score,
goes from R*=-0.35 to R?=-0.58 (fig 6.4A). Figure 6.4B shows a similar comparison as
shown in figure 6.4A (only the ‘Pre-Obese’ subjects). R* goes from 0.35 (fig 6.3B) to
0.50 (fig 6.4B). When the effects of BMI are minimized, the effects of LBP are revealed,

and are greater than when BMI is not considered.
6.8. Discussion

Some of the primary findings of this study include a confirmation that the lower
section of L4 is both larger, and shows a greater correlation with LBP symptoms, as
measured by the ODI and VAS. Also, the multifidus is the most reliable target muscle for
ROI assessment when correlating with LBP symptoms. CSA Al of the multifidus shows
the strongest correlation (stronger than raw CSA values or any values of other target ROIs
such as the QL or psoas). CSA for many of the target ROIs seem to scale with subject

BMI or weight, but not other anthropomorphic data.
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The mean CSA values for the multifidus and ES+M were similar to those reported

elsewhere”>*?

and had approximately the same variability. For almost all muscles, the
CSA was greater at the lower endplate of L4 than the upper endplate, which is consistent
with the results from a Hides study, which showed an incremental increase in multifidus
CSA from L2 to L5%°. Only the psoas and the QL, for some comparisons, have different
CSAs based on gender. This means that combining data from the genders is valid for

ES+M or multifidus CSA. If percent difference is used, as shown elsewhere'®, gender can

be combined for any muscle.

Our study used axial images rather than oblique-axial images aligned with the
discs, as done in other studies®. Previous studies showed that oblique-axial slice
orientation was not important in assessing spinal stenosis’®. Also, since spinal curvature is
different for each subject, and muscle CSA may be different for different angles, using
straight axial comparisons removes one subjective element. Fatty infiltration was
included since fat exclusion would have been both difficult and subjective, in many of the
subjects. Using straight axial images, and the inclusion of fat deposits makes our results

easier to replicate.

Muscle volume® and CSA are lower in subjects with minimal symptoms of LBP
(with a mean ODI score of 15) at the L4 level. There were very few significant
differences between the injured and uninjured groups for any of the muscles tested here.
However, our LBP group had a wide range of VAS and ODI scores. ODI ranged from 12
to 94 with a mean+SD of 48+21. The highest correlation was between the ODI scores and

ES+M CSA at the bottom of L4. There were also high correlations between ES+M CSA
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and weight and ES+M compared to BMI, as well as multifidus versus BMI comparisons.
The high correlation is not likely due only to the possibility that LBP subjects are less
active and would have a higher BMI. This is because there is an equally high correlation
between muscle groups’ CSA and BMI in the control group alone, so the effect is only a
direct effect of BMI or weight, not LBP symptom-induced changes in weight or BMI.
Also there was not a high correlation between ODI score and BMI or ODI score and
weight, which would be expected if there were a large effect of LBP-dependent weight
gain. It should be noted that many studies have found differences between LBP
symptomatic group and controls even without taking BMI into  account'®?’. When
symptomatic subjects with BMIs considered to be ‘pre-obese’ with BMI’s between 24.99
and 30.00 were considered, there were high correlations between ODI and many ROI’s
CSA, as well as VAS and some CSA values, much higher than when the whole group is
considered, or when all subjects were considered, based on measures of right multifidus

and both ES+M.

Hides ef al. showed a 17% decrease in multifidus CSA in the injured side'®, and
an 18% decrease in muscle volume in the injured side®®, where this study noted percent
change values of approximately 20% for the LBP population (from 20.8% to 22%).
However, they used a slightly different calculation for percent change, called ‘Percentage
difference’ (% Difference)**~’, which is

[CSA, — CSA,

9oDi =
oDifference CSA,

(6.2)

87



Ph.D. Thesis — G.E.G. Jones; McMaster University — Biomedical Engineering.

where CSA; is the CSA from the larger side and CSA; is from the smaller side. An
approximate comparison between our Al to Hides’ % Difference can be done by %

Difference=2xAl. As such, our LBP groups’ Al is similar to those found elsewhere?’.

The Oswestry questionnaire, rather than the Roland-Morris questionnaire, was
appropriate for our symptomatic population. The ODI is believed a better measure than
the Roland-Morris disability questionnaire (RDQ) at detecting disability in more severe
cases, while the RDQ is better than the ODI in more mild cases”. Our subjects’
symptoms were greater than those reported by Beneck and Kulig. Our LBP group had an
average ODI score of 48, while Beneck and Kulig’s LBP group was 14°2. Further, our
mean ODI score (48) would be categorized as ‘Severe Disability’ if it were a single

subject.

CSA is affected by both the symptoms of LBP (fig 6.3A) and with weight/BMI
(fig 6.3C). BMI values between 25.00 and 29.99 are considered ‘Pre-Obese’, according to
the World Health Organization®®. The subjects shown in figure 6.4 are data from LBP

subjects with BMIs in the ‘Pre-Obese’ range. This mitigates the effect of BMI.

We noted a significant difference between the controls and LBP groups for the

lower endplate of L4, when both sexes were combined (table 6.2).

It is not surprising that the multifidus was the most reliable correlation to LBP. It
is considered a ‘local’ muscle group, connected directly the lumbar vertebrae, whereas
other muscle groups such as the erector spinae are considered ‘global’ musculature,

which act to transfer loads from the thoracic region to areas inferior to the lumbar spine™.
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6.9. Study Limitations

18,22,32

This study had a moderate sample size of 51, which is greater than some and

less then others'® although pilot results indicate that our power was sufficient.

The primary factor that wasn’t accounted for was time post-injury. All of our
subjects had symptoms, which many consider chronic (9 months to 6 years). But, since
some subjects only gave approximate timeframes, our CSA and asymmetry metrics could

not be correlated to time after injury.

6.10. Conclusions

This study is unique in determining the relationship between LBP and muscle
CSA, and CSA asymmetry, taking into consideration gender and anthropometric
differences. The multifidus and ES+M are not different between genders, but the psoas
and QL are. CSA asymmetry shows more utility than CSA alone in LBP. As multifidus
and ES+M were correlated with BMI and weight it is essential to take these into

consideration when using muscle CSA to evaluate LBP.
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Chapter 7. Alterations in resting state
BOLD MRI fractal dimension after Swedish

massage.

Jones GEG, Wong R, Shipwright S, Dryden T, Sagar SM, Wardlaw GM, Kumbhare DA,

Noseworthy MD.
7.1. Context of Paper

To the author’s knowledge, analysis of resting state BOLD using the FD measure
in the lumbar erector spinae and multifidus (ES+M) has not been published. This study
determined the resting state BOLD FD using three types of FD analysis and determined

the changes to FD immediately after Swedish massage therapy (MT).

Since some of the subject population received MT for their CLBP, the effect of
MT on BOLD FD should be quantified. Note that even immediately after MT, there was
no significant effect of MT on the FDgrpgjow 0r FDgrprast, but a significant effect on FDps.
As a result, when determining the effect of LBP symptoms on BOLD FD measures (in the
succeeding chapter), subjects who received MT within 6 months prior to MRI were
discarded. Their data was not used even though there was no effect on two of the three

FD measures immediately after MT (data from this manuscript/chapter). None of the
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LBP subjects in chapter 8 received MT immediately before MRI, and some received MT

months before their MRI.

