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ABSTRACT

The underlying pathology of low back pain (LBP) is poorly understood. Although MRI is
often used as a sensitive modality for depicting pathoanatomical abnormalities, it is often clinically
inconclusive due to a lack of specificity. While most patients experience symptoms when the spine
is loaded, MR imaging is usually conducted in a relaxed supine position. Loading may induce
morphological changes in the spine. Therefore, to improve the specificity of MRI, one solution

could be to apply loading using axial compression devices.

This PhD investigated the response of the lumbar spine to compression and traction in
participants with and without chronic LBP using MRI T>-mapping to identify imaging biomarkers
holding promise for further investigation towards meaningful subgrouping of LBP or
degeneration. Four studies informed the planning of the loading studies: 1) a systematic review of
acute loading responses on imaging measurements of the disc and vertebrae to identify potential
biomarkers, 2&3) two reliability studies of the novel candidate biomarkers measured using a novel
semi-automated segmentation algorithm, and 4) a comparison of disc fluid content biomarkers’
responses to extension exercise. Finally, two pilot experimental studies were conducted to
determine: 5) the relation between disc degeneration severity and effects of compression and
traction on lumbar discs and vertebrae and 6) the effects of compression and traction on lumbar

MRI findings in relation to chronic LBP.

The systematic review illustrated a lack of comparisons of the response to loading between
participants with and without pain and no studies on traction. The review identified 14 biomarkers;
most did not detect effects of loading. However, limited evidences of forward shift in the nucleus,
increased disc diameter, and decreased disc height were observed under compression. Since 50%

body weight was commonly used in traditional MRI, it was adopted in this thesis. Twelve
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candidate biomarkers were chosen based on having detected changes in the review or representing
novel measurements of fluid distribution postulated to be sensitive to loading: the location of the
Ta-weighted centroid (T>WC: mean position of the points in an ROI, weighted by their T>), and
geometric weighted centroid (GWC: mean position of the points in an ROI, weighted based on
their location), disc height, disc and nucleus mean T> time and diameter, and motion segment

angle.

Reliability studies indicated that TWC, GWC, and disc height using different disc width,
presented excellent reliability. The novel measurements of fluid distribution showed a better ability
to detect changes in response to extension exercises compared to mean signal intensity. Only the

horizontal location of the disc ToWC detected significant differences immediately after exercise.

The study of the relation between disc degeneration and response to loading indicated that
smaller responses to loading correlated with more severe disc degeneration. Traction compared to
compression was most sensitive to capture the load-induced changes in the lumbar spine. Disc
height and diameter, disc and nucleus mean T time and ToWC, as well as, the nucleus GWC hold

promise as sensitive biomarkers to capture loading responses.

The study comparing loading responses between participants with and without LBP
indicated that different responses to loading between groups were most often observed at L5-S1.
The most sensitive biomarkers for pain were the horizontal-coordinate of the disc and nucleus
ToWC (large effect sizes), the horizontal- and vertical-coordinates of the nucleus GWC, and the
vertical-coordinates of the discs (small effect) and nucleus To-WC (moderate effect). These
biomarkers hold promise for future investigation. In contrast, the nucleus’ width, the disc and

nucleus mean T times, and disc width were least sensitive to capture pain-related differences.
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Four biomarkers showed the potential to detect pain-related differences by comparing a
single supine unloaded scan. In the pain group, the disc T>-WC and nucleus GWC between 13-4
and L5-S1 and nucleus ToWC at L4-5 were moderately to largely more anterior. Likewise, the disc

height was taller at L.3-4 and L4-5 by a large effect size.

Because the response to loading of our proposed parameters was correlated to with
degeneration and some loading responses of parameters detected differences related to pain
grouping, our results justify further investigation of the clinical value of the proposed biomarkers.
These biomarkers show promise to improve the specificity of MRI for LBP and the ability to detect

the response to loading.
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CHAPTER 1 OVERVIEW OF THE THESIS



The core interest of this doctoral research was to explore novel MR imaging biomarkers
relevant to disc degeneration and common low back pain (LBP) by observing the response of the
lumbar spine, and the disc, in particular, using MRI under various loading conditions. LBP is a
major cause of discomfort and disability among adults globally [1]. While any spinal structure that
is innervated, able to trigger pain, or is susceptible to painful disease or injury could be a possible
source for LBP [2, 3], little is known about the pathology underlying LBP. In over 85% of cases,
despite using advanced imaging techniques to investigate pathoanatomy, the cause of the pain

remains unclear (e.g. non-specific low back pain) [4].

Intervertebral disc degeneration (IDD) has been implicated in the development of LBP,
either directly through the infiltration of blood vessels and nerves or indirectly through effects on
spinal biomechanics and other structures [5—7]. Disc degeneration has been defined as the
abnormal response of the cells of the intervertebral disc (IVD) to progressive structural failure [5].
Vertebral bone, which is densely and richly innervated by both motor and sympathetic nerves, also

can be a possible source of spinal pain [8] and a structure affected by degeneration.

Diagnostic imaging modalities, including plain X-ray, computed tomography and magnetic
resonance imaging (MRI), are used for diagnosing the underlying pathology of LBP [9]. MRI is
preferred due to concerns about radiation exposure and better contrast and visualisation of soft
tissue [10]. Conventional MRI is a sensitive modality for depicting structural abnormalities of the
lumbar spine, including degenerative changes, but MRI is often clinically inconclusive due to a
lack of specificity [11]. Asymptomatic individuals usually demonstrate degenerative features
including, disc desiccation, fissures, high-intensity zones, vacuum phenomena, calcification,
herniation [9], Schmorl’s nodes, erosion, Modic changes, and calcification lesions of the endplates
[12—14]. The lack of MRI specificity and the inability to identify conclusively a pathoanatomical

cause of LBP may be due to numerous issues with current MRI assessments.

Employing a small number of discrete ordinal scores limits the ability of conventional MR
imaging to detect subtle variations in disc degeneration. Further, the subjective nature of assessors’
ratings limits the intra- and inter-observer reliability of the scores, with ICCs ranging from
0.33[15] to 0.9 [16]. Reliability is particularly low for higher grades of degeneration, which are
typically of the greatest clinical interest [15]. Early disc degenerative changes can be observed as
a subtle decrease in the signal intensity on T>-weighted images [17] which reflect the water

distribution within the disc. Further, in later stages degeneration is associated with adjacent Modic



type 2 changes (increased signal intensity on Ti-weighted images and an iso- or slightly
hyperintense signal on T>-weighted images) and high fat content of the paraspinal muscles [18].
Thus, quantifying MR findings such as MR signal intensity may provide a continuous
measurement of disc ageing or degeneration, which may allow earlier detection than is possible
with ordinal ratings of macroscopic findings. Such continuous measurements may be particularly
useful for research involving the intervertebral disc, as they may be more sensitive to detecting
variations and changes over time, including small diurnal variations in fluid content and responses
of the disc to provocative loading. Quantitative measurements may also assist in tracking response

to treatments targeting the degeneration or for defining clear phenotypes in genetic research.

The changes in the disc in response to degeneration [19, 20] and loading [21-27] have been
investigated in vivo quantitatively using MR imaging using T>-weighted MR images. T, relaxation
time (T2RT) is the rate at which transverse magnetisation is decreased and disappears [28-31].
Signal intensity on Ta-weighted images varies among different MR scanners due to field
characteristics, sequence parameters, and patient positioning relative to receiving coils. In contrast,
T> times from T> maps are independent of these methodological differences and represent a unique
tool for comparing repeated scans under different loading conditions and positions or for inter-
scanner comparisons. Quantitative T> measurements are likely helpful to detect subtle fluid and
biochemical changes within discs that may not be apparent with qualitative or semi-quantitative
measures on other sequences [32]. T2-mapping can quantitatively evaluate the fluid content of the

IVDs [27, 33-40].

MR imaging is usually carried out while the subject is lying in a relaxed supine position.
The loading of the lumbar spine is minimal in this position as compared to standing or sitting [41,
42], positions in which pain and discomfort are usually worse [43, 44]. Furthermore, changes in
the MR signal intensity in response to loading, such as in extension positions, have shown an
association with changes in pain symptoms [45]. More specifically, subjects who reported an
immediate reduction in pain intensity after a treatment with posterior-to-anterior—directed manual
pressures, followed by prone press-up exercises into extension, showed an increase in diffusion of
water in the nuclear region of the L5-S1 disc, while those who did not report a pain reduction did

not have a change in diffusion [45].

We hypothesised that variations observed in the magnitude and distribution pattern of fluid

within the lumbar tissues, as well as laxity and changes in segmental alignment of the lumbar spine



during imaging under various loading conditions, would be associated with degeneration severity
and might provide further insight into degenerative conditions and into the pathology underlying
persistent back pain. Specifically, refined quantification of vertebra and disc area, height,
angulation, alignment, and translational and rotational displacements, as well as MR T variations
under different loading conditions may lead to the identification of new imaging biomarkers to
assist with classification, diagnosis and prognosis of low back pain, and intervention planning or
evaluation. The main purpose of this PhD study was to investigate the acute response of the lumbar
discs and motion segments to compression and traction loading using continuous, quantitative

measurements obtained from MRI, including T>» mapping.

This PhD dissertation consisted of a core clinical study to identify biomarkers for
evaluating effects of loading on a set of measures of interest and four preliminary studies. The
main clinical study investigated the response of the disc and vertebra to standardised compression
and traction loading using T>-weighted and T> maps magnetic resonance images, with a particular
focus on the disc fluid content in response to loading. Thirty-five participants with and without
chronic back pain participated in this study. The spine was loaded using a custom-designed lumbar
spine MR compatible loading apparatus developed by myself during this PhD and spine images
were analysed using a computer aided measurement system also developed by myself during this

PhD. The preliminary studies informing the planning of the clinical study were:

e An extensive systematic review of the immediate effects of various loading conditions on the
lumbar spine and intervertebral disc, in particular, to guide the identification of potential
biomarkers to investigate in the clinical study and assist in interpreting subsequent imaging

findings (Chapter 3).

e A reliability study of the location of the signal-intensity-weighted-centroid (SIWC), and the
mean signal intensity and area measurements of the whole disc, nucleus and anterior and

posterior annulus (Chapter 4).

e A reliability and construct validity study of eight different disc height quantification methods
on Tr-weighted MR images. (Chapter 5)

e A study to investigate the ability of candidate quantitative measurements to detect the
immediate effects of prone press-up extension exercises on the mean signal intensity and

location of the SIWC of lumbar discs using T>-weighted MR images (Chapter 6).



e The clinical study is then presented in chapters 7 and 8:

o An evaluation of the relation between disc degeneration and the effects of loading on

lumbar intervertebral discs and vertebrae (Chapter 7).

o An evaluation of the effects of compression and traction on lumbar MRI findings in

relation to chronic low back pain (Chapter 8).

e Chapter 9 is the general discussion and conclusion.



CHAPTER 2 OVERVIEW OF RELEVANT STRUCTURES AND IMAGING



Introduction

Low back pain (LBP) is a major cause of discomfort and disability among adults globally
[1]. While any spinal structure, which is innervated and susceptible to painful disease or injury
could be a possible source of LBP [3], little is known about the specific pathology underlying LBP.
In over 85% of LBP cases, despite using advanced imaging techniques to investigate

pathoanatomy, the cause of the pain remains unclear (e.g. non-specific LBP) [4].

LBP has been defined as any pain perceived between the ribs and the top of the legs, from
any cause [46]. LBP has also been categorised based on the duration of the pain. Acute LBP is
used when pain is present for less than four weeks. Sub-acute LBP is used when the pain is present
between 4 and 12 weeks. The chronic LBP term is used when the pain is present for more than 12

weeks [47].

Causes and Epidemiologic Patterns

Non-specific LBP is the most common form of LBP [48]. Experimental studies suggest
that pain may originate from any innervated structure, including ligaments, facet joints, the
vertebral periosteum, the paravertebral musculature and fascia, blood vessels, the annulus, and
spinal nerve roots [3]. LBP is more common in female than male and in those aged 40—69 years
than in other age groups [1]. Prevalence is greater in high-income countries than middle- or low-
income countries, but there is no difference in prevalence between rural and urban areas [1]. Hoy
et al. study reported a positive correlation between a country's human development index and

overall mean prevalence of LBP (r=0-088; p<0-001) [1].

Chronic Low Back Pain

The National Institute of Health has defined chronic LBP as a back pain persisting at least
three months and resulting in pain on at least half days in the past six months [49]. Intervertebral
disc degeneration (IDD) has been implicated as a major factor in the development of chronic LBP

[5-7].

Intervertebral Discs. IVDs are pads of fibrocartilage lying between vertebral bodies. IVDs
comprise a central mass of gelatinous tissue, the nucleus pulposus, a peripheral rim of tough
fibrous tissue, the annulus fibrosus, and two cartilaginous endplates at the extremities. Three main

functions are considered for IVDs: load transmission, shock absorption and motion control [2].