Also, the results from this manuscript/chapter and those shown in chapter 8 are the
first to study BOLD FD in the erector spinae, and as chapter 8 describes, there was no
effect of LBP on any FD measures. The results from this manuscript/chapter confirms
that FD in the lower back is sensitive to a treatment (FDps). This is an important finding,
since the next chapter finds that BOLD FD does not resolve LBP symptoms. We confirm
in this chapter that FD in the skeletal muscle/lower back is sensitive to something, just not

LBP.

7.2. Declaration Statement

The concept and hypotheses for this paper was developed by Raimond Wong
(RW), Michael D. Noseworthy (MDN), Trish Dryden (TD) and Stephen M. Sagar (SMS).
Massage therapy was designed by Stacey Shipwright (SS) and TD and performed by SS.
MR scanning of patients was done by MRI technologists in the Imaging Research Centre
(IRC) at St. Joseph’s Healthcare, according to technical suggestions provided by MDN
and Graham M. Wardlaw (GMW). MDN and GMW did Matlab programming for image
analysis. Gavin EG Jones (GEGJ) wrote the entire first draft of the manuscript and
performed all image and statistical analysis. Guidance, advice, proofreading and editing
was provided by MDN, Dinesh A. Kumbhare (DAK), RW, and GMW. The manuscript
has been submitted to the American Journal of Physical Medicine and Rehabilitation on

May 31% 2012.
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7.3. Abstract

Objective: Blood oxygen level dependent (BOLD) magnetic resonance (MR) signal can
be used to probe regional microvascular function. BOLD signal complexity in time can
vary due to altered blood flow or volume, or through metabolic change. As massage
therapy is known to change muscle metabolism and microvasculature this study was done
to determine whether non-invasive BOLD imaging and it’s subsequent change in

complexity can visualize the effect of Swedish massage.

Design: Resting state BOLD MRI was acquired before and after Swedish massage,
which included the effleurage and petrissage techniques in 6 healthy subjects. The target
region was the L4 area of the erector spinae and multifidus (ES+M) muscles. BOLD data
was acquired with TE/TR=35/250ms, 3 slices, 2400 time points. Signal complexity was
evaluated using fractal dimension relative dispersion (FDgp) and power spectral (FDps)

mapping techniques.

Results and Conclusions: There was a significant decrease (p<0.01) in complexity of
FDpg from 1.16+0.12 to 1.08+0.09 after massage. Lower FD has been theorized to be
the result of increased low frequency fluctuations in microvasculature, perhaps due to
elevated vascular pulsatility and hence greater perfusion. Thus, we believe this is the first

time the effect of therapeutic massage on muscle has been imaged.

7.4. Key Words

Massage, muscle, MRI, signal complexity
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7.5. Introduction

Massage therapy (MT) has been practiced for many years. The concept of using
Swedish MT originated over a century and a half ago', but the physiological and
psychological correlates have been studied in detail only recently. There has been an
exponential increase in MT related publications in scientific journals within the past
twenty years, albeit from small initial numbers 2. Despite a growing evidence base, there
still appears to be fewer publications than other psychosomatic phenomena, compared to
psychotherapy, for example. There are several commonly understood and evidence
based benefits of MT, including the reduction of anxiety and depression’, and reduction

in muscular tension® .

Further, MT is believed to be related to many psychological and
physiologic effects, from amelioration of discomfort in patients with breast cancer, to
altering blood pressure, to reducing low birth weight, and premature birth®’. The explicit
underlying mechanisms for these and other benefits are not yet well understood. Massage

has also been attributed to increased local blood flow, as measured by infrared

spectroscopy® ® and ultrasound'’.

Several different techniques are commonly used for Swedish MT, some of the
specific techniques believed to influence circulation are effleurage, petrissage and
tapotement. Effleuage is a slow rhythmic stroking along the skin, from the distal to
proximal direction. It is believed to alter blood flow and accelerate lymphatic drainage'"”
13

Petrissage (from French pétrir, "to knead") are massage movements using fingers,

hands, thumbs, palms, which apply deep pressure, which alternately compresses and
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releases the skin and underlying muscle tissue. Kneading, wringing, skin rolling and
picking-up are various common forms of petrissage movements'*. Although it has been
long theorized that both effleurage and petrissage increase blood flow, there is a lack of
clear evidence in the research to date and there are numerous methodological variations
and limitations'>. Tapotement is a light percussive movement by opposite hands at a
high frequency. The tapping is generally believed to alter skin surface level circulation.
However, Shoemaker et al. 16 did not observe an increase in local blood flow after MT,
which included tapotement. MT in this study uses effleurage and petrissage, and avoids

tapotement.

The current study focuses on measuring/visualising changes in healthy lower back
muscle microvascular dynamics after Swedish MT, as measured by changes in magnetic
resonance imaging (MRI) blood oxygen level dependent (BOLD) signal complexity. The
BOLD signal is related to the ratio of oxygenated to deoxygenated haemoglobin. As
such, the BOLD signal reflects a complex change in blood flow, volume and metabolism
which is best characterized using a temporal fractal dimension (FD), an indicator of both
self-affinity and complexity'’. A self-similar structure has identical properties at
progressively greater resolution. Self-affinity is analogous to self-similarity, without
being exact replicas at all geometric scales. Structures with increasing self-similarity or
self-affinity have increasing complexity. Fractal dimension is measured on a scale
between 1.0 and 1.5, where values closer to 1.0 are simple, and values closer to 1.5 are
more chaotic or complex'®. Tt is believed that complexity and self-affinity are related. A

sinusoidal wave, for example, has a FD value close to 1.0 whereas white noise

97



Ph.D. Thesis — G.E.G. Jones; McMaster University — Biomedical Engineering.

approaches 1.5. Therefore we hypothesized perfusion associated changes resulting from
Swedish MT would reflect in changes in BOLD FD, where values closer to 1.0 reflect

greater blood flow than higher FD values.

7.6. Materials and Methods

In a study approved by our institutional research ethics board three male and three
female subjects (mean age 39+17 years) underwent BOLD MRI immediately prior to and
immediately following Swedish massage. Participants had no recent (3 years prior to
scanning and massage) history of lower back pain or injury, had not received a
professional massage in the 6 months preceding their inclusion in this project, and
females were post-menopausal and not on hormone replacement therapy. Following
subject consent, pre-massage MRI BOLD scanning was performed (30 minutes; details
below). This was followed by massage therapy (MT; 30 minutes, detailed below) and
immediately a post-MT BOLD MRI scan (30 minutes). The entire procedure took

1.75hrs.

7.6.1. Massage Therapy (MT)

MT was administered immediately following the first (pre) scan by a registered
massage therapist. Swedish massage was administered to the muscles of the dorsal trunk
between the lower neck (T1) and the coccyx. General techniques were applied to the

entire back region and specific techniques to the mid- to low-back and gluteal region.
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Note that the muscles targeted for imaging (lumbar erector spinae and multifidus)

received MT.

The initial general techniques consisted of static contact to the upper and lower
back, stroking followed by effleurage (light pressure, increasing with each stroke) applied

in the direction of the neck and upper back to lower back.

The middle phase (specific techniques) consisted of general light petrissage,
extending to more specific and deeper petrissage to the upper back, mid back and lower
back, in the lumbar paraspinals, quadratus lumborum, gluteal muscles, rhomboids, erector
spinae, levator scapula, latissimus dorsi, and trapezius, between T1 and the coccyx. Next,
from T1 to the coccyx, friction and/or muscle stripping was administered, using moderate
to deep pressure. The closing phase echoed the initial phase (general techniques) and

consisted of effleurage, stroking followed by static contact.