The average anterior-posterior diameter and cross-sectional area of the lumbar IVDs are 40 mm

and 1800 mm?, respectively [50, 51].

Lumbar IVDs have a wide dispersion of cells in a large volume of an extracellular matrix
(ECM). The ECM mainly contains water and proteins and organised into two components: inter-
fibrillar and fibrillar [52]. The inter-fibrillar component mainly contains water, glycoproteins and
proteoglycans (PGs) and fibrillar component mainly contains collagen and elastin [52]. The ECM

is continuously degraded and replaced by newly synthesised molecules [53].

Cells make up approximately 1% of the total dry weight of the disc [54]. There are
approximately 9000 and 4000 cells per mm? of the annulus and nucleus, respectively [55]. Cellular
activities depend on the preservation of a proper level of nutrients and metabolites inside the disc
[53]. Any decline in the glucose, oxygen and pH level can trigger a marked reduction in the cellular

activity [53, 56].

In a healthy disc, water makes between 60% and 80% of the disc total weight [2]. Water
molecules either bind to the macromolecules to form a hydration layer or move freely [57]. The
water content of the disc is variable and is a function of an equilibrium between swelling and
mechanical pressure. Swelling pressure is created by the negative charge of the PGs, which tends
to absorb H" of the water molecules. Mechanical pressure, which is due to the weight of the upper
structures, the loads induced by physiological motions, muscle and ligament tension, tends to
dehydrate the disc [58]. It is estimated that in a healthy disc, almost 25% of the disc fluid content
is expressed out when a load larger than the osmotic pressure is placed on the disc and is re-

imbibed when the load is reduced or removed [34].

Each collagen is composed numerous tropocollagen molecules, arrayed side-by-side and
end-by-end through covalent bonds. Collagens have a long life and their half-life in the IVDs is
about 95 years [59]. The annulus and nucleus contain mainly type I and II collagen, respectively.
PGs are made up of a protein core attached to at least one GAG [60]. The GAGs are bonded
covalently to a central protein core, except hyaluronate, which connects to the protein core using
a link protein. The presence of cations, such as carboxyl (COQO") and sulphate (SO3") in the GAGs,
imparts a net fixed negative charge to the ECM, and a negative osmotic swelling pressure as an
outcome [61]. The osmotic pressure helps discs bear spinal compressive loads. The half-life of the

PGs in the IVDs is about 5 years [62]. Elastin makes up approximately 10 % of the ECM of mature



human discs [63] and is thought to play an important supporting role for collagen fibres to recover

after deformation.

Blood supply and innervation of the intervertebral discs. The vertebral arteries terminate
in loops at the interface between the bony and cartilaginous endplate making the lumbar IVDs the
largest avascular tissue of the human body [53], with cells at the centre of the disc lying almost six
to eight mm from the nearest blood supply [61]. The cells of the outer third of the annulus acquire
nutrients directly from the local vasculature [64], and the rest of the cells through either passive
diffusion and/or water imbibition [65—68]. The rate of solute transport depends on the loading
history and shape of the disc [53, 58, 69, 70] whereas the degree of solute penetration depends on
both the size and charge of the solute [65]. Passive diffusion is a homeostatic mechanism, which
creates a concentration gradient within the disc [67]. This gradient is a function of three variables:
the rate of nutrient supply, the rate of nutrient transport and the rate of cellular metabolism [67].
The fluid imbibition mechanism is based on the premise that the disc loses its fluid when it is
loaded and retrieves it when the load is reduced or removed [2]. This cycle brings nutrients and
waste materials in and out, respectively [2]. Prolonged or abnormal loading is therefore thought to

be able to negatively affect the fluid content of the disc and normal imbibition process [53].

The lumbar IVDs is the largest aneural tissue of the human body [53]. The outer annulus
is innervated by two nerve plexuses that accompany the anterior and posterior longitudinal
ligaments [71]. The anterior plexus, which supplies the anterior and lateral annulus, is derived
from the sympathetic trunk and gray rami communicans [71]. The posterior plexus, which supplies
the posterior and lateral annulus, is derived from sinuvertebral nerves [71]. The posterior plexus
contains both somatic and autonomic roots [71]. Both mechanical and neurogenic factors have
been proposed for the neo-innervation in the degenerated IVDs. Intradiscal cracks have a lower
pressure and PG content [71]. This creates an ideal environment for both angiogenesis and neo-
innervation [71]. Secretion of pro-inflammatory and neurogenic factors such as interleukin (IL)-1,
IL-6, IL-8; tumour necrosis factor (TNF)-a, prostaglandin E2, monocyte chemotactic protein-1,
and nerve growth factor by disc tissue can trigger an autoimmune response. These chemicals can
both sensitise existing nerves and promote new nerve growth in both the disc and the adjacent
vertebra. The new nerves are positive for substance-P and have nerve-ending morphologies

consistent with nociception [7].
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Intervertebral Disc Degeneration

IDD has been defined as an abnormal cell-mediated response to the progressive structural
failure, associated with morphological, chemical and metabolic changes [5]. A degenerated disc is
a desiccated, discoloured and fragmented structure with a lower height and signal intensity on T-
weighted MR images [72]. Degeneration also affects both the magnitude and distribution of fluid
in the disc detectable with imaging [5]. The IDD is thus associated with morphological, chemical,

metabolic, and biomechanical changes in the disc and affects disc function and biomechanics [5].

The pathophysiology of IDD is not well understood. Various factors, including genetic and
mechanical, are thought to contribute to the development of the degeneration. The influence of
genetics in the development of IDD is well established. It is estimated that up to one-quarter of the
genetic influences on the development of LBP are shared with those affecting disc height
narrowing, a degenerative finding associated with LBP symptoms [73]. However, a substantial
portion of the genetic influence on pain has been left unexplained [73]. This could be due to other

changes affecting pain processing or other underlying pathological conditions [73].

Common minor trauma could trigger minor failures in the endplates. This could trigger a
rapid structural failure of the disc [74]. Endplate damage reduces pressure on the adjacent nucleus
by 25%-27% [5]. This decreases the role of the nucleus in weight bearing and increases
compressive stress in the annulus, particularly in the posterior annulus [5]. The subsequent changes
in matrix compressive stress can endanger disc cell metabolism and could lead to the progressive
deterioration of the ECM [75]. The results of Carragee et al. study, however, indicated that the
development of LBP was not associated with the development of any new structural change in the

motion segments [76].

Preserving a proper supply of both nutrients and metabolites is essential for keeping disc’s
cells viable and active [77]. A larger discal cross-section has been considered the most important
morphological factor associated with the development of IDD based on the premise that larger
cross-sectional area endangers normal disc nutrition [78]. The shape and size of the endplate are

also thought to be associated with the development of IDD. Bigger central region [79] and flat and
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irregular shaped endplates' are more associated with severe disc degeneration than concave ones
[80]. Aortic atherosclerosis' is also suggested to be associated with the development IDD [81].
The results of a post-mortem study indicated a positive correlation between aorta atherosclerosis
and IDD [81]. A total of 88% of the subjects with positive back pain history had one or more
missing arteries, 80% of them had narrow arteries and 72% had developed collateral arteries [81].

The fourth and fifth lumbar arteries are the most common sites to observe stenosis [81, 82].

Pain generation mechanism. The source of the pain in LBP has not been well understood

yet. Disc degeneration could elicit pain either directly or indirectly.

Direct_pain_generation _mechanisms. Secretion of proinflammatory cytokines and

sensitisation of silent nociceptors are two major direct pain generation hypotheses.

1. Nuclear cells can produce proinflammatory cytokines such as IL, including IL-1, IL-4, IL-6,
IL-8, IL-12 and IL-17, interferon-y and TNF-a [71]. The cells of the inner annulus and to some
extent the cells of the outer annulus are also able to produce IL-1 and TNFa [71]. The
cytokines, which can reach the outer annulus or endplates through diffusion in a diurnal cycle
can trigger nociceptors or simulate noxious effects [71]. Secretion of inflammatory cytokines,
in particular, IL-1, may stimulate the expression of angiogenic and neurotrophic factors. The

latter can trigger nociceptive nerve ingrowth into the IVD and endplates [71].

2. Trauma and inflammation may trigger the synthesis of factors such as bradykinin and
prostanoids, thought to be able to sensitise silent nociceptors, which are usually unresponsive
to even maximal mechanical stimulation [6]. The sensitised nociceptors could then respond to

changes in intradiscal pressure during movement and trigger pain [6].

Indirect pain generation mechanism. Pain has also been suggested to relate to the changes

induced in the spine due to compression loading, including increased intra-discal pressure [41, 42],
decreased disc height [83, 84], lumbar instability [85-87], and possibly subsequent stenosis of the
intervertebral foramen affecting the neurovascular structures [88], excessive disc or vertebral

deformation [89], increased lumbar lordosis [83, 88-91], and subsequent stenosis of the vertebral

"t is not clear whether irregularity is the cause of the degeneration or degeneration is the cause of
the irregularity.
' Deposition of plaques of fatty material on the inner walls of the blood vessels.
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canal [92]. Disc prolapse has been also suggested to be responsible for the generation of the
radicular pain due to mechanical or chemical irritation of a spinal nerve or its root [71]. Significant
height loss and listhesis of the vertebra in advanced grades of disc degeneration could cause
foraminal or central stenosis, which can also cause mechanical irritation or inflammation of the
nerves [71]. Degeneration of the zygapophysial joints either due to overloaded facet joints or
inflammatory process of the joint capsules could be another possible source of pain generation

[71].

Imaging of the Lumbar Spine

Diagnostic imaging modalities, including plain X-ray, computed tomography (CT) and
magnetic resonance imaging (MRI) have been widely used in attempts for diagnosing the
underlying pathology of pain [9]. The most commonly reported manifestations of the lumbar spine
degeneration are disc space narrowing, loss of T» signal intensity, fissures, high-intensity zones,
vacuum changes, calcification, ligamentous changes, vertebra marrow changes, herniation,

osteophyte formation, malalignment, and stenosis [2].

Plain radiology. Low cost and availability have made plain radiography the most common
spinal imaging method. The anterior-posterior and lateral views can help visualise the lumbar spine
alignment, disc space, vertebral body height, and provide a gross assessment of bone density and
architecture. Soft tissue structures, however, cannot be evaluated extensively. The oblique view
can visualise the pars interarticularis and is useful for diagnosing spondylolysis when clinical
evidence exists. Other special views, including flexion-extension and angled views, are usually
employed to assess lumbar instability and ankylosing spondylitis of the sacroiliac joint,

respectively.

Provocation discography (PD) is done by injecting a contrast agent into the discs of a
lightly sedated patient while monitoring the injected volume, pressure, contrast distribution
pattern, and patient’s response to pain [93]. Results of a systematic review with meta-analysis
indicated that PD results can be quite conclusive (specificity of 0.94 and a false-positive rate of

6%) if performed using low-pressure technique [93]. However, this technique is invasive [94, 95].

Computed tomography. Computed tomography (CT) can provide an excellent

visualisation of bony structures, particularly in the axial view. CT is, therefore, the best imaging
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modality for evaluating the facet joints [96]. However, facet joint arthritis is a relatively common
finding in a large percentage of asymptomatic subjects, possibly due to the normal ageing process

[96].

MR imaging. MR imaging offers several advantages over conventional radiography and
CT for imaging of the lumbar spine. It provides an excellent visualisation of the IVDs, neural
elements, paraspinal muscles, facet joints, vertebral marrow and contents of the spinal canal [96].
It is also a highly sensitive and specific modality for diagnosing pathologies such as tumour and

infection.

Basic principles of MRI. When a tissue is exposed to a strong external magnetic field (Eo),

the spinning axes of its protons are aligned either parallel or antiparallel to the long axis (z-axis)
of the external magnetic field and begin to precess around the long axis of the magnetic field [28].
This creates a net magnetisation vector (M ), which is the sum of all magnetic moments [28, 29].
If a radiofrequency (RF) pulse with the same precession frequency of the protons and strength of
§1 is applied to the magnetic field, the net magnetisation vector (1\7 ) will be flipped to an angle
(o). This will also increase the population of the protons with higher energy state. The new
magnetisation vector can be resolved into two components: longitudinal (M), which is static and
cannot induce a current on the receiver coils, and transverse (My,,), which is dynamic and can
induce a current on the receiver coils [28, 29, 31]. As soon as the RF pulse is switched off the

protons begin to fall out of phase and to return to the equilibrium state, that is, the net magnetisation
vector thus realigns with the external magnetic field (ﬁo) [28].

Sensors (coils) embedded in the MRI machine detect the energy released as the protons
realign with the magnetic field. The time it takes for the protons to realign with the magnetic field,
as well as the amount of energy released changes depending on the environment and the chemical

nature of the molecules. Images are constructed based on these data.

T relaxation time. T relaxation or spin-lattice relaxation is the process whereby protons

exchange energy with their surrounding lattice to return to their lower energy equilibrium state
and thus restoration of longitudinal magnetisation [30]. T; relaxation time (T{RT) therefore is the
rate at which the longitudinal magnetisation is increased [28-31]. TiRT is a function of the field

strength [28-31].
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T> and T> relaxation time. Transverse relaxation or spin-spin relaxation describes the

process whereby protons fall out of phase in the X—Y plane and net transverse magnetisation
decreases and disappears [30]. T> relaxation time (T2RT) is, therefore, the rate at which TM is
decreased and disappears [28—31]. The maximum magnitude of the TM is immediately after its
formation when all of the protons are in phase [28-31]. It then begins to decay due to tissue
inhomogeneity (small magnetic fields from neighbouring nuclei) and external magnetic field (§0)
inhomogeneity [30]. ToRT is always shorter than T1RT for a given tissue. Water-based tissues tend

to have a longer T» than fat-based tissues.

T relaxation times correlate with hydration (water content) and to a lesser extent with PG
content and (negatively) with the collagen content of the IVDs [37, 39, 96, 97]. Thus, variations
of the matrix content, including water, PG and collagen or modification of the organisation of the
collagen network could probably induce T, variations [98]. T1 and T2 values of different tissues

differ in the human body allowing the production of images contrasting tissues.

Echo time and repetition time. The echo time (TE) refers to the time between the

application of RF pulse to generate spatially encoded signal and the acquisition of signal [28, 29,
31]. Repetition time (TR) is the time interval between two consecutive RF pulses [28, 29, 31].

These times can be varied to generate images with different contrast between tissues.

Proton-density-weighted images. The contrast of the proton-density-weighted images

(PDWI) is mainly due to the density of the spins (Figure 1) [97]. Although PDWIs are theoretically
appropriate for the depiction of both the anatomy and pathologic conditions, they have a lower

contrast compared to T- or T>-weighted MR images [29].
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Figure 1 A proton density MR image of the lumbar spine [28]

T1-weighted images. The contrast of Ti-weighted MR images (T;-WIs) is mainly due to

the T effect (Figure 2) [28-30]. Tissues with a short TiRT produce a bright appearance on Ti-
WiIs [29]. TiWIs are sometimes called ‘anatomy’ scans as tissues with high-fat content appear

bright and compartments filled with water appears dark.

Figure 2 Ti-weighted MR image of the lumbar spine [28]

To/T>* weighted images. The contrast on T»/T>" weighted images (T2/T2"-WIs) is mainly
due to the T2/T>" effect on SE and GRE sequences, respectively (Figure 3) [28, 29]. Tissues with
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along T2/T2" RT give the highest signal intensities, producing a bright appearance on T>-WIs [28,
29]. Tissues, which contain more water which has a long T> time, are thus brighter than those that
contain more fat [28, 29]. T>-WIs are sometimes called ‘pathology’ scans as collections of
abnormal fluid are bright against the darker normal tissue [29]. T> based contrasts are particularly

useful to study disc degeneration.

Figure 3 Tz-weighted MR image of the lumbar spine [28]

Quantitative MRI. Quantitative MRI (QMRI) includes techniques used for determining the
amounts or proportions of the components of a tissue. qMRI, therefore, allows statistical analysis
of tissue by providing quantitative scale measurements. In the gMRI, the MRI scanner is a
scientific measuring instrument while in contrast the traditional MRI considers scanner a camera
for visualising the tissue. It can detect subtle changes that may not be apparent to radiologist' eye.
The most common qMRI techniques are relaxometry, diffusion-weighting and MR spectroscopy

(MRS).

Magnetic resonance_spectroscopy. Magnetic resonance spectroscopy (MRS) is a non-

invasive in-vivo MRI-based analytic technique to determine the molecular composition of tissues.
It is based on the premise that each element has its unique resonance frequency, making it
distinguishable from other elements [28]. Hydrogen ('H), carbon ('*C), fluorine (*°F), Sodium

(¥*Na) and phosphorus (*'P) nuclei are usually employed in MR spectrum acquisition [98].
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However, MR spectroscopy has a limited application in the lumbar spine due to low signal-to-
noise ratio, the presence of water in the disc and adjacent tissues, the presence of lipids in the
adjacent bone marrow, and the broad line widths seen in vivo due to bone susceptibility-induced

line broadening [99].

Diffusion-weighted imaging. Diffusion-weighted imaging (DWI) is based on the premise

that the motion or diffusion of water molecules results in a decrease in the MR signal intensity
[100]. Unlike Ti- and T»>-RTs, diffusion is an intrinsic physical process, which is completely
independent of either the magnetic resonance effect or magnetic field [101]. It also reflects the
velocity of water molecules, while both T; and T> only reflect the concentration of the water
molecules [102]. This technique has been used to quantify the effects of loading in the IVDs fluid
content [102]. Unfortunately, this technique does not offer detailed anatomical contrast for the

study of lumbar morphometry [103].

MR Relaxometry. MR Relaxometry relies on physical characteristics of nuclei relaxation

after being excited by an RF pulse. T, and T> mapping are two commonly used MR relaxometry

techniques for studying the lumbar spine.

The T, phenomenon reflects the spin-lattice relaxation time in the rotating frame [104,
105]. Signals are generated when long-duration, low-power RF pulses are applied to lock net

magnetisation vector into the transverse plane along one axis [104]. As the strength of the locker

pulses (§Lp) are much less than the strength of the local magnetic fields (§0), normal T and T>
phenomenon will not happen [104]. The spin-lock mechanism excites the spins to couple at a lower
signal than Larmor’s frequency. Thus the low-frequency regime, such as physicochemical
interactions between the ECM molecules and water can be investigated [105-108]. Any ECM
variations such as PGs loss can be evaluated using this technique [99, 104, 105, 109, 110]. While
this is interesting in the context of studying disc degeneration, the long acquisition times (Sagittal
To-weighted: 285 secs vs. Sagittal Ti,: 400 sec) required for quantitative imaging technique

preclude its use in the study of the effect of loading or clinically [111].

While a Tr-weighted image shows qualitative intensity variation based on T,RT, T»-
relaxometry attempts to quantify the actual T» relaxation rate at each pixel of the image. T>-maps
are constructed by obtaining the T> constant using a non-linear least squares curve fitting on a

pixel-by-pixel basis. The T> map is then displayed on a pixel-by-pixel basis for the whole image.
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At least two consecutive echoes are needed for generating a T> map. T mapping reflects the
interaction of water and ECM and is therefore particularly relevant in imaging disc degeneration
[112]. This method was therefore adopted in the present study due to its providing detailed
anatomical contrast, potential to inform about disc degeneration and to detect the effect of loading

on fluid distribution in the lumbar spine.

MRI-based disc findings. Various grading and morphological algorithms, including
Pfirrmann method, have been proposed for the MRI-based classification of IVDs degeneration and

reporting of degeneration findings [16, 113].

Pfirrmann’s method. Pfirrmann’s method is a five-grade classification algorithm based on

MR signal intensity, disc structure, the distinction between nucleus and annulus and disc height on
the sagittal T>-weight images (table 1) [16]. The method mostly relies on the first three
characteristics of discs. Disc height plays a major role in making out the difference between grades

four and five, but it is not a discriminative feature for grades three and four [16].

Table 1 Pfirrmann grading method for lumbar intervertebral disc degeneration [16]

Distinction of

Grade Structure Nucleus and Signal Intensity Disc Height
Annulus
Hyperintense,
Homogeneous, Isointense to
I Bright White Clear Cerebrospinal Normal
Fluid
Hyperintense,
Heterogeneous Isointense to
II With or Without Clear s Normal
. Cerebrospinal
Horizontal Bands .
Fluid
Heterogeneous Normal to
I & ’ Unclear Intermediate Slightly
Gray
Decreased
Heterogeneous Intermediate to Normal to
v Gra t%) Black’ Lost Hypointense Moderately
y yp Decreased
Heterogeneous, . Collapsed Disc
\% Black Lost Hypointense Space

Sensitivity and specificity of MR imaging in low back pain. MR1 is an excellent modality

for depicting internal disc morphology as it can detect changes in the fluid content of the lumbar
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tissues, and produce highly detailed images. However, MRI is often clinically inconclusive.
Abnormalities seen on the lumbar MRI of patients with chronic LBP are often seen in
asymptomatic individuals [114, 115]. The results of a recent systematic review of 33 studies
indicated that many spine imaging findings have a high prevalence among asymptomatic people
[115]. Disc degeneration grading, disc signal loss, disc height loss, disc protrusion, and facet
arthropathy are generally part of the normal ageing process rather than pathologic processes
requiring intervention (table 2) [115]. The results of another systematic review of 12 studies also
indicated no consistent association between LBP and MR imaging findings of Modic changes, disc

degeneration and herniation [116].

Table 2 Age-specific prevalence estimates of degenerative spine imaging findings in

asymptomatic participants [115]

) g Age (years)
Imaging Findings 20 [ 30 | 40 | 50 | 60 | 70 | 80
Disc Degeneration (%) 37 52 68 80 88 | 93 96
Disc Signal Loss (%) 17 33 54 73 86 | 94 97
Disc Height Loss (%) 24 34 45 56 67 | 76 84
Disc Bulge (%) 30 40 50 60 69 | 77 84
Disc Protrusion (%) 29 31 33 36 38 | 40 43
Annular Fissure (%) 19 20 22 23 25 | 27 29
Facet Degeneration (%) 4 9 18 32 50 | 69 83
Spondylolisthesis (%) 3 5 8 14 23 | 35 50

The results of a recent meta-analysis indicated that imaging findings with a higher
prevalence in people with LBP compared with asymptomatic individuals 50 years of age or
younger were disc bulge, spondylolysis, disc extrusion, Modic 1 changes, disc protrusion, and disc
degeneration (table) [117]. While any Modic change, central canal stenosis, high-intensity zone,
annular fissures, and spondylolisthesis were imaging findings that were not associated with LBP

(table 3) [117].

The lack of specificity and inability to conclusively identify the pathoanatomical cause of
LBP may be due to conducting MR imaging in a relaxed supine position. How imaging findings
are quantified is another consideration possibly responsible for limiting the specificity of MR
imaging. Further, frequently, MRI grading algorithms employ a small number of discrete ordinal
scores to assess degeneration. Such rating algorithms suffer from limited reliability and ability to

distinguish differences between individuals, as well as to detect changes within individuals over
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time [118, 119]. Degeneration is a slow process and only a quarter of subjects show an increase in

the degeneration grade assessed on MRI after five years of follow-up [120].

Quantitative MRI provides non-invasive measures of the degeneration at the earliest stages
of degeneration, which may be essential for efforts towards prevention and early intervention
[121]. Symptoms are usually worse in a sitting or standing posture compared to a supine relaxed
position [43, 44] suggesting conducting imaging under loading may improve imaging specificity

for relevant pathoanatomical findings.
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Table 3 The prevalence of MRI findings of disc degeneration in asymptomatic and symptomatic participants under 50 years

[117]

owcome | Netl | omoscy | et | e |
Annular Fissure 6 1.79 (0.97-3.31) 11.3% (9.0%—14.2%) | 20.1% (17.7%-22.8%) | 0.06
High;;‘;ﬁ“s“y 4 2.10 (0.73-6.02) 9.5% (6.7%13.4%) | 10.4% (8.0%-13.4%) | 0.17
g;‘l‘l;rla;till’:o":l‘; 2 20.58 (0.05-798.77) | 14.0% (10.4%-18.6%) | 59.5% (54.9%63.9%) | 0.32
Disc Bulge 3 7.54 (1.28-44.56) 5.9% (3.8%-8.9%) | 43.2% (38.2%-48.2%) | 0.03
Degegisrca Gon 12 224 (1.21-4.15) | 34.4% (31.5%-37.5%) | 57.4% (54.8%59.8%) | 0.01
Disc Extrusion 4 4.38 (1.98-9.68) 1.8% (0.1%-3.7%) 7.1% (5.4%-9.4%) | <0.01
Disc Protrusion 9 2.65(1.52-4.62) | 19.1% (16.5%22.3%) | 42.2% (39.3%-45.1%) | 0.00
Modic Changes 5 1.62 (0.48-5.41) | 12.1% (9.6%-15.2%) | 23.2% (21.7%-27.3%) | 0.43
Modic 1 Changes | 2 4.01 (1.10-14.55) 3.2% (0.7%-9.4%) 6.7% (4.2%-10.4%) | 0.04
Spondylolisthesis | 4 1.59 (0.78-3.24) 3.2% (1.8%5.8%) 6.2% (4.4%-8.7%) | 0.20
Spondylolysis 2 5.06 (1.65-15.53) 1.8% (0.0%-5.3%) 9.4% (6.6%12.4%) | <0.01
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Stress imaging. The vast majority of low back symptoms, including pain and numbness,
are worsened in a loaded position [122]. This is possibly due to changes occurring in the disc
space, vertebral foramen, alignment of the spine and segmental stability. The intradiscal pressure
increases significantly in an upright standing or sitting posture compared to a relaxed supine
position [42, 123]. Results of several studies have indicated that the cross-sectional area of the
lumbar central canal and lateral recesses decreases significantly in an extended position, and
increases in a flexed position compared to a neutral position [124—126]. Nilsson et al. indicated an
increase of mean T> in the anterior disc with a concomitant decrease in posterior disc mean T»
when the spine was loaded using an axial compression load equal to 50% body weight in the supine
position. The lumbar spine was likely extended during loading possibly resulting in a higher

compression load on posterior spinal structures [127].