7.6.2. Magnetic Resonance Imaging (MRI)

Imaging was performed supine using a 3T GE Signa short bore MRI system (GE
Healthcare, Milwaukee, WI) and a 6 channel neck/spine array radio-frequency (RF) coil.
The supine position was chosen, with legs slightly elevated at the knees using a curved
foam pad, to keep the back muscles slightly elevated from the MRI bed. Furthermore, the
supine position avoided any respiratory-associated motion contamination in the lumbar
region. Imaging included anatomic axial T1-weighted (T1W) and sagittal T2-weighted
(T2W) images and blood oxygen level dependent (BOLD) images. The T2W images

were acquired to rule out underlying pathology and hence were only acquired in the pre-
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massage imaging session. The T2W images were acquired using a fast recovery fast spin
echo (FRFSE) with TR/TE=3200/85ms, ETL=19, receiver bandwidth (rbw) = 41kHz, A-
P frequency direction, NEX=6, matrix=416x256, field of view (FOV)=28cm, 4mm slice
thickness, 1mm spacing, 30 slices. Axial TIW images were acquired pre and post
massage and were prescribed to match BOLD images (described below). These were
acquired using a FSE-XL sequence centered on L3 (TR/TE=500/8.78ms,
matrix=320x224, interpolated to 512x512, 10mm thick, Omm skip, 22cm FOV, ETL=3,
NEX=2). Functional imaging using BOLD signal was done pre and post massage using
gradient echo, echo planar imaging (GE-EPI) with TR/TE=250/35ms, matrix=64x64,
rbw=250kHz, 3 slices with identical location as the axial TIW and 2400 time points (10

minute duration).

7.6.3. Image Analysis

BOLD data was analyzed using an in-house program written using Matlab 2010a
(Mathworks, Natick MA). BOLD datasets were analyzed both by a power spectrum and
relative dispersion (or coefficient of variation) methods. The power spectrum fractal
dimension (FDps) calculation was done based on Schepers ef al. '°. In short, the data was
converted from the time to the frequency domain, using a fast Fourier transform (FFT),
and fractal dimension (FDps) was calculated from:
=

A =27
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rp, =2+

2

Where A is the amplitude of the BOLD (T2* weighted) signal in the frequency domain

and P is the spectral index .

Alternatively, FD was also calculated by using the relative dispersion method
(FDgp). Here, relative dispersion (RD) is defined as the standard deviation (o) divided
by the mean (u) and FDgp is calculated based on:

1-FDpgy,

RD(m)=RD(m,,)x mﬂf

Here, the RD is calculated at multiple scales (m), and the reference scale (my.f) is set to 1.
Previous work has noted two FDgp components in skeletal muscle (slow and fast). Here
we calculated FDgp-slow from observations at greater timescales (between 4 and 64
seconds long), and FDgp-fast calculations are based on data between 0.25 and 2 seconds

long.

Regions of interest (ROIs) were drawn such that the erector spinae and lumbar
multifidus (ES+M) muscles were the targets at the L4 level. ROIs were drawn on the

BOLD image before FD calculation. A 2-way repeated measures ANOVA, with the two
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factors being laterality (i.e. left vs. right ES+M muscles) and treatment (i.e. before and

after MT) was performed on muscle FD data.
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7.7. Results

Pre-MT Post MT

A) Fast FDgp B) Fast FDgp
L 1.09+0.03 L 1.03+0.02
R 1.13+0.04 R 1.05+0.02

C) Slow FDg,
L 1.20+0.06

D) Slow FDgp
L1.06+0.01 |
R 1.09+0.04 "

E) FDpe F) FDps :
L 1.17+0.07 L 1.0540.05 .
R 1.13+0.05 R 1.10+0.06

G) T1W Pre MT

Figure 7.1 Fractal dimension maps and corresponding axial T1W images at L4 are shown
from a healthy 23yr old male with no history of low back pain. A and B show maps of the
fast component of FDgrp, C and D are slow FDgrp component, E and F are power spectrum
FD maps (FDps), and G and H are TIW images. The FDps is clearly reduced post MT.
Although the fast FDrp component appears reduced in this subject neither it nor the slow
FDgrp component were significantly different in pre compared to most MT.
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Example FD maps of the target lower back area are presented in fig. 7.1. Overall,
from the parametric FD maps, the ES+M appeared to have reduced BOLD FD after
massage treatment, for both power spectrum (FDps) and relative dispersion (FDgp)
analysis methods. However, group analysis showed only a statistically significant main
effect of massage treatment for FDps [2 way repeated measures ANOVA, using both

laterality (left vs. right) and effect of massage as repeated factors] (fig. 7.2).
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Figure 7.2 Plots fractal dimension (FD) power spectrum (PS) of the right and left ES+M
muscle groups before massage treatment (MT). Values are means I standard deviation (**
p<0.01).

104



Ph.D. Thesis — G.E.G. Jones; McMaster University — Biomedical Engineering.

There was no significant effect of massage on either the fast or slow FDgp
components of the BOLD signal (fig. 7.3). No significant laterality effect was noted for

any of the FD methods tested.

Fractal Dimension before/after Fractal Dimension before/after
Massage- Slow RD Component Massage- Fast RD Component
1.6 1.6
1.4 | 1.4 .I.
1.2 +71 T 1.2 -1
[T T T
1 - 1 - I
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Figure 7.3 Plots of fast and slow components of fractal dimension (FD) relative dispertion
(RD) of the right and left ES+M muscle groups before massage treatment (MT). Data are
Means +/- SD, no significant effects of right/left or pre/post MT (2 way repeated measures
ANOVA, background not included in ANOVA).

As a check of MRI scanner consistency, FD calculations were done on a ROI in
the BOLD image background (i.e. air in the image around the person)(figs. 7.2 and 7.3).
This consistently showed higher FD values (near 1.4), characteristic of scanner electronic
(near white) noise, which is complex and aperiodic. Further, background ROIs were
significantly higher then either the pre or post MT ES+M ROIs (1 way ANOVA). No

differences in scanner noise FD were noted pre vs. post massage.
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7.8. Discussion

Self similarity occurs when a structure has the same appearance at differing spatial

scale, or in the time domain, at different sample size.
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Figure 7.4 The ‘Koch snowflake’ where shapes have increasing complexity, self similarity
and self affinity, and hence increasing FD from A to D. Plots were produced using Matlab
(Mathworks, Natick, MA).

Self similarity can be shown pictorially by the “Koch’s Snowflake” (fig. 7.4)
where each structure shown in figs. 7.4A-D has the property of self similarity at any

scale, with progressively higher complexity and hence higher FD. This spatial calculation
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can similarly be performed on time domain data (such as BOLD signals). A low value
for FD means lower BOLD signal complexity. In microvasculature lower complexity
may represent regular or rhythmic flow and tissue oxygenation, which could be achieved
through higher perfusion rates. We found a bilateral reduction in FDpg, post massage
(Fig. 7.2) that was qualitatively noticeable on FDps maps (Fig. 7.1). Weerapong et al.
believed that both effluerage and petrissage enhance venous return®’. Furthermore, using
infrared thermometry, MT which includes both petrissage and effleurage has been shown
to increase blood flow®. MT has shown to increase blood flow in diabetic subjects with
peripheral arterial disease’’. A vibration inducing massage machine has been shown to
increase local blood flow?. Yet others have found increases in blood flow with MT,
however those were only at the skin level not in deep muscle. Hinds et al. suspect this
may be due to increased friction associated with MT, and as a consequence increase in

local blood flow to dissipate the heat 2,

Conversely, there is some indirect evidence supporting the idea that muscle blood
flow is decreased after MT. For example, preterm females are more relaxed during and
after moderately intense but not light MT, as measured by increased parasympathetic

25-27

activity based on EKG activity™~’. However, the authors did not postulate the effect on

muscle blood flow. Infants displayed increased parasympathetic activation, including

. . . 24, 2
increased vagus nerve activation, after massage™* .