The imaging of the spinal structures in a loaded position is therefore recommended for
improving sensitivity and specificity of the imaging modalities. However, this is not always
possible with current imaging modalities. Upright MRI is probably the modality of choice for
physiologic imaging of the spine. Most current open magnet MR imagers allowing upright imaging
are however using either low or moderate strength magnets with limited resolution and signal to
noise ratio. This has led to the development of the devices, such as the DynaWell compression
device (DynaMed AB, Stockholm, Sweden), to load the lumbar spine in a supine resting position
to improve the ability to detect lesions, which were otherwise missed in supine resting position
[128—130]. The results to date also appear heterogeneous but suggest there may be potential in
improving diagnostic accuracy and the ability of MR imaging to detect clinically relevant imaging
findings in patients with LBP. A review of the investigations of the effect of loading on the lumbar

spine is needed.
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CHAPTER 3 THE IMMEDIATE EFFECTS OF LOADING ON LUMBAR IMAGING
FINDINGS: A SYSTEMATIC REVIEW

Vahid Abdollah; Eric C Parent; Steffen Adria; Michele C Battié
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Abstract

Study Design: Systematic literature review

Objective: This review aimed to determine the immediate response of the lumbar spine to different

loadings using quantitative assessments from imaging.

Summary of Background Data: Imaging for lower back pain is often done while resting supine
but lacks diagnostic specificity. However, symptoms are usually triggered in loaded positions.
Imaging studies have used various loading protocols and quantitative measurements to better

understand lower back pain.

Methods: Medline, EMBASE, Scopus, Web of Science, BIOSIS Previews and CINAHL were
searched from inception until August 2014. Two of three reviewers independently screened titles
with abstracts and then full-text articles focusing on quantifying effects of loading on the lumbar
spine using imaging in at least 10 participants with or without back pain. Quality was appraised
using a standard checklist. Quantitative outcomes of interest were responses of the disc, spinal
canal, lateral foramen, vertebra and endplate to loading reflected on imaging. Levels of evidence

summary statements were formulated.

Results: Fourteen measurements and 16 loading conditions were identified from 21 included
studies. No moderate or strong evidence was found. No studies compared statistically the
responses to loading between those with and without pain. There was limited evidence of no effect
for six measurements for comparison of unloaded spines to any compression loading, device
compression or postural loading. There was limited evidence of increases in the anterior distance
of the nucleus position and disc diameter combining all loadings or with postural loading, of
decreased posterior disc height with devices and decreased cumulative height with postural
loading. There was limited evidence of a decrease in anterior disc height going into supine
extension and of a contralateral shift in nucleus peak signal intensity with side bending. For four
measurements, there was limited evidence of no difference comparing among axial loading
conditions. For five measurements, there was limited evidence of no difference between end-range
positions. For passive flexion/extension in the supine position, one statement was conflicting, and

two had a limited evidence of effect.
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Conclusion: The results showed that a gap in knowledge about the effects of loading on lumbar
imaging still exists, with a lack of head-to-head comparisons of participants with and without pain.

Many measurements have not yet been used with some loading conditions.

Keywords: imaging, lumbar spine, intervertebral disc, dural sac cross-sectional area, axial

loading, unloaded, flexion/extension, systematic review
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Introduction

Low back pain (LBP) is a major cause of discomfort and disability, with a lifetime
prevalence of activity-limiting LBP estimated at 39% and healthcare expenditures in the billions
of dollars [1, 131]. Despite this high prevalence, little is known about the underlying pathology,

with over 85% of complaints remaining undiagnosed and labelled as non-specific LBP [3, 132].

Diagnostic imaging including plain X-ray, computed tomography (CT), and magnetic
resonance imaging (MRI), has been widely used for diagnosing the underlying pathology [9]. MRI
is generally preferred due to better contrast and visualisation of soft tissue, as well as the absence
of radiation [133]. Unfortunately, the results of conventional imaging are often clinically
inconclusive despite identifying degenerative changes [11]. Asymptomatic subjects have similar
degenerative imaging features among those with LBP for disc degeneration, herniation and
Schmorl's nodes, for example, limiting the specificity of diagnostic imaging and promoting
guidelines to limit the use of imaging in uncomplicated LBP [9, 134]. However, current imaging
protocols, which involve scanning the spine while resting in the supine position and using

qualitative assessments, may be missing important clinically relevant pain-related findings.

MRI and CT scans are mostly performed in a relaxed supine position, while back or leg
symptoms are often worsened in sitting or standing positions [135], when the lumbar spine is
loaded. Symptoms may be related to changes in segmental alignment and biomechanical forces
affecting lumbar structures during loading [129]. This has driven researchers to employ axial
loading during CT and MRI examinations, either using loading devices [128—130], or kinetic MR
systems in which patients can be imaged in sitting, standing, or while performing loading tasks

[136-138].

Iwata et al. suggested that imaging under loading provides enhanced information and
showed a significant decrease in height, width, and cross-sectional area of the lumbar intervertebral
foramina during axial loading at most levels on asymptomatic healthy subjects [128]. Kanno et
al.’s findings indicated that changes in the dural sac cross-sectional area (DCSA) following
compression with a device significantly correlated with the severity of symptoms in patients with
lumbar spinal canal stenosis (LSCS), which conventional MRI could not detect [139]. Lumbar

segmental instability (LSI), defined as an excessive intervertebral translational and rotational
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motion detected on imaging, has also been considered a possible source of pain in people with
LBP [86, 87, 140, 141]. Spinal instability may also predispose to secondary lesions, such as
ligamentous sprain and nerve compression [142]. While sagittal and coronal displacements are
usually evaluated on radiographs, displacements in all planes in response to loading can be
evaluated in response to loading using CT or MR images [143]. Therefore, it appears important to
determine if assessing the spine under various loading conditions reveals additional findings

relevant to painful spinal conditions.

How imaging findings are quantified is another consideration possibly responsible for
limiting the specificity of examinations. Frequently, MRI grading algorithms (e.g. Thompson
[113], Pfirrmann [16], and Modic [ 144]) employ a small number of discrete ordinal scores to assess
degeneration. Such ratings are limited, in term of their reliability, their ability to distinguish
differences between individuals and detect changes within individuals over time [118, 119]. The
use of quantitative continuous measurements of imaging findings may prove more informative

about the effect of loading than qualitative assessments.

A review is needed comparing imaging done in a resting supine position or under various
loading conditions focused on studies using quantitative assessments to better understand the
pathology of LBP. The review will help identify the best measurements and loading protocols to
understand which imaging findings in response to loading are most closely related to LBP
symptoms or spine degeneration. The main purpose of this systematic review was to determine the
immediate (within-day) response of the lumbar spine to different loading conditions using
quantitative assessments of the disc’s morphology and signal intensity from spine imaging in
healthy controls and in those with LBP. This review thereby aimed to identify candidate
biomarkers and loading protocols to advance diagnosis or meaningful subgrouping of common

spinal disorders.

Methods

The methodology for this systematic literature review was guided by the Cochrane
Handbook for Systematic Reviews of Interventions [145]. In this review, we considered loading

as the intervention in the appraisal and therefore employed Cochrane’s review guidelines. The
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reporting was planned according to the Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) statement [ 146].

Literature search and study selection. Articles were searched from database inception until
August 10, 2014, from Medline (Ovid), EMBASE (Ovid), Scopus, Web of Science Core
Collection, BIOSIS Previews and CINAHL (EBSCO). The free text and indexed search keywords
used were variants related to population defined by back pain, intervertebral disc, lumbar disc,
disc, lumbar vertebra, or lumbar spine. These search terms were combined with terms related to
measurement methods using AND including water, MRI, magnetic resonance, signal intensity,
strain, stress, or finite element. Finally, the search above was combined with terms related to
loading using AND: traction, compression, decompression, load, unload, weight-bearing, bending,
flexion, extension or rotation. Only English manuscripts were retrieved (Appendix II-Search

Strategies).

The following keywords were used to eliminate studies not meeting our inclusion criteria:
abstract type (proceeding, symposium), animals (ovine, sheep, dog, canine, rat), cadaveric, surgery
(titanium, stent, rod, fixation, screw, cage, implants, microsurgery, laminectomy), and cancer
(malignant, tumor). Search terms were selected through brainstorming among three rehabilitation
experts, including physical therapists, an orthotist/biomechanist, and a university librarian. The
first 500 abstracts in a preliminary search were reviewed to refine search keywords, and the search
was run again using the following keywords as new filters to narrow the search: osteoporosis,
deformity (scoliosis, kyphosis), failure testing, hematoma, lower extremity, leg, angiography,
cervical, implantation, dis* decompression), viscoelastic, veterinary journal, animal models and
small animals. References cited in included articles were reviewed to identify additional articles.
Results from each database were uploaded to RefWorks® (ProQuest, USA) and duplicates were

excluded after review by using the close duplicate function.

Selection of studies. Two of three investigators screened each reference for eligibility. First,
reviewers screened the titles and abstracts (EP, MB and VA), and then screened the full text of the
articles of retained abstracts (VA, SA). Reviewers had two to 20 years of experience with this

literature. Disagreements during titles and abstracts screening that remained after consensus
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discussion led to the inclusion in the full-text stage of screening. Disagreements after consensus

discussion following full-text screening were resolved by a third reviewer (EP).

Selection_criteria. Only peer-reviewed studies reporting in-vivo measurements of the

immediate effects of experimental or postural loading on imaging findings on the lumbar spine, in
over 10 healthy or symptomatic adults (to ensure stable estimates), were included. Studies were
excluded if they investigated specific pathologies (fracture, cancer, congenital deformities and
systemic diseases), focused only on spinal levels other than lumbar, on only post-surgery effects,
animals, or cadavers. Letters to the editors, publications only of an abstract, or not providing pre-

and post-loading information were also excluded.

QOutcomes. The quantitative outcomes extracted were lumbar spine responses to loading on
imaging, including geometric, texture and signal intensity characteristics of the disc, spinal canal,
lateral foramen, vertebra and endplate. No information was extracted about muscles or any

qualitative rating.

Data extraction. A standard form (Appendix III) was developed to extract data based on

published guidelines [147-149]. Data on participants, loading conditions, imaging methods,
imaging measurements, and effects of loading were extracted from full-text articles by two
investigators (VA, SA). Disagreements were resolved by a third investigator (EP). Extracted
information on participants included: age, gender, height, diagnosis, pain duration, location and
intensity. The loading information extracted included: type, magnitude, mode of application,
duration and pre-loading conditions. The imaging information extracted included: method, spinal
levels, and timing relative to loading and measurements definitions. Finally, we also extracted
measures of central tendency and dispersion for each imaging measurement before, after and/or
for the change in response to loading. Detailed extraction tables are available as supplementary

online material. (http://dx.doi.org/10.7939/DVN/10973)

Methodological quality. The quality of included studies was assessed as recommended by
the PRISMA (Appendix V), and the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines [150]. The quality appraisal focused on seven categories:
subject recruitment, examiners, methodology, outcomes, handling missing data, statistical analysis

and results (Appendix III). Two reviewers (VA, SA) conducted the critical appraisal
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independently. Practice appraisals and discussion of five full-text papers occurred as training
before the full review. Studies with a minimum score of 70% were considered to be of high quality
and those with a lower score to be of low quality [151]. Three questions, one from the subject
domain and two from the examiner domain, could be scored “not relevant” if the study was a single
group study or only assessed one measurement. If a question on the quality appraisal form was not
applicable, it was excluded and the score was calculated as the ratio of the number of relevant
criteria met to the total number of relevant criteria for this domain and reported out of the original

number of questions.

Data synthesis and analysis. A PRISMA flowchart was completed to summarise article
selection (Figure 1) [146]. Agreement between reviewers on article selection at each stage and on
the quality appraisal of the included full-text articles was determined using percent agreement and
Kappa coefficients [152]. Summary tables were prepared for participants’ descriptions (table 4),
loading conditions (table 5), imaging methods (table 6), quality appraisal scores (table 7), the level

of evidence summary statements and outcomes extracted (table 8).