Decreased brachial artery blood
flow and increased muscle lactic acid concentration with consequent decreased pH were

observed in massage subjects compared to non-massaged controls after forearm

exercise®. Although there are studies consistent with post-MT decreased muscle blood
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flow, many are due to indirect measures. There appear to be studies confirming increased
blood flow directly, which would make comparisons to the current study more relevant.

1.26

For example, Field ef al.”™” showed there is increased post-MT heart rate in preterm

infants, which could be consistent with increased muscular blood flow.

There are many differences in the type and duration of MT, the subject groups,

$ showed

location of the massage, and other factors. For example, Wiltshire et al. *
decreased blood flow and greater lactic acid buildup in the forearms of healthy males in
their twenties after a forearm grip exercise and then forearm massage. Their data should
not be directly compared to Button et al. **, who showed that 30 minutes of vibratory
machine stimulation increased blood flow in the calves of healthy subjects, compared to

21 . . .
[. = concluded that there was in increase in

placebo-controls. Also, Castro-Sanchez et a
lower limb blood flow with type 2 diabetic patients. The closest study on the lower back

determined that there was decreased systolic and diastolic blood pressure of Caucasian

hypertensive subjects after massage™.

A lower FDps implies increased muscle microvascular perfusion. We wanted to
verify lower FDps was due to the MT and not something else. First, MT was consistent
between left and right sides of the subjects (i.e. there was no significant effect of
laterality, fig. 2) indicating balanced treatment by the massage therapist. The background
FD values from both FDps and FDgp (fig.2) were significantly greater (Student’s T-test,
p<0.05) than both the pre- and post-MT data indicating that FD is a reliable measure and

not something due to MRI scanner variation. Furthermore, there was no noticeable
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background effect on (i.e. image noise) FD values, showing the MRI scanner was not the

source of FD differences.

We have shown that the FDpg method is more sensitive to changes after MT than
FDgp methods. Eke et al. ' *° has shown that depending on how data appear in the
frequency domain, it can be characterized as fractional Brownian motion (fBm) or
fractional Gaussian noise (fGn). If temporal data can be classified as fGn, then
dispersional analysis should be used (i.e. FDgp method), while if data are fBm, then
bridge detrended scaled windowed variance (bdSWV) should be used. Both bdSWV and
dispersional analysis are in the time domain. Our study did not characterize this data as

either fGn or fBm, so that may be the origin of the limitation with our FDgp method.

Compared to conventional MRI sequences, the use of BOLD FD analysis is
potentially of great value across various forms of pathology, showing unique functional
colour maps that reflect sensitive changes in microvascular activity. Many disorders

32-34

. . . 1
include a microvascular component, such as diabetes®', compartment syndrome®*>*, and

cancer>>>’,

In fact BOLD FD was shown to highlight potential intratumour
microvascular activity®. Similarly, this microvascular functional information could be
applied to muscle, yielding much more than anatomical information. For example,
imaging using conventional sequences is not always useful in characterizing lower back
pain. Last and Hulbert stated: “imaging has limited utility because most patients with
chronic low back pain have nonspecific findings on imaging studies, and asymptomatic

9 41

patients often have abnormal findings Given BOLD FD’s sensitivity to tissue

microvascular changes, the functional information generated may prove to be much more
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powerful in assessing tissue status, before and after intervention — using techniques such
as massage. Ultimately, BOLD FD values reflect changes in tissue microvasculature,
hence blood flow/oxygenation variation. Here we show whether changes in BOLD FD
occur immediately after MT in the erector spinae and multifidus muscles at the L4 level.
Our data support the theory that MT results in increased blood flow, based on decreased

FDps.

7.9. Conclusion

The results from this study are consistent with previous studies® ' 2* ** which
found that there was a slight significant change in blood flow after Swedish MT using
primarily effleurage and petrissage. For our tests, the FDpg was more sensitive than

either FDgrp method.
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Chapter 8. BOLDFD in the erector

spinae in subjects with and without LBP

Gavin E.G. Jones, M.Sc., Dinesh A. Kumbhare, M.Sc., M.D., FRCPC, Srinivasan Harish

MBBS, FRCPC, and Michael D. Noseworthy, PhD, P.Eng.

8.1. Preamble

This chapter is a manuscript in preparation. Data analysis is complete and
manuscript submission will be discussed in subsequent months. Many of the basic
reviews of BOLD-MRI and fractal dimension analysis are not included in the introduction

(chapter 8.2) since that material is part of chapter 2.3.
8.2. Introduction

The ES+M is altered in subjects with lower back pain as previously noted in
earlier chapters. Structural changes have been observed based on DTI and CSA measures
(Chapters 5, 6 and 9). In addition to structural differences in the multifidus and erector
spinae with LBP, there are also functional differences; subjects with low back pain have
more active erector spinae than controls during Swiss ball exercises (Bressel ef al. 2012),
during back exercises (Colado et al. 2011), and during normal walking paradigms

(Hanada et al. 2011), based on EMG measurements. Also, the induction of pain in
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asymptomatic subjects alters the EMG signal from the lumbar multifidus (Keisel et al.
2012). Since functional activity of the erector spinae is altered with low back pain, and
the sensation of pain is also associated with changes in erector spinae activity, it is
possible there are changes in local perfusion that are associated with the symptoms of low

back pain.

Perfusion is commonly assessed using intravenous contrast agents. However, the
bony region of this area of the back would make acquisition of MR perfusion data a
challenge. Also, all contrast-based perfusion methods are a snap-shot into local blood
flow which may or may not reflect microvascular flow over prolonged time.
Furthermore, we wanted to develop a non-invasive method to look at musculature that
does not rely on intravenous injections. As an alternative, MRI BOLD imaging was
hypothesized to be a useful approach. BOLD signal, which results from the ratio of oxy
to deoxyhaemoglobin, reflects a complex signal containing contributions from local blood
volume, perfusion, haematocrit and local metabolism. Although changes in the BOLD
signal have not been used to measure changes in the lumbar erector spinac, BOLD

imaging has proven to be useful for several clinically relevant purposes.

BOLD has shown utility in cancer (Barrett et al/ 2007; Padhani et al 2007).
Cancerous tissue often initiates abnormal angiogenesis through the release of several
angiogenic factors including vascular endothelial cell growth factor (VEGF). This can
lead to a tumour ‘concentration’ of blood vessels greater than surrounding normal tissue.
Changes in the BOLD signal are attributed to increased local blood volume, and closely

match the outline of tumours (Liidemann et al. 2006). Changes in the fractal dimension
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(see Chapter 2.3) of the BOLD signal may be associated with tumours (Wardlaw et al.
2008). This may have to do with the disorganized, haphazard organization of the tumor
vasculature compared to normal tissue as well as increased perfusion. One common
thread between cancer and BOLD signal is the increased perfusion, blood flow and

volume (all attributable to angiogenic processes) and increased metabolism.