Table 4 Levels of evidence for summary statements and description of criteria adopted a

priori to determine the level of evidence [151]

Level Description
Strong Consistent results (>75%) from at least 2 high-quality* studies
e - - NCTTAY
Moderate 1 high-quality* study and consistent ﬁnd1ngs (=75%) in 1 or
more low-quality studies
. Findings in 1 high-quality* study or consistent results (>75%)
Limited . .
among low-quality studies
No No study identified
Conflicting Inconsistent results irrespective of study quality

*Studies with quality scores over 70% were deemed high quality.

The level of evidence (strong, moderate, limited, no, and inconclusive evidence) for the
effect of each form of loading on each imaging variable was determined according to the
consistency of the research findings and the methodological quality of the included studies [151].
If >75% of the relevant comparisons reported that a loading condition affected an imaging variable
similarly, the evidence was considered consistent [151]. To formulate levels of evidence summary
statements, three different loading conditions were considered: postural, axial using any loading

device and loads due to physiologic positioning (e.g. flexion, extension...) of the lumbar spine.
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The effects of the postural and axial loads were combined and compared, while the loads due to
physiological movements were considered a separate category as the spine likely bears different

loads and torques during such movements.
Results

Studies included. The search identified 4225 references after removing duplicates. After
titles and abstracts screening, 4104 were excluded and 151 were included for full-text screening
(Figure 4). After screening, 21 papers met selection criteria. The major reasons for exclusion were
not focusing on loading (n=71), narrative reviews (n=14) and employing less than 10 subjects
(n=13) (Figure 4).

Demographic information. Prospective case series studies were the most frequent study
type. One was a prospective case-control study [153], and two were retrospective case-series
studies[154, 155] (table 5). Most reported age varying between 20 and 77 years. Ten studies
included participants with LBP [83, 87, 124, 130, 140, 154, 156—-160], but only five reported on
the chronicity [154, 156, 157], or duration of pain[87, 139] (table 5). Only one study reported the
intensity of pain [139], and five reported the location of the pain [139, 154—156, 160] on subjects
with LBP.
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Medline: 1779
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Records 1denfified through database Additional records identified
searching through other sources
(n=7645) (n=10)

Records after duplicates removed

{n = 4255)

Figure 4 PRISMA flow diagram
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Studies included in
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(meta-analysis)
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Full-text articles excluded, with
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Not focused onloading: 71
Narrative review. 14
Other levels: 11
Surgical techniques: 9
Cadaver studies: 5
Invalidated FEM models: 4
Letter to editors: 2
Other languages: 1
Less than 10 subjects: 13
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Table 5 Description of study type and study participants in the included studies.

33

Authors

Study Type

Recruitment
strategy and
Selection
Criteria

Number of
subjects and
groups

Descriptive

Age
(years)

Height
(cm)

Weight
(kg)

Diagnosis

Pain
(Duration,
intensity,
location)

Aguilera-
Repiso et
al. [130]

Prospective
Case-series

Consecutive;
with pain due
to a lumbar
hernia and
unsuccessful
conservative
treatment

15
(123, 3%9)

412
(27-57)

Lumbar
herniation
Lumbar
herniation

Ahn et al.
[154]

Retrospective
Case-series

Consecutive
with chronic
LBP, sciatica,
or neurologic
intermittent
claudication
and without
lumbar
surgery

51
(243, 27%)

51
(21-77)

Chronic
BP

2wks -
Syrs at L2-
S1

Chung et
al. [161]

Prospective
Case-series

Volunteers,
asymptomatic
with normal
range of
motion,
without LBP
requiring
medical
attention,
connective
tissue/
neurologic

20
(93, 119)

26
(22-30)

Healthy
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Authors

Study Type

Recruitment
strategy and
Selection
Criteria

Number of
subjects and
groups

Descriptive

Age
(years)

Height
(cm)

Weight
(kg)

Diagnosis

Pain
(Duration,
intensity,
location)

disease,
spinal column
fracture and
neurologic
impairment

Eberhardt
etal. [153]

Prospective
Case-control

Volunteers
with
suspected
lumbar spinal
stenosis,
sensory
disturbance,
paresis or
claudication
and patients
prepared for
surgery and
without any
contra-
indications
for MRI,
surgery, lack
of spinal
stenosis

Healthy:
43
(194, 249)

Symptomatic:

47
(224,259)

3849.0

67.7+£13.1

Healthy

Lumbar
spinal
stenosis

Edmondsto

n et al.
[162]

Prospective
Case-series

Volunteers
without
lifetime low
back pain,
contra-

10
(43, 69)

30+£5.8

171+6

68+32

Healthy




Authors

Study Type

Recruitment
strategy and
Selection
Criteria

Number of
subjects and
groups

Descriptive

Age
(years)

Height
(cm)

Weight
(kg)

Diagnosis

Pain
(Duration,
intensity,
location)

indication for
MRI

Fazey et al.
[163]

Prospective
Case-series

Healthy
volunteers

21
(103, 119)

24.8
(20-34)

Healthy

Fujiwara et
al. [164]

Prospective
Case-series

Consecutive,
LBP, leg
Ssymptoms, or
both and
without
traumatic,
inflammatory
or tumorous
disorders, nor
prior surgery,
spondylolysis
or transitional
vertebra

70
(364, 34%)

45.9£19

LBP or leg
symptoms

Hirasawa
etal. [165]

Prospective
Case-series

Volunteers,
males without
LBP

32
(329)

32
(21-61)

Healthy

Kanno et
al. [139]

Prospective
Case-series

Consecutive
with typical
case of LSCS
and without
prior lumbar
surgery,
spinal
anomalies,

88
(544, 349)

68+10

64+11

LSCS

33+33
mths
39+34/100
Leg
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Recruitment Descriptive Pain
strategy and Number of (Duration
Authors Study Type Sele%i,ion subjects and Age Height Weight | Diagnosis intensity ’
Criteria groups (years) (cm) (kg) location)
severe
osteoporosis,
poly-
neuropathy,
arterial
insufficiency
Volunteers
with chronic
Karadimas | Prospective dﬁiiﬁe;;[;ve 30 44.5 dg;;z:;:ﬁ Low back
etal. [156] | Case-series conservative (143, 169) (25-61) ve LBP
treatments
failed
Consecutive,
with LBP and Straight/
w1thput kyphosis:
previous 24
history of
spinal (5;‘:%;;2? )| 409511 | 179.6+28.4 LBP
Keorochan Retrospective | . SUTESLY, lordosis: Low back
aetal. . inability to 42.9+11.9 | 182.2+31.2 LBP
[155] Case-series articinate in 292
particip (1553, 1399)
weight- Hyper- 46.4 +£12.6 | 191.0+£34.5 LBP
bearing MRI, lordosis:
vertebral 59 '
fractures,
tumours, (324, 202)

spondylo-
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Authors

Study Type

Recruitment
strategy and
Selection
Criteria

Number of
subjects and
groups

Descriptive

Age
(years)

Height
(cm)

Weight
(kg)

Diagnosis

Pain
(Duration,
intensity,
location)

listhesis or
scoliosis

Kim et al.
[160]

Prospective
Case-series

Volunteers
with LBP

54
(224, 32%9)

61
(35-78)

LBP

Low back

Kinder et
al. [159]

Prospective
Case-series

Volunteers,
symptomatic
with sciatic or
neurogenic
claudication
and without
prior spinal
surgery

120
(60d, 60%)

20-92

Sciatic or
neurogeni
c
claudicatio
n

Kong et al.
[140]

Prospective
Case-series

Consecutive,
with LBP and
without
coronal or
severe sagittal
plane
deformity,
trauma,
tumour,
infection,
lumbar spine
surgery

316
(2003, 1169)

42.1
(16-85)

LBP

Kozanek et
al. [166]

Prospective
Case-series

Consecutive,
healthy
without lower
back pain or

11
(53, 69)

50-60

Healthy




38

Recruitment Descriptive Pain
Number of .
Authors Study Type strategy and subjects and Age Height Weight | Diagnosis (.D uration,
Selection intensity,
Criteria groups (years) (cm) (kg) location)
other spinal
disorders
Volunteers,
without back
. pain, prior 15
Le[egzt] al. l(’jr;ssep_zz‘;lizs back surgery, (123.39) 24.4+4.8 45-90 Healthy
contra-
indications
for MRI
Consecutive: Comparing
with vertical vs.
neurogenic supine
claudication, unloaded, Neurogeni
suspected supine with c
discogenic 40% and 50% 53 75 (55- | claudicatio
pain, minor body weight (18 -80) 88) n,
degenerative compression Discogeni
spondylo- 16 ¢ pain,
Madsen et | Prospective listhesis and (?4,29) Degenerati
al. [83] Case-series without Comparing ve
severe supine psoas spondylo-
degenerative relaxed vs. listhesis/
changes in supine 57 75 (48- | Neurogeni
lumbar spine, | extended vs. (40-70) 95) c
markedly supine claudicatio
reduced disc | extended with n
height, 50% body
pronounced weight
osteophytic compression
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Authors

Study Type

Recruitment
strategy and
Selection
Criteria

Number of
subjects and
groups

Descriptive

Age
(years)

Height
(cm)

Weight
(kg)

Diagnosis

Pain
(Duration,
intensity,
location)

enlargement
of facet joints,
MRI contra-
indications,
tumours,
vertebral
trauma,
osteoporosis,
rheumatic
disease,
severe cardio-
pulmonary
disease,
athero-
sclerosis with
peripheral
vascular
disease

20
(?d,?9)

Maigne et
al. [87]

Prospective
Case-series

LBP
worsened by
sitting
LBP relieved
by standing

42
(63, 36%)
32
(43, 289)

54.949.8
57.5+13.4

LBP
LBP

2-120
mths
3-150
mths

Mauch et
al. [88]

Prospective
Case-series

Volunteers,
without any
lumbar spine
pain, or
lumbar
surgical or

35
(204, 15%9)

28.0+6.5

Healthy
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Recruitment Descriptive Pain
strategy and Number of (Duration
Authors Study Type &y subjects and Age Height Weight | Diagnosis | . o
Selection intensity,
Criteria groups (years) (cm) (kg) location)
conservative
treatment
Volunteers,
without LBP
. . requiring
Nazari et Prospective 25
al. [167] Caso-serics treatment or (253) 20-38 Healthy
causing
absence at
work
Volunteers, 17 223 Healthy
healthy or (132, 49) (21-24) Chronic
Okawa et Prospective with chronic é 43.5 LBP
. LBP or (31-60) Degenerati
al. [157] Case-series degenerative (43;;49) 63.1 ve
spondylo- (46-83) spondylo-
listhesis (43, 4%) listhesis

Abbreviations and symbols: LBP=Low back pain; MRI=Magnetic Resonance Imaging; J=males; Q=females; LSCS= lumbar spinal

canal stenosis; wks=weeks; mths= months; yrs= years



Table 6 Description of the imaging methods and loading strategies tested in the included studies

Time of

Studies Imaging Type of Mode of Duration of | Magnitude Dav of Precondition
Modalities Loading Application Loading of Loading y . of Loading
Loading
Aguilera- .
<
Repiso et al. MRI Compression DynaWell —2.0 mins 50% BW
during MRI
[130]
>5 mins prior
A}Erll Se:]al. MRI Compression DynaWell to MRI and 50% BW
during MRI
Passive
Chung et al Flexion/
[121] ' MRI extension, Positional During MRI
rotation in
supine
) 40 min
Passive- without
Eberhardt et flexion/ Mechanical compression
MRI extension in bracing PIession. 75% BW
al. [153] . . 60 min with
supine devices .
Compression compression,
during MRI
Passive
flexion/
Edmondston MRI extension, Rolled towels | During MRI
etal. [162] ..
rotation 1n
supine
Patient active
Voluntaril left side
Fazey et al. . Y flexion, with | During MRI
MRI side-bending ; )
[163] . . passive (6 min 34sec)
in supine
overpressure

during MRI




Studies Imaging Type of Mode of Duration of | Magnitude rl;)l:leo()i.f Precondition
Modalities Loading Application Loading of Loading ¥ of Loading
Loading
Voluntarily
Fujiwara et ﬂex1‘0n/' . During Maximum
al. [164] X-ray extension in Positional Imagin strenoth
' lateral £ing &
decubitus
Standing
Hirasawa et voluntarily
al. [165] MRI flexion/ Positional During MRI Morning
' extension in
sitting
Katﬁlg 9e]t al. MRI Compression DynaWell During MRI 50% BW
Postural
loading
(sitting/ lying)
Karadimas et Standing .
al. [156] MRI discontinued Postural During MRI
due to patient
difficulty
staying still
Keorochana Standing/ .
et al. [155] MRI sitting/ lying Postural During MRI
Kl[nll 66(;[]211' MRI Compression DynaWell During MRI 50% BW
. Non-magnetic .
Kinder et al. . . >5 mins o
[159] MRI Compression corgpre;sswn during MRI 50% BW
evice
Kong et al. Flexion/ o\ .
[140] MRI extension Positional During MRI
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Studies

Imaging
Modalities

Type of
Loading

Mode of
Application

Duration of
Loading

Magnitude
of Loading

Time of
Day of
Loading

Precondition
of Loading

Kozanek et
al. [166]

X-ray
fluoroscopi
c

Standing,
Active trunk
flexion,
extension,
maximal left-
right and left-
right twisting

Positional

During
Fluoroscopic

Lee et al.
[90]

MRI

Kneeling

Compression

Kneeling

DynaWell

During MRI

50% BW

Morning

Unloaded:
supine 1 hr.
Loaded:
50%BW
compression
or kneeling
torso vertical
30 mins each

Madsen et al.
[83]

MRI

Passive
flexion/
extension in
supine
Compression

Positional
DynaWell

During MRI

Postural
40% BW,
50% BW,

Maigne et al.
[87]

X-ray

Standing in an
erect posture,
standing in
maximum
extension,
sitting in the
most painful
position,
sitting in
maximum

Positional

During x-ray
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Studies Imaging Type of Mode of Duration of | Magnitude rl;)l:;eo()i.f Precondition
Modalities Loading Application Loading of Loading . of Loading
Loading
lumbar
flexion
20 mins lying
Mauch et al. Standing/ ) Late before
[88] MRI sitting/ ly%ng Postural During MRI afternoon standing
segment
15-min.
Nazari et al. Standing/ . . Recumbent
[167] MRI sitting/ ly%ng Postural During MRI Midday between
scans
Active Bending
Okawa et al. | X-ray video flexion/ During
[157] fluoroscopy | extension in forward and fluoroscopy
. backward
standing

Abbreviations: MRI= Magnetic resonance imaging, Mins= minutes, hrs=hours
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Imaging and loading modalities used. MRI was employed alone in 17 studies. X-ray
fluoroscopy was used in two studies [ 157, 166] and two studies employed plain x-ray imaging [87,
164] (table 6). Eight studies employed positional loading in the form of end range positions of the
lumbar spine during imaging including: flexion/extension [83, 87, 124, 140, 157, 161, 165, 166],
side-bending [163] or rotation [161, 166]. The DynaWell® compression device was employed to
load the lumbar spine with 40 to 50% body weight (BW) in six studies [87, 90, 130, 139, 154,
160], while a mechanical bracing device to load with 75% BW [153], and a nonmagnetic
compression device (50% BW) [159] were used in two other studies. Postural loading was used in
five studies (standing/sitting/lying [88, 155, 156, 167] or kneeling [90]). In all but 3 of 21 included
studies, loading was applied only during the imaging. These 3 studies applied loading before and
during imaging with pre-imaging loading durations of >5min [154], and <20min [130, 153]. Only
three studies described standardised preconditioning before imaging [88, 90, 167] with one more

specifying time of examination to control the loading history [165].

Methodological quality. None of the included studies met the 70% high-quality threshold
(table 7). Two studies scored over 50% [87, 164], and eight scored between 40% and 50% [87, 88,
130, 139, 140, 155, 156, 165]. Lack of a well-defined subject’s recruitment and examiners’ training
strategy were the most common sources of bias. Only 9/21 studies reported qualification of the
examiners [87, 88, 130, 140, 154, 155, 159, 160, 163]. Eight studies employed a consecutive
recruitment strategy to recruit subjects with back pain [83, 130, 139, 140, 154, 155, 164], and
without back pain [166]. The rest employed volunteers with pain [90, 156, 160], with sciatic or
neurogenic claudication [159], or without pain [88, 153, 157, 161-163, 165, 167]. Study
hypothesis or objective and validity of the outcome measured were reported in all studies, except
two with unclear outcomes reporting strategy [161, 164]. Only one study met the requirements for
handling missing data [160]. A possible common source of bias was the majority of studies failing
to formulate correlation and mean difference-testing hypotheses a priori. Only one study had a
well-defined statistical analysis strategy [165], and four met 80% of the statistical analysis
requirements [83, 88, 156, 165]. No study met all the requirements for reporting results because

none reported on important adverse events related to loading.



Table 7 Quality appraisal of the studies included
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Subj' ects Examiners | Methodology | Outcomes Missing Statistigal Results Overall | Overall
Authors Recruitment 4% /s N Data Analysis N Score | Score
/T* /8 /5 /33% (%)*

Aguilera-Repiso et al.
[130] 4 1 2 2 6 2 1 14 42
Ahn et al. [154] 3 1 3 2 4 2 1 13 39
Chung et al. [161] 2 0 2 0 4 2 1 9 27
Eberhardt et al. [153] 3 0 3 2 5 1 1 12 36
Edmondston et al. [162] 2 0 2 2 4 3 1 12 36
Fazey et al. [163] 2 1 2 2 5 1 1 12 36
Fujiwara et al. [164] 5 0 5 1 6 4 1 17 52
Hirasawa et al. [165] 2 0 3 2 5 5 1 16 48
Kanno et al. [139] 4 0 3 2 6 3 1 15 45
Karadimas et al. [156] 4 0 3 2 6 4 1 16 48
Keorochana et al. [155] 4 1 3 2 6 3 1 16 48
Kim et al. [160] 5 1 3 2 8 2 1 17 52
Kinder et al. [159] 4 1 3 2 4 1 1 12 36
Kong et al. [140] 5 1 4 2 5 2 1 15 45
Kozanek et al. [166] 4 0 2 2 3 1 1 9 27
Lee et al. [90] 3 0 2 2 6 1 1 12 36
Madsen et al. [83] 2 0 2 2 4 4 1 13 39
Maigne et al. [87] 5 1 3 2 6 3 1 16 48
Mauch et al. [88] 2 1 2 2 4 4 1 14 42
Nazari et al. [167] 3 0 2 2 6 1 1 12 36
Okawa et al. [157] 3 0 2 2 4 2 1 11 33

Overall score: sum of the all scores

*One question from the subject domain and two from the examiner domain could be scored “not relevant” and excluded from score

calculations. The affected scores were calculated as the ratio of the number of relevant criteria met to the total number of relevant criteria

and reported out of the original number of questions for the score.
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Measurement outcomes. Fourteen quantitative measurements of the effect of lumbar
loading were identified and the level evidence summary statements were formulated for each
measure and loading conditions (table §). As no study reached the high-quality threshold, the

highest level of evidence possible was limited (table 4).

Unloaded vs. any type of compression loading (postural or axial). When formulating
summary statement combining the evidence of both postural and axial loading, there was limited
evidence of a statistically significant increase of the distance between the anterior wall of the
nucleus and the anterior wall of the disc [167] and anterior-posterior diameter of the disc [167] in
response to compression loading (table 8). There was also limited evidence of no change in
posterior disc bulge [90], range of motion [153], and lumbar lordosis angle in response to loading
(table 8). The evidence was conflicting on the effects of loading on the cumulative [83], anterior
and posterior disc heights [90, 156, 167], anterior-posterior diameter of the nucleus [167], posterior
distance of the nucleus position [167], and dural sac cross-sectional area (DCSA) [83, 88, 130,
139, 154, 159, 160, 165] (table 8). No evidence on the effect of compression loading was found

for other quantitative imaging measurements (table 8).

Unloaded vs. axially loaded spine using any compression devices. When focusing only

on axial loading conditions using compression device, there was limited evidence of statistically
significant decrease in the posterior disc height in response to compression loading (table 8Table
8) [90]. There was also limited evidence of no change in response to loading for the cumulative
disc height [83], posterior bulging of the disc [4], range of motion [153], and lumbar lordosis angle
[83] (table 8). The evidence was conflicting on the effects of loading on the dural sac cross-
sectional area (DSCA) [83, 130, 154, 159, 160]. No evidence about this type of loading was found

about any other quantitative imaging measurements (table §).



Table 8 Levels of evidence for summary statements for each quantitative measurement of the effect of lumbar loading.
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Level of
evidence

From
(n healthy; n LBP)

Changes

Measurement Construct

Loading conditions
compared

Unloade

d vs. any type of loading (axial loading/postural loading)

Limited

1(1,0)[167]

|

Anterior distance of the nucleus position

Standing; sitting; lying
supine

Limited

1(1,0)[167]

|

Anterior-posterior diameter of the disc

Standing; sitting; lying
supine

Limited

1(1,0)[90]

No difference

Change in the posterior bulging

Kneeling; 50% BW
axial loading

Limited

1(0,1)[153]

No difference

Range of motion

Supine with 75% BW
compression

Limited

3(2,1)[83, 88, 165]

No difference

Lumbar lordosis angle

Standing;
Supine with 40% and
50% BW on
compression;
Sitting

Conflicting

1(0:1)[83]

Any change

Cumulative disc height

Supine with 40% and
50% BW on
compression

Conflicting

3(2;1) [90, 156, 167]

Any change

Anterior disc height

Sitting;
Kneeling; supine with
50% BW compression;

Standing/sitting

Conflicting

3(2,1)[90, 156, 167]

Any change

Posterior disc height

Sitting;
Kneeling; supine with
50% BW compression;

Standing/sitting

Conflicting

1(1,0)[167]

Any change

Anterior-posterior diameter of the nucleus

Standing; sitting; lying
supine

Conflicting

1(1,0)[167]

Any change

Posterior distance of the nucleus position

Standing; sitting; lying
supine
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50% BW on
| B3 [83, 88, 130, | Standing: Supine with
Conflicting 139, 15411,6;]59, 160, Any change Dural sac cross-sectional area 40% and 50% BW
compression
Standing/sitting
Unloaded vs Axial Loading using Any Compression Device
Supine with 40% and
Limited 1(0,0)[83] No difference Cumulative disc height 50% BW on
compression
Limited 1 (1,0)[90] ! Posterior disc height Supine with 50% BW
on compression
Limited 1(1,0)[90] No difference Change in the posterior bulging Supine with 50% BW
on compression
Limited 1(0,1) [153] No difference Range of motion Supine with 75% BW
on compression
Supine with 40% and
Limited 1(1,0)[83] No difference Lumbar lordosis angle 50% BW on
compression
Supine with 40% and
Limited 3(2,1) [83, 88, 165] No difference Lumbar lordosis angle 50% BW on
compression
Supine with 40% and
Conflicting 5(1’4)1[58 93 ’ 11 63(?]’ 154, Any change Dural sac cross-sectional area 50% BW on
’ compression
Unloaded vs. Postural Loading
Limited 1(0;1)[83] l Cumulative disc height Standing
Limited 1(1,0)[167] 1 Anterior distance of the nucleus position Standing; Sitting
Limited 1(1,0)[167] 1 Anterior-posterior diameter of the disc Standing; Sitting
Limited 2 (2;0)[90, 167] No difference Anterior disc height S tanlz?rfge;hg 1gt ting
Limited 1(1,0)[90] No difference Change in the posterior bulging Kneeling
Limited 3(2,1)[83, 88, 165] No difference Lumbar lordosis angle Kneeling
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Standing; Sitting

Standing; sitting;

Conflicting | 3 (2,1)[90, 156, 167] Any change Posterior disc height kneeling
Conflicting 1(1,0) [167] Any change Anterior-posterior diameter of the nucleus Standing; Sitting
Conflicting 1(1,0)[167] Any change Posterior distance of the nucleus position Standing; Sitting
Conflicting | 3(2,1)[88, 139, 165] Any change Dural sac cross-sectional area Standing; Sitting
Among postural or axial loading
o ) . o . Supine with 40% and
Limited 1 (0;1)[83] No difference Cumulative disc height 50% BW compression
Kneeling; 50% BW
Limited 2(2,0)[90, 167] No difference Posterior disc height axial loading
Standing; Sitting
3 . 0
Limited 1(1,0)[90] No difference Change in the posterior bulging Knecling; 504’ BW
compression
.. . . Supine with 40% and
Limited 1(0,1)[83] No difference Lumbar lordosis angle 50% BW compression
Unloaded vs end range movements
Passive
Limited 1 (1;0)[162] l Anterior disc height flexion/extension,
rotation in supine
1 . . .
Change in the location of peak signal o o
Limited 1(1,0)[163] Towards intensity of the nucleus on the mid-coronal Active s1de-‘bend1ng n
contralateral lane supine
side to SB p
o Active
Limited 1(0,1)[164] No difference Abnqrmal ‘['11't1ng movem§nt/ trqr.lslatory flexion/extension in
instability/ rotatory instability .
lateral decubitus
Voluntarily
Limited 2(1,1)[83, 165] No difference Lumbar lordosis angle flexion/extension in

sitting




Passive extension in
supine with 50% BW
compression

Among end range movements

Limited

1 (1;0)[162]

!