Arthritis is another disease having inflammatory responses that can lead to aberrant
angiogenesis and resulting increased perfusion, blood flow and volume. As such BOLD
imaging has shown utility in arthritis (Doria and Dick 2005). Healthy musculature has
also been evaluated using the BOLD signal (Noseworthy et al. 2003). Furthermore,
modulation due to vasoactive compounds has shown muscle BOLD is highly sensitive to

microvasculature (Bulte et al. 2006).

BOLD signal is often measured in cancer, muscle and arthritis studies using
paradigms similar to functional MRI brain imaging. However the paradigms are often
done via hyperoxia or carbogen cycling, the result of which is analyzed using standard
generalized linear models (GLM). We proposed that the BOLD signal, being a complex
signal, may be measured using an index of complexity, the fractal dimension (FD). Here
low FD indicates periodicity and likely higher perfusion. Alternatively, higher FD
indicates a muscle with minimal perfusion, likely with reduced activity. We suggest
BOLD FD could be used to demonstrate local perfusion changes, possibly resulting from
chronic pain within the ES+M target. A difference in BOLD FD in subjects with CLBP

compared to controls is consistent with a difference in blood flow in the ES+M.
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8.3. Materials and Methods

&.3.1. Subject population

Twenty two subjects (twelve females, ten males) with LBP and 21 (ten females,
eleven males) control subjects were scanned. The two groups’ demographic
characteristics were not significantly different from each other, but the ODI and VAS
scores were significantly higher in the LBP group than controls; ODI LBP: 44.6+23 .4,

ODI controls: 1.8+3.6, VAS LBP: 6.3+£2.7, VAS controls: 0.1+0.3.

8.3.2. MRI parameters and offline analysis

MRI parameters were identical to those used in chapter 7 (FD in subjects with
MT). In short, subjects were scanned in a supine position on a GE 3T Signa MRI (GE
Healthcare, Milwaukee, WI), using a 12-channel neck/spine RF coil. Axial and sagittal
T1W and T2W images were acquired to verify there were no bony abnormalities or other
extreme pathology. No subjects failed this routine radiological examination. For BOLD
scans 3 slices, covering L4 were acquired with gradient echo/echo planar imaging and

TR/TE of 250/35ms, matrix 64x64 for 2400 time points (scan length = 10 minutes).

Regions of interest (ROI) were the erector spinae muscles and a background ROI
outside the body, drawn on the BOLD FD image. FD was then calculated using the FDpg
method (Eq 2.6 and 2.7) and FDgrp method (Eq 2.8) as described in chapter 2. Analysis

was performed using in-house programs written in Matlab (Mathworks, Natick, MA).
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8.3.3. Statistical analysis

Tests for normality within each ROI was made with Jarque-Bera test, which takes
into consideration both skewness and Kurtosis, and a test for normality within each group
was made with the Shaprio-Wilk test (SPSS 12.0, IBM). Comparisons between groups

were performed with ANOVA with left and right ES+M and LBP/control as factors.

To determine the relationship between FD and another continuous measures such

as age, ODI score or BMI, Pearson’s correlation coefficient was calculated.

8.4. Results
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Figure 8.1 BOLD FD in subjects with and without LBP.

BOLD FD using the FDps, FDgrp.fast, and FDgrp.siow methods are shown in figure
8.2. For all three FD calculations, there were no significant differences between the LBP

and control groups, nor any difference between left and right ES+M (p>0.05). However,

119




Ph.D. Thesis — G.E.G. Jones; McMaster University — Biomedical Engineering.

for each of the three FD calculations, the background was significantly greater than all
other values (p<0.05). This indicates the FD measure is not a mathematical artifact since
BOLD signal is more complex and random outside the body (i.e. in regions of white noise
caused by the MRI scanner system), where no perfusion is expected. From tissue ROIs
the FD is lower, indicating biological temporal variations such as perfusion and metabolic

fluctuation.

To make correlations between FD and either demographic information or
symptoms of LBP (ODI and VAS scores), the right and left FD values were averaged.
Justification for averaging left and right FD values is that the asymmetry index values
were very low, with many under 2, indicating FD values were highly symmetric, more so
than CSA and DTI FA Al There was very little correlation between FDpg and
anthropomorphic data (either age, weight, height, Godin Score, VAS, or ODI score). The
highest value was R?=0.19 (between FDpg and Godin Score), and many of the other
comparisons yielded much lower values. When all subjects (LBP and controls) were
included, the correlation comparing FDps and BMI is R>=0.24 as seen in figure 8.2 below

which was much higher than comparisons between FDpgand other anthropomorphic data.
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Figure 8.2 Scatter plot of BMI vs. Mean (left and right) BOLD FDps in all subjects.

The correlation between FDpgs and ODI score (which is the gold standard for LBP

symptoms) was only R*=0.03.

It is possible that there is a greater relationship between ODI and FDpg for
subjects within certain BMI ranges rather than the population taken as a whole. Table 8.1
shows the correlation coefficients between ODI and FDpg for BMI broken down into

ranges listed by the World Health Organization (WHO 1995).
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BMI Pearson's
(kg/m?) R* n

18-25 -0.16 18
25-30 -0.1 13
30-35 -0.029 )
35-40 -0.29 3
>40 0.36 3
ALL

BMIs -0.03 43

Table 8.1 Pearson’s correlation coefficient (R2) for subjects (LBP and controls) for different
BMI categories, and the sample sizes (n).

The greatest correlation values were for subjects with BMIs between 18 and 25. There
were other high correlations, but the sample sizes are small. The correlation between
ODI and FDps in all subjects and in only those with BMIs between 18 and 25 is shown in

figure 8.3, below.
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Figure 8.3 Scatter plot of ODI vs. Mean (left and right) BOLD FDps in all subjects for all
subjects (R?2=0.03) and for subjects with BMI between 18 and 25 (R2=0.16).
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8.5. Discussion

Analyzing the BOLD signal has proven useful in other applications (Barrett et al.
2007; Padhani et al. 2007; Doria and Dick 2005). Here we did not find FD measures
were different between LBP subjects and controls. Furthermore, there was no correlation
between FD values and any other measured factor, such as anthropometric characteristics

or symptoms of LBP, as measured by ODI or VAS.

LBP has been shown to cause changes in the erector spinae, such as gross
structural changes measured by muscle CSA (Niemelainen et al. 2011; Beneck and Kulig
2012), and changes in tonic activity during tasks (Enomoto et al. 2012; Kolich et al.

2000; Tanaka et al. 2002).

It is likely that the lumbar multifidus contains a large proportion of fibres that are
oxidative in nature, based on their requirement of tonic activity. This implies that the

BOLD signal is larger than would be expected if the fibres were largely glycolytic.

The fact that there are functional changes to the lumbar erector spinae did not
translate into changes in the BOLD FD values. There are several possible reasons for the
lack of observed changes in BOLD FD. It is possible there is not such a great increase in
tonic activity in the patient who suffers from CLBP that increased blood supply is
required. Furthermore, the subject is lying quiescent in a supine position, and is not
required to have activated erector spinae, as is required during standing upright.