Anterior disc height

Passive
flexion/extension in
supine

Limited

1(1,0)[162]

No difference

Posterior disc height

Passive
flexion/extension in
supine

Limited

1(1,0)[162]

Anterior distance of the nucleus position

Passive
flexion/extension in
supine

Limited

1(1,00)[161]

No difference

Anterior-posterior diameter of the disc

Passive
Flexion/extension in
supine

Limited

1 (1;0)[161]

No difference

Left and right parasagittal, mid coronal
disc diameters

Passive
Flexion/extension in
supine

Limited

1(0,1)[164]

No difference

Range of motion

Active
flexion/extension in
lateral decubitus

Limited

1(1,0)[165]

No difference

Lumbar lordosis angle

Active
flexion/extension in
sitting

Conflicting

1(1,0)[161]

Any change

Dural sac cross-sectional area

Passive
Flexion/extension in
supine
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Unloaded vs. postural loading (sitting/standing). When focusing only on axial compression using

postural loading, there was limited evidence of a statistically significant decrease in the cumulative
disc height in response to postural loading (table 8) [83]. There was also limited evidence of a
statistically significant increase in the anterior distance of the nucleus position and anterior-
posterior diameter of the disc in response to loading (table 8) [167]. There was limited evidence
of no difference in anterior disc height [90, 167], changes in the posterior disc bulging [90] and
lumbar lordosis angle [83, 88, 165] (table 8). The evidence was conflicting about the posterior disc
height [90, 156, 167], the anterior-posterior diameter of the nucleus [167], the posterior distance
of the nucleus position [167], and DSCA [88, 139, 165]. No evidence about this type of loading

was found about any other quantitative imaging measurements (table 8).

Comparison among different postural and axial loading conditions. Few studies

compared multiple loaded conditions [90]. There was limited evidence of no difference of the
cumulative [83] (Passive flexion/extension in supine; 40% BW, 50% BW compression) and
posterior disc heights (Kneeling; 50% BW axial loading; standing; sitting; lying supine) [90, 167],
change in the posterior bulging (kneeling; 50% BW axial loading) [90] and lumbar lordosis angle
(passive flexion/extension in supine; 40% and 50% BW on compression) [83]. No evidence was

found about any other quantitative imaging measurements (table 8).

Unloaded vs. end range movements. Only five studies compared unloaded spine images

with end-range movement conditions. There was limited evidence of a statistically significant
decrease of the anterior disc height in response to going from lumbar flexion to extension in the
supine position (table 8) [162]. There was also limited evidence of a statistically significant shift
of the location of the nucleus peak signal intensity toward the contralateral side in the mid-coronal
plane during side bending [163]. There was limited evidence of no difference in abnormal tilting
movement, translatory and rotatory instability measurements [164] as well as in lumbar lordosis
angle [83, 165] among supine psoas relaxed, supine unloaded, supine extended, supine with 40%
and 50% body weight, supine extended position with additional 50% body weight, sitting, sitting
flexed, sitting extended and standing. No evidence about this type of end-range loading was

identified for about any other quantitative imaging measurements (table 8).

Among end range movements. Only four studies compared measurements among different

end-range movements. There was limited evidence of a statistically significant increase in the

anterior disc height and the anterior distance of the nucleus position going from a flexed position
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to an extended position [162]. There was also limited evidence of no change for the posterior disc
height (supine extension vs. flexion) [162], anterior-posterior, left and right parasagittal, mid-
coronal diameter of the disc (among supine neutral, flexion, extension, rotation to the right and
left) [161], range of segmental motion (standing flexion vs. extension) [164], and lumbar lordosis
angle (among supine unloaded, normal sitting, sitting flexed, sitting extended and standing) [165].
The evidence was conflicting on the DSCA changes on neutral, extension and rotation to the right
and left compared to the flexion position [161]. No evidence comparing end-range movements

was identified about the any of the other quantitative MRI measurements (table 8).
Discussion

This systematic review found no moderate or strong evidence about the effect of loading
or of end-range movement positions on lumbar imaging quantitative findings due to the
insufficient quality of the included studies. Further, only two studies included both healthy
participants and participants with low back pain and these studies did not report the statistical
significance of the comparisons of the effects between groups [153, 157]. We can therefore only
rely on comparing studies conducted with only one type of participants to understand the

difference in response to loading of participants with and without pain.

A number of conflicting (0 to 6 measurements) and limited (4 to 7 measurements) evidence
summary statements concerning the effects of loading and movements on the lumbar spine were
observed depending on the loading conditions compared. This conflicting evidence could be due
to heterogeneity in the studies in terms of the population studied (e.g. with or without pain,
different ages) or because of other heterogeneous methodological considerations discussed below.
The limited evidence summary statements often showed no effect of the loading conditions
compared (2 to 5 measurements depending on the loadings compared). Overall, the observation of
conflicting results and the small number of measurement constructs that detected consistent effects
of loading may suggest that the types of loading examined to date have a relatively small effect on

the quantitative measurements of the lumbar spine studied so far.

Nine measurement constructs were compared among studies where both studies focused
only on either healthy or LBP participants were available (table 6). For those comparisons, the
results of three measurement constructs were consistent showing no effect of loading in both

participants with and without pain from different studies. For the remaining six other instances,
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results were conflicting when combining results from participants with and without pain. When
trying to formulate levels of evidence summary statements separately for participants with and
without pain, the summary statements on two outcomes remained conflicting in both types of
patients. For the DSCA, there was limited evidence of a decrease with postural loading in those
with low back pain and the results remained conflicting in healthy participants. For DSCA, there
was limited evidence of a decrease in healthy with combined loading studies and with device
compression while evidence remained conflicting in those with LBP. For posterior disc height,
comparing unloaded to any loading there was limited evidence of no difference with loading in
LBP and the evidence remained conflicting in healthy participants. Other measurement constructs
were evaluated only on participants with back pain or asymptomatic participants, and not both

(table 6).

The studies compared were heterogeneous, which may have contributed to the frequent
conflicting evidence summary statements and limiting our ability to observe consistent effects of
loading. Fourteen different measurement constructs were observed among included studies. The
sample size varied from 10 to 316 (64+123) participants, with age ranging from 20 to 92 years.
Nine studies only included healthy participants, ten included only LBP participants, and two
included both, with and without pain (table 5). More than 16 different loading conditions (table 6)
and 3 imaging modalities were inventoried among the included studies. Only three studies
employed preloading of the spine before imaging. A few studies conducted manually digitised
measurements using OSIRIX [83, 156, 165, 167], while the rest employed other software or did
not report software details. Three studies employed automatic measurements [140, 155, 158], one
study employed semi-automatic measurements [153], and the rest employed manual

measurements.

Difficulty in formulating stronger levels of evidence summary statements is partially due
to the lack of quality research on this topic. Most of the studies reviewed did not report the degree
to which assessors were trained before conducting measurements or whether the measurements
extracted presented adequate reliability. Further, nine of the 21 included studies included samples
with fewer than 30 participants suggesting that a limited power may have limited the authors’
ability to observe statistically significant results. Of 21 studies included, only two compared

subjects with and without pain. Therefore, the clinical value of some of the proposed measures
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still remains unclear and more high-quality studies among matched patients, and asymptomatic

participants are needed to determine the clinical value of these measurement constructs.

It is unclear if compression devices are limited regarding the maximum load that can be
applied to the spine safely. In the present review, only one study applied a compression load equal
to 75% body weight [153], others employed compression loads less than or equal to 50% body
weight, with only one study controlling for how long before the imaging the loads were applied.
The relatively small number of consistent effects of loading observed with supine compression
devices (only decreased posterior disc height) versus when using postural loads (increased anterior
distance of nucleus, A-P diameter of disc and decreased cumulative disc height) may be due to the
authors using less than 80% BW in all the studies where loads were specified. Overall, the results
of this review were not in favour of the hypothesis that axial loading using postural or device
compression could induce significant morphologic changes in the lumbar spine. Further research
using a wide array of quantitative measurement and loading conditions is needed to determine if

loading during imaging may increase the specificity for clinically relevant lumbar pathology.

The evidence was conflicting about the effects of loading on the imaging presentations of
DSCA. Clinically, imaging is not always correlated with the severity of LSCS symptoms [168,
169]. Subjects with significant narrowing of the spinal canal, may not demonstrate any symptoms,
while subjects with severe symptoms may not demonstrate any significant narrowing of the LSCS
[139]. Identifying imaging findings correlating with clinical symptoms in LSCS would thus be
beneficial to achieve a more accurate diagnosis and help plan a more appropriate treatment. Our
review yielded conflicting results on the effects of loading on the LSCS, and only one study was
identified evaluating the effects of loading specifically on LSCS symptoms [139]. The results
indicated a statistically significant negative correlations between the DCSA 1n axially loaded MRI
with both walking distance and the Japanese Orthopedic Association score [139]. Our review did
not yield any evidence on the possible effects of extension motion compared to an unloaded supine
position on the LSCS. Although some researchers have suggested that the extension could trigger
LSCS symptoms by a reduction of the dural sac size [170, 171]. Further high-quality studies are
therefore needed to examine the possible correlation between the change in the DCSA caused by

the loading and the severity of the symptoms in patients with LSCS.

Although imaging the lumbar spine while it is loaded using sensitive quantitative

measurements may help capture abnormal vertebral motion, and thus increase the sensitivity of
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imaging for diagnosis of LSI, there were no studies included in this review examining the effect
of compression on LSI measurements. Further, only one study with 70 participants with LBP
examined the effect of end-range movements on quantitative LSI measurements. Therefore, there
is still insufficient evidence to formulate strong level of evidence summary statements related to
the correlation between LSI imaging findings in response to loading and patients’ symptoms (table
8).

The present review identified important research gaps. Interestingly, for numerous
quantitative measurements of the effect of loading on the lumbar spine, no evidence could be found
suggesting further research is needed. Indeed, depending on the loading conditions compared, for
3 to 10 of the 14 measurements used in at least one study, these measurements had not been used
to quantify the effect of loading. Further, many measurements have only been used with either
healthy participants or participants with low back pain but not both (table 8). Therefore, drawing
a solid conclusion regarding any possible effect of loading on the lumbar spine still remains
challenging for most measurement constructs of interest. Similarly, drawing conclusions about
whether the response to loading differs between participants with and without pain also remains

challenging.

Further, despite encountering 16 loading conditions, our review did not yield any evidence
on the possible effects of traction loading on the lumbar spine. Traction has been employed
traditionally to reduce pain and discomfort among participants with LBP and sciatica [47], affect
the fluid content, promote molecular transport in the IVDs [172], and reduce the size of herniated
material [173]. Therefore, traction theoretically could be a loading condition useful to identify
biomarkers of relevant low back pathology. Chung et al. in a study published after the search
period of the present study found a significant elongation of the lumbar spine and a decrease of
the size of disc herniation after 30 minutes of traction loading [173]. As no studies about the in-
vivo effects of traction on other measurements or comparing participants with and without pain

have been conducted, the gap of knowledge still exists.

Although few studies have employed MR imaging to quantify effects of loading on the
disc fluid content [22, 127], our review did not yield any results on the effects of loading on the
disc fluid content by either measuring mean MR signal intensity or measuring diffusion
coefficients. However, recently, Nilsson et al. in a feasibility study on participants with LBP to

evaluate effects of compression on disc fluid content using T>-mapping, found a significant
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increase in T values of the whole disc and subsections [127]. T>-value changes were correlated
with degeneration grade, changes in disc angle and lumbar level [127]. As there are no studies
about the in-vivo effects of all other forms of loading on the disc fluid content, the gap of

knowledge related to disc fluid distribution in response to loading still exists.

Study limitations. This review solely included studies published in English, and no search
was conducted of the grey literature. These two factors might have caused a potential bias in
selecting relevant papers. As discussed earlier, the results were very heterogeneous which
prevented meta-analysis. Unfortunately, the literature is not sufficiently rich to limit the review to
studies involving head-to-head comparisons of patients with and without low back pain. This
review focused only on quantitative measurements of the effect of loading on the lumbar spine.
Studies using discrete subjective ratings have been published to describe the effect of loading on
the lumbar spine with some studies suggesting that loading helps identify relevant clinical findings
[174]. However, discrete subjective ratings have routinely been criticised for their lack of

reliability justifying excluding such measurements from this review.
Conclusion

The heterogeneous results highlighted inconsistent evidence regarding the effects of
loading on the lumbar spine. The review did not yield any moderate or strong evidence because of
the insufficient quality scores of the included studies. For many measurement constructs, no
evidence was identified to draw a solid conclusion regarding their possible effects of loading on
the lumbar spine. More than half of the limited evidence observed on cumulative, anterior and
posterior disc height, the anterior distance of the nucleus position, change in the posterior bulging,
abnormal tilting movement, translatory and rotatory instability, range of motion, and lumbar
lordosis was of no effect of loading. All included studies that examined the differences among
different compression loading conditions provided limited evidence of no difference in cumulative
and posterior disc height, posterior bulging of the disc, and lordosis angle. The results highlighted
that the gap of knowledge regarding the effects of loading on the imaging presentations of the
lumbar spine still exists. Particularly, there is a lack of research on whether the response to loading
could help increase the specificity of MRI for low back pain. Therefore, further high-quality
studies, comparing responses in subjects with symptoms of LBP and LSCS to matched healthy
subjects, are needed to establish a strong correlation between imaging findings and patients’

symptoms. Our review also did not yield any results on many quantitative measurements such as



58

the effects of loading on the disc fluid content by either measuring MR signal intensity or diffusion
coefficients. Further, high-quality studies are needed to quantify the effects of loading on
additional quantitative MRI measurements and to establish a strong correlation between these

measurement constructs and patients’ symptoms.
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CHAPTER 4 IS THE LOCATION OF THE SIGNAL INTENSITY WEIGHTED
CENTROID A RELIABLE MEASUREMENT OF FLUID DISPLACEMENT WITHIN
THE DISC?