Typically, differences between control and LBP subjects are revealed in EMG activity
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when a task is performed. It may be useful in the future to determine whether there are
differences in BOLD FD after several tasks which stress lower back activity, such lumbar
raises, planks, or standing on an unstable surface (Ramprasad et al. 2011) then
immediately measuring the changes in BOLD FD. Since it is presumed that blood flow is
correlated with FD, then there is no change in blood flow with the symptoms of LBP in

subjects suffering from CLBP.
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Chapter 9. Combined Measures

9.1. Overview

Both DTI and CSA have shown to be sensitive to LBP symptoms, but BOLD

FDps showed only slight correlation to LBP symptoms. There were several promising

observations, similar in both DTI and T2W CSA scans:

11.

1il.

The absolute value of a metric does not change significantly comparing the
control and LBP groups, however there is greater asymmetry in the LBP group
than controls (FA Al for DTI scans and CSA Al for T2W images).

Correlation has revealed relationships between a dependent factor such as FA Al
or CSA Al with the symptoms of LBP. There is a wide variety of severity of
symptoms in the LBP group. When correlating FA Al or CSA Al to the
symptoms of LBP, as measured by ODI, both measures show correlations with
R?=0.35 to 0.40.

ODI score was found to correlate with VAS at a level of greater than R*=0.90 for
the populations used for DTI and T2W scanning, indicating that the underlying
phenomena they both measure is similar. This is not surprising, since the subject
samples are almost identical for the different studies. In other words, with three

exceptions, the same subjects were used for all three scan/analysis types.
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iv.  Correlations ranging from R*=0.30 to 0.40 was found when comparing BMI and
either FA Al or CSA Al or weight and either FA Al or CSA Al

v.  The correlation between ODI and FA Al or CSA Al increased only when certain
categories of BMI were used, typically below 40 kg/m®.

vi.  There were no other correlations above 0.25 found between FA Al or CSA Al or
any other demographic characteristic, such as height, age, or level of physical

activity (as measured by Godin score).

These observations indicate that the trends measured are likely genuine for both
DTI and T2W scans. Also, a combination of the data may provide useful. Further, data
from both DTI and T2W show the same reliance on BMI but not on other factors, so the
limits or categories placed on this combined factor will not have to choose between
diverging trends. In other words, the same BMI categories are most reliable for both DTI

and T2W data.

Since there are so many similarities, one might ask if they are measuring the same
phenomena. This seems unlikely since the correlation coefficient between DTI FA Al

and CSA Al was R*=-0.05.

Only the most efficacious measures from each of the different MR scans will be
tested in combination to see if, together, they are more closely related to the current
clinical standards, the ODI or VAS. For DTI measures, the FA Al in the multifidus of
both sexes can be used. For CSA, the multifidus CSA Al at the top endplate of L4 of

both sexes can be used. For BOLD FD, mean (left and right) FD PS can be used.
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Since both FA Al and CSA AI are both normalized data which scale from 0-100,
they can be summed, product or difference taken with equal contribution from each
measure. This cannot be said of FDpg, which scales from 1.0 to 1.5 and must be

normalized to fit a value between 0 and 100, to ensure there is equal contribution from

FDps.

9.2. Combination of Data

Several different measures were tested, using simple mathematical relationships
such as multiplying measures together, such as [FA AI]*[CSA AI] or averaging

measures, such as [(FA AI)+(CSA Al)]/2.

Combination measures using BOLD FDpg were calculated but those using BOLD
FDpg are problematic, since FDpg only scales between 1 and 1.5 while other Al measures
scale between 0 and 100. If normalized BOLD FDpg were used (altered to scale between
0 and 100 rather than 1.0 and 1.5), then its contribution would be too high compared to
the other scans. This is because even though FA Al and CSA Al theoretically scale
between 0 and 100, in practice the Al values were very low; the CSA Al for all subjects
was 8.62 and FA Al for all subjects was 3.97. By comparison, the mean normalized
FDpg was 73.17. Also, using FD was not likely to add accuracy to the combined index;
FDps correlated with ODI score only with a level of R2=-0.O3, and there was no
significant difference between the LBP and control groups when comparing mean FDps.

Several different calculations were tested, and are listed below:
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CSA,, +FA,, + FD,

Index1 = 3 9.1)
Index? — CSA,, +FA Aé +FDyg . 9.2)
Index3=CSA,, X FA,, X FD, (9.3)
Index4 =CSA,, X FA,, (9.4)
Index5 = % (9.5)
Index6 =|CSA,, —FA,, (9.6)

FDpsnorm 18 @ normalized FA, which scales from 66-100 instead of 1.0-1.5. It is

calculated simply as:

FDPS_NWm = (FDPS —-1.0)x150 9.7)

Two or more measures may contribute to the variability, which correlates to ODI,
and together, there may be improvement. This is the rationale for the simple averages in
indices 1, 2 and 5. Although taking the product of two measures (from indices 3 and 4) is
uncommon in physiological measures, such an effect has been shown between hearing
impairment and the product of age and smoking (Noorhasim and Rampal 1998) physical
activity and body size on breast cancer risk (McCullough ef al. 2012), circadian genes and
breast cancer risk in shift workers (Monsees et al. 2012), and obesity and vitamin D
deficiency on insulin resistance (Kabadi et al. 2012). Each possible index is evaluated
based on the correlation with the ODI and VAS measures. Table 9.1 below shows

Pearson’s correlation coefficient (R?) for each Index (1-6) vs. either ODI or VAS.
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oDI VAS

Index

#1 0.37 0.37
Index

#2 0.21 0.22
Index

#3 0.20 0.25
Index

#4 0.29 0.34
Index

#5 0.37 0.37
Index

#6 0.39 0.38

Table 9.1 Pearson’s Correlation Coefficient for each index vs ODI or VAS.

It appears that the highest correlations are for equations 9.5 and 9.6. Also, since both FA
Al and CSA AI show correlation with BMI and both index #5 and #6 are comprised of
FA Al and CSA Al measures, Pearson’s correlation coefficient was calculated between
index #5 and ODI and index #6 and ODI for LBP subjects with BMIs in various

categories as seen in table 9.2.
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R2
Index ODI
BMI Range # SCORE n
18-25 5 0.88 7
6 0.51
26-30 5 0.43 8
6 -0.39
31-39 5 0.18 7
6 -0.11
18-30 5 0.67 15
6 0.15

Table 9.2 Pearson’s correlation coefficient (R2)for Indices #5 and #6. Only LBP subjects
are used, and correlation are broken down into BMI categories. The last row are R2 for
BMIs between 18 and 30, the most reliable group, although it is not a WHO category.

9.2.1. Justification for Using only LBP Subjects in BMI Categorized

Correlations Between Index and ODI

Only LBP subjects were used for comparisons in table 9.2 since control subjects typically
had very low (zero or close to zero) ODI values. Control subjects typically cluster
around the origin. An example can be seen in figure 9.1. Such data would artificially
inflate correlation coefficient values. So then a high correlation might mean that there are
more control subjects in that BMI category, and might not reveal an actual relationship
between the index value and ODI for that BMI category. Note that there was one subject
with a BMI of greater than 40, so the correlation between Indices and ODI could not be

calculated for that BMI category.

9.2.2. Comparisons Among Indices and ODI — BMI categories

It is obvious from table 9.2 that index #5 appears to be the most useful. Although

the R* were similar for Index #5 and #6 in table 9.1, when groups were broken down into
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BMI categories, the correlations were higher for Index #5, especially for lower BMIs.
The relationship between ODI and Index #5 decreases with increasing BMIs from
R?=0.88 down to 0.18, while the correlation between Index #6 and ODI is even negative
for some categories (asymmetry is greater in subjects with less severe symptoms).
Further, Index #5 makes more sense than Index #6. It is a standard mean of FA Al and
CSA AlI, while Index #6 is a difference between the two. For this reason, Index #5 is the
mean of CSA Al and DTI FA Al, and can be renamed the JONES-NOSEWORTHY-
KUMBHARE INDEX, JNK INDEX, and will be used and is the best measure of
combination of the DTI and CSA measures used in this study. The correlation between
the JNK Index and ODI for all subjects is seen in figure 9.1 and only for those with BMIs

between 18 and 25 in figure 9.2.

ODI vs JNK Index (Index #5)
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Figure 9.1 ODI vs. JNK Index (equally weighted mean of FA AI and CSA Al) for all subjects.
R?=0.37 for all subjects.
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ODI vs JNK Index (BMI 18-25 kg/m?) for
100 LBP subjects Only
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Figure 9.2 ODI vs. JNK Index for LBP subjects only, with BMI between 18 and 25. R2-=0.88
for this group.
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Figure 9.3 ODI vs. JNK Index for LBP subjects only, with BMI above 30 kg/m2. R2-=0.18
for this group.
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Figure 9.3 shows the scatter plot of ODI vs. JNK index for subjects with BMI above 35
kg/m* BMI above 35 kg/m’ is the least reliable category, with R*=0.18, compared to

figure 9.2, with R>=0.88.
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Chapter 10. Future Directions

10.1. Study Limitations

The MR scan types used in this thesis cross the spectrum from widely used (T2W

imaging) to novel (fractal analysis of the BOLD signal).

Cross sectional area of T2W images are well studied, and have been reported in
the lumbar erector spinae and multifidus using MRI (Hides et al. 1995; Kader et al. 2000;
Lee et al. 2011; Beneck and Kulig 2012; Shafaq et al. 2012). T2W images were
originally collected as a measure to establish content validity; to confirm that our subjects
are similar to those reported elsewhere (Hides et al. 1995; Kader et al. 2000; Lee et al.

2011; Beneck and Kulig 2012; Shafaq et al. 2012).

DTI has been performed extensively in other tissues, such as the brain and CNS
(Christidi et al. 2011; Asano et al. 2012; Kasahara et al. 2012; Lange et al. 2012; Zappala
et al. 2012), and in skeletal muscle (Zaraiskaya et al. 2006; Damon 2008; Kan et al. 2009,
Karampinos et al. 2009; Froeling et al. 2010; Kim et al. 2011; Cermak et al. 2012).
However, there are no publications of DTI in the lumbar multifidus and/or erector spinae,

let alone any that analyze the musculature in relation to LBP symptoms.

Fractal analysis of the BOLD signal is in its burgeoning stages both in the brain
and skeletal muscle (Noseworthy et al. 2010). The unique aspect of BOLD FD is the

functional changes in the musculature in subjects with LBP symptoms.
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Since there are a wide variety of types of MRI scan types used here, the

limitations for each are unique. For BOLD imaging with FD analysis, there is a logical

jump, which says that a sinusoidal signal has lower FD values (which is true) and

decreased complexity, but a sinusoidal signal in the frequency range required by

perfusion approximately 1-2 Hz is not the only cause for decreased signal complexity. A

flat line (no blood flow) has low complexity. As does a sinusoid at a different frequency,

outside the physiological range. The assumption that the decreased complexity is due to

increased contribution of perfusion can be tested in several ways:

1.

Blood flow can be altered artificially, such as administration of heat or a local
vasodilator via a surface patch, which would cause increased blood flow in the
erector spinae, but not other areas or just on one side. The contralateral side and
pre-heat administration can be controls.

Blood flow could have been measured with infrared spectroscopy or possibly
contrast-enhanced ultrasound or MRI to confirm that changes (if they were found)
were consistent with accepted measures.

Analyzing the BOLD signal to fit a sinusoid at the appropriate heart rate (HR),
which could be found from pulse oximetry. The sine amplitude and residuals
(from the data fit) could be calculated and compared to control data to determine
if there was a change in blood flow as well as a comparison to any changes in FD

data.

DTI could have benefitted from optimizing parameters in the lower back, such as

b-value and/or number of encoding directions, which would result in greatest SNR, with
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optimal scan time. Further, reducing scan time, by reducing NEX or TR so that there is
still SNR greater than 20 (Damon 2008) and the results can correlate with the symptoms

of LBP.
10.2. Recommendations for Proposed Work
This study was a first step to determine the utility for certain scans (such as lower

back DTI and BOLD FD) for CLBP.

As described in the above section, there are specifics about to the FD measure

which can be tested (listed 1-3 in above page).

Also, several empirical questions which should be addressed before these scans is

used to affect clinical decisions:

Is JNK more sensitive to certain types of LBP?

* Is JNK more sensitive to injuries that originate from certain I-S locations?

* Is there a critical time after injury to make measurements?

* There is a correlation between the symptoms of LBP and DTI/T2W results, but is
there a causal relationship? Does LBP symptom severity cause the structural
changes observed?

* Can it be combined with some other modality to improve sensitivity such as

ultrasound estimate for Young’s modulus or task-related EMG? — Are the results

from just the DTT and T2W scans the only ones that can be combined?

* s there a better way to combine the data rather than just a simple average
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e Can the multiple sources of variability from the two measures (DTI and T2W) be
identified, using a statistical technique such as principle component analysis
(PCA)?

* s the decreased effectiveness in subjects with BMIs greater than 35 due only to
the inclusion of fat in the ROIs?

* Is the scan monetarily worthwhile? If there is an estimated cost of $250 per scan,
and the yearly cost per patient is $5,500 (Jacobs et al. 2004), then the scans and

analyses would have to results in only a 5% decrease in direct costs to break even.

Although promising, there are many regulatory, financial and legal barriers to
widespread clinical use of these scans in North America. Even so, improvement in
current diagnosis using DTI in lumbar dysfunction is timely and may be cost-effective.
This is a thought reminiscent of that by Zhang et al. (2012) who suggest “it would be
worthwhile to validate the relationship between DTI metrics and the degenerative status
of [intervertebral discs] IVDs ... on patients with degenerative discs in order to further

explore the clinical usefulness and relevance of DTI.”
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Appendix 1 Clinical Context

DTI and CSA results have shown to be correlated with the ODI and VAS
questionnaires, but only if certain constraints are met: BMI of the subject must be under

35, and, DTI’s SNR must be greater than 20.

There are at least three uses. The first is as an objective measure of the subject’s
pain. Typically the ‘gold standards’ consist of several questionnaires, which may include
the ODI or R-M, and modified VAS results, and clinical observation, which may include
tests such as the (Laségue) straight leg raise test. These all require input from the patient,
and this subjective information may be skewed to the more severe end if there is a

monetary incentive.

Also, there are many aspects of care, which add inefficiencies and/or inaccuracies
to the treatment process. Recovery from the symptoms of LBP is highly variable. It has
even been shown that a person’s beliefs about their control over their situation can
influence alleviation of symptoms (Foster ef al. 2010; Henschke et al. 2010; Main ef al.
2010). Some primary care physicians have knowledge gaps, which Scott coined ‘know-
do gap’ in reading ‘red flags’, diagnostic imaging, and providing sick leave and financial
assistance (Scott ef al. 2010). The scans and analyses submitted here require very little
interpretation, when developed fully, and may circumvent the ‘know-do’ gap, decreasing
the economic burden and increasing accuracy of diagnosis. Further, the JNK index
correlates with symptoms of LBP and may not require analysis of the relationship

between a person’s beliefs and the underlying cause. As described in this paragraph, the
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underlying symptoms may have many contributors: true physiology, psychological
factors, and/or financial motivations. While objective measures like the ODI and VAS
questionnaires may be contaminated by financial motivations, the results from the DTI

and T2W scans are only influenced by the first two.

The costs to treat the symptoms of CLBP can be reduced if a stratified primary
care management strategy is undertaken (Whitehurst ef al. 2012), as described in detail in
Appendix 1.2.  The results of these scans may be applied to putting the subject in the
correct stream. The benefits of stratified care are increased quality adjusted life years

(QALY) for a slightly reduced cost, compared to standard practices.

As described in Appendix 1.1 below, the QALY is a limited measure for
evaluation of LBP symptoms. The JNK index and LBP-specific questionnaires such as
the ODI and VAS may provide more utility in assessing the quality of patient care.
Although ideal, there may be cost limitations, and, unless subjects are already required to

have undergone an MRI, may not be applied to a whole target population.

Appendix 1.1 Quality Adjusted Life Years (QALYSs)

A QALY is a measure of the patient’s life expectancy and how well they are
living at that moment. QALYs are used to guide healthcare allocations decisions
(Herdman et al. 2011). QALY is the product of a person’s life expectancy and a utility
rating, so one year in complete health is given a value of one. As an example: a patient

who has a lifespan of one year with a utility factor of 0.5, perhaps from LBP, will have a
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QALY of 0.5, and a person who lives 6 months in perfect health will also have a QALY

of 0.5 (Lipscomb et al. 2009).

QALYs can be used on populations and take into account the length and quality of
a treatment or cost/benefit analysis. The measure is also versatile, since the utility factor
can be calculated based on a custom questionnaire or measure that can focus on an aspect
of quality of life for the disease/treatment in question. QALY are not an ideal measure,
since lower back abnormalities are seldom fatal. For LBP symptoms, the first part of the
product isn’t needed. However, QALYs are necessary since they are the outcome
measure of LBP treatment in many population-based studies such as those by Whitehurst
et al. (2012). Another limitation is that QALY's are primarily made for population-based
care decisions, but are applied to individual patients on occasion, and the optimal
decisions for the community are sometimes at odds with the best outcome for the

individual (Weinstein et al. 2009).

The QALY must address several issues (Drummond et al. 2009), such as:

*  What is the value being assessed?

*  Who is asking, the individual, physician, or health care decision maker?

* How are the healthcare outcomes defined?

* What is the ideal outcome or what outcome will produce a value of 1.0 for the

utility factor?

The results from a questionnaire must address answer all of these questions based on the

application of the QALY measure. For these multiple purposes, there are several different
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QALYs. This overview will only discuss ‘conventional’ QALYs for the interest of
simplicity, since conventional QALY's are used to assess stratified care by Whitehurst et
al. (2012). The QALY utility factor can be assessed by many indices such as the 7-item
Health Utilities Index, the 8- item Health Utilities Index, the 6- item SF-6D Scale, the 4
item Quality of Well-Being Scale, the 5-item Assessment of Quality Scale, or the
EuroQual 5 item scale (EQ-5D). To calculate QALY utility factor in the assessment of
stratified care by Whitehurst et al (2012), the EQ-5D is used. It measures mobility, self
care, performance of usual activities, pain/discomfort, and anxiety/depression (Weinstein
et al. 2009). The questionnaire consists of two pages of questions and a one page VAS
with the endpoints labeled the ‘best worst you can imagine’ and ‘the best health you can
imagine’. Respondents are asked to apply answers to their status today. The scale is
linear, such that an improvement from 0.1 to 0.3 is an equivalent improvement from 0.5-
0.7. The use of QALYs has been approved by the US Panel on Cost-Effectiveness in
Health and Medicine (Gold et al. 1996) and the National Institute of Health and Clinical
Excellence (NICE) in Britain (Soares 2012). However, Weinstein et al (2009) believes
the differing focus, extent, and categories are the limitations of the various questionnaires.
Even if these limitations are accounted for, Weinstein et al/ (2009) believes the results
may be population-specific; the same level of disability may result in a different utility
factor in Maritime Canada and Southern Ontario. The JNK index does not have these
limitations. If both were administered, each would reduce the limitations of the other as a

measure of LBP severity.
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Appendix 1.2 Stratified Primary Care

Whitehurst et al (2012) slotted patients into either stratified care or standard care
for LBP symptoms at a physiotherapy clinic in the UK. Under stratified care patients are
slotted into one of three groups based on their estimated risk level and severity; low-risk,
medium risk or high-risk groups. Their control group received care “in line with standard

physiotherapy” (Whitehurst et al. 2012).

The outcome was measured as conventional QALYs based on the EQ-5D
questionnaire. The results are shown in figure 10.1 (Reproduced from “Exploring the
cost-utility of stratified primary care management for low back pain compared with
current best practice within risk-defined subgroups”, Whitehurst et al, 2012 in press, with
permission from BMJ publishing group Itd.) The ratio of stratified/standard QALY is on
the x-axis and stratified/standard cost is on the y-axis. The ideal treatment will be in the
lower right quadrant (improved outcome for lower cost). Data that cluster in the lower
area and straddle the y axis are (same outcome for lower cost) also positive results for
stratified care, and perhaps so are data which cluster in the upper right quadrant
(increased benefit for increased cost), depending on the importance of improvement. The
low risk group is cheaper but doesn’t result in improved QALY, the medium risk group
shows that stratified care is cheaper and has improved QALY, and the high risk group

shows improved outcomes, but at a greater monetary cost.
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Figure 0.1 Cost-utility curve for the (A) low risk, (B) medium risk, and (C) high risk
stratified categories. ‘Intervention’ refers to stratified care, ‘control is standard care.
Reproduced from Exploring the cost-utility of stratified primary care management for low
back pain compared with current best practice within risk-defined subgroups, Whitehurst
et al, 2012 in press, with permission from BM] publishing group Itd.)

Other studies have also shown that non-standard and stratified care is more beneficial
than standard practice (Hill ef al. 2011; Chou 2012; Storheim 2012). It is possible that the
JNK index may increase utility. Also it may allow stratified care to be scalable (applied
quickly to a great number of primary care or physiotherapy centers with minimal delay
and only incremental cost). Whitehurst et al (2012) states: “Training physiotherapists to
use the prognostic screening tool and deliver the systematic targeted treatments incur

b

costs due to the time commitments of trainers, trainees and mentors.” Since there is no

training of clinicians with the DTI and T2W scans, there are no incurred costs.
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Whitehurst et al (2012) also states “Capacity constraints are also relevant, particularly
with regard to the numbers of physiotherapists with the training and expertise to deliver
the high-risk treatment package.” The MRI and JNK index respond to the needs
described by Whitehurst, since they are scalable (described above, able to accept
increased volume with negligible impact on contribution margin), and can be applied

immediately across any physiotherapy clinic with access to a MRI with DTI sequences.
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