Vahid Abdollah; Eric C Parent; Michele C Battié
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Abstract

Degenerated discs have shorter T>-relaxation time and lower MR signal. The location of the signal-
intensity-weighted-centroid reflects the water distribution within a region-of-interest. This study
compared the reliability of the location of the signal-intensity-weighted-centroid to mean signal
intensity and area measurements. L4-5 and L5-S1 discs were measured on 43 mid-sagittal T»-
weighted 3T MRI images in adults with back pain. One rater analysed images twice and another
once, blinded to measurements. Discs were semi-automatically segmented into a whole disc,
nucleus, and the anterior and posterior annulus. The coordinates of the signal-intensity-weighted-
centroid for all regions demonstrated excellent intraclass correlation coefficients for intra- (0.99-
1.00) and inter-rater reliability (0.97-1.00). The standard errors of measurement for the vertical-
coordinates of the signal-intensity-weighted-centroid for all region of interests were zero at both
levels and 0 to 2.2 mm for horizontal-coordinates. The mean signal intensity and area for the whole
disc and nucleus presented excellent intra-rater reliability with intraclass correlation coefficients
from 0.93 to 1.00, and 0.92 to 1.00 for inter-rater reliability. Mean signal intensity and area had
lower reliability for annulus region-of-interests, with intra-rater intraclass-correlation-coefficient
from 0.5 to 0.76 and inter-rater from 0.33 to 0.58. The location of the signal-intensity-weighted-

centroid is a reliable biomarker for investigating the effects of disc interventions.

Keywords: MRI; signal intensity; weighted centroid; segmentation; reliability; intervertebral disc

degeneration
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Introduction

Low back pain (LBP) is a major cause of discomfort and disability among adults globally
[1]. Intervertebral disc degeneration has been implicated as a major factor in the development of
LBP [5-7]. Diagnostic imaging modalities, including plain x-ray and magnetic resonance imaging
(MRI), are used for diagnosing the pathology underlying LBP [9], with MRI preferred due to

concerns about radiation exposure and better contrast and visualisation of soft tissue [10].

In clinical practice, both Ti- and T>-weighted images are routinely acquired. The former is
typically used for diagnosis of inflammation and infections, and the latter for evaluating disc
morphology [175], and hydration, as well as characterising pathology [16, 113, 176]. Long T»
relaxation times are correlated with higher water content reflected by brighter pixels on T2-
weighted images. Regions, such as the nucleus, with higher water content, demonstrate higher T»
values and signal intensity, whereas the annulus, due to a high concentration of fibres,
demonstrates lower T, values and signal intensity on Tr.weighted images [20]. T2 values also
provide information about the arrangement of collagen fibres and the anisotropy of free water

movements within the disc both associated with degeneration status [177, 178].

A degenerated disc is a desiccated, fragmented structure [72], with a lower T> relaxation
time reflected by a darker signal on Tz>-weighted MR images and showing marked height decrease
in later phases of degeneration [16, 72, 113, 176]. Degeneration not only affects the quantity, but
also the distribution of fluid in the disc [5]. Various qualitative rating algorithms, including
Thompson and Pfirrmann’s, based on disc morphology and MR signal intensity characteristics,
have been proposed for the MRI assessment of intervertebral disc degeneration [16, 113].
However, the subjective nature of these methods can lead to variations and uncertainty in
evaluating the severity of disc degeneration. Moreover, classifying a continuous process, such as
degeneration, using only a few discrete grades limits the ability to assess the progression of
degenerative changes and response to therapeutic intervention. The ability to detect early
degeneration is particularly limited, as at this stage degeneration may not yet be accompanied by
any morphological changes. Quantitative assessment of intervertebral disc degeneration based on
the mean signal intensity within a region of interest offers an attractive alternative but the mean is

dependent on the area and location of the region of interest (ROI) selected.
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The location of the MR signal intensity weighted centroid (SIWC) is the location of the
arithmetic mean ("average") of the signal intensity of all the pixels in a region of interest. The
SIWC, therefore, reflects the distribution of fluid within a structure. The distribution of fluid, as
indicated by the location of the SIWC, is likely systematically different in various loading
conditions and discs with different degeneration severities. The SIWC could provide a new
criterion for quantifying the effects of different loading conditions and intervertebral disc
degeneration. To our knowledge, this novel measurement has not been assessed for reliability in
both anterior-posterior and cephalo-caudal directions, particularly when used to assess degenerated
discs in patients with low back pain. The aims of this study were therefore to determine the intra-
and inter-rater reliability of the geometric and signal intensity weighted centroid and compared to
the mean signal intensity and area of the whole disc, nucleus and annulus using a semi-automatic

signal intensity-based segmentation technique.
Methods

Subjects. The baseline mid-sagittal T>-weighted MR images from 43 volunteers with low
back pain recruited for a previous study on extension exercise were used in this reliability study
[179]. The participants’ mean age was 43413 years, and all had back pain with or without leg pain
and a minimum 25% Oswestry Disability Index score. The present study was approved by the

University of Alberta Health Research Ethics Review Board.

MRI image procedures. Sagittal T>-weighted images were obtained in the supine position,
while knees were supported by a standard imaging pillow, using a 3T Siemens TrioTim MRI
scanner (Siemens Healthcare, Erlangen, Germany). Acquisition parameters were TR 1600, TE
254, 2 averages, slice thickness 2 mm, field of view of 320%320 mm; and a matrix size of 640x640
pixels. The mid-sagittal slice was selected by the technician based on the localizer sequence
illustrating the presence of the spinous processes and with a clear demarcation of the spinal cord
on the anatomical T>-weighted images [180]. In cases where a scoliotic curve was present, the

localizer was placed to ensure capturing the L4-5 disc and spinous processes.

Image analysis and processing. To describe the sample, all lumbar discs were classified
as proposed by Pfirrmann et al [16] through consensus by two raters. Image post-processing was
carried out offline and took approximately 90 seconds for each disc. One rater analysed images

twice and another once, while blinded to prior and each other’s measurements with a one-week
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interval between measurements. We developed a custom MATLAB® algorithm (MathWorks,
Natick, MA) using signal variations in the neighbouring structures to semi-automatically segment
the L4-5 and L5-S1 discs and then automatically segment each disc into four ROIs: 1) whole disc,

2) nucleus region, 3) anterior and 4) posterior annulus regions.

Disc segmentation. Segmentation began by drawing a line through the vertebral body
along the superior endplate of the disc below (Figure 5a). By searching vertically below each pixel
along the drawn line the program then determined the pixels with maximum signal intensity
difference as the upper boundary of the disc (Figure 5b and c). A similar strategy was used for
segmentation of the inferior boundary of the disc, searching vertically above the line drawn by the
user (Figure 5d). To locate the anterior and posterior corners of the vertebrae, 20 pixels adjacent
to the initial endpoints were scanned further anteriorly or posteriorly. The pixel with maximum
signal intensity difference in the anterior-posterior direction was then selected as the vertebra

endpoint on each side.

Figure 5. Disc segmentation process, a:) drawing the first tangential line to the upper disc-
vertebra boundary of the disc of interest and scanning 20 pixels below the left endpoint of the

line, b:) determining the first point of the disc-bone boundary, c:) determining the upper
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boundary of disc pixel by pixel along the upper disc-vertebra boundary, d:) generating the disc
bisector line between the upper and lower boundary of the disc and determining the real vertebra

endpoint, e:) determining anterior and posterior endpoint of disc along the DBL, f: determining

the anterior boundary of disc pixel by pixel along the anterior contour, g:) anterior boundary of

disc, h:) a fully segmented disc

Users were able to modify the location of individual disc boundary pixels in the case of
outlier errors. After determining the slope of the best-fit lines passing through the points of the
upper and lower disc-endplate boundaries, a disc bisector line with a slope corresponding to the
average of these two lines was then automatically generated dividing the disc into superior and
inferior halves (Figure 5e). The anterior and posterior boundary of the disc was then segmented by
locating pixels with maximum signal intensity difference along lines drawn parallel to the disc

bisector line (Figure 51, g, and h).

The disc was segmented into further regions of interest: the nucleus and anterior and
posterior annular regions as demonstrated in Figure 6. Three parameters were calculated for each
ROI: 1) mean signal intensity, 2) area, and 3) X and Y coordinates of the SIWC obtained using
Equation 1 [181].

Equation 1 Mathematical description of SIWC

% _ YR XiSI Y. _ SR, YsK
SIWE = “gmgr SIWC = Tomgr

Where X;, Y; and SI; are the X (horizontal) and Y (vertical) coordinates and the signal

intensity of each pixel, and where 7 is the total number of pixels in the ROI.
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Figure 6 Segmentation of the regions of interest within the disc a:) generating the disc bisector
line, b:)determining the anterior and posterior endpoints of the nucleus, c¢:) determining the upper
and lower boundaries of the nucleus, d:) segmented nucleus, e:) segmenting the anterior and

posterior annulus f: a fully segmented disc

Data analysis. The mean and standard deviation of each parameter for the first set of
measurements by the first rater were reported for the whole sample at each disc level. Intra-rater
reliability was assessed for each region of interest and measurement with intra-class correlation
coefficients (ICC.1)) using the data recorded in the two sets of measurements by the first rater.
Inter-rater reliability was assessed with an ICC2.1) model comparing the first measurements by
each rater. Standard errors of measurements (SEM) were calculated to estimate measurement error
in the measurement unit (SEM = SDv/1 — ICC, where SD is the standard deviation of the first
measurement). ICC estimates higher than 0.75 were considered adequate for research conducted
at a group level, and estimates of 0.9 and higher were considered adequate for clinical use at the
individual level [152]. All statistical analyses were carried out using SPSS® statistical software,

version 22.0 (IBM Corp. Armonk, NY., USA) with the level of statistical significance set at 0.05.
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Results

A total of 43 L4-5 and 43 L5-S1 discs were analysed. The sample included no discs with
Pfirrmann grade I degeneration (normal), and no more than three discs per level were rated as

grade V (advanced degeneration with a collapsed disc space) (table 9).

The intra-rater (ICC3.1y) and inter-rater (ICC2.1)) reliability coefficients for the horizontal
and vertical coordinates of the SIWC for all ROIs at both disc levels ranged from 0.97 to 1 (table
10). The intra-rater and inter-rater SEMs for the vertical coordinates of the SIWC for all ROIs
were zero at both disc levels and varied from zero to 2.2 mm for the horizontal coordinates (table
10). Intra-rater (ICC@.1)) and inter-rater reliability (ICC.1)) estimates for the average signal
intensity and area for the L4-5 and L5-S1 discs ranged from 0.88 to 1.00 for the whole disc and
nucleus region, and from 0.27 to 0.78, for the anterior and posterior annulus regions for the two
disc levels assessed (table 10). The intra- and inter-rater SEMs of the measurements for the whole
disc varied between 0 and 10% of the mean measurements. The intra- and inter-rater SEM of the
measurements for the anterior and posterior annulus varied between 0 and 31% of the mean

measurements.

Table 9. Distribution of Pfirrmann’s disc degeneration scores at L4-5 and L5-S1.

Pfirrmann’s L
Grades Description L4-5 L5-S1
Grade I Bright hyperintense homogeneous disc with a 0! 0
normal height
Hyperintense inhomogeneous disc, with a clear
Grade II distinction between nucleus and annulus and a ] 11
normal height with or without horizontal grey
bands.
Inhomogeneous grey disc, with an unclear
Grade 11 distinction between nucleus and annulus and a 17 18
normal or slightly decreased disc height
Inhomogeneous hypointense dark grey disc, with
Grade IV a normal to moderately decreased disc height 16 H
Grade V Inhomogeneous hyp01n1fense oark disc, with a ) 3
collapsed disc height

'Number of discs



the different ROIs at both disc levels

Intra-rater

Inter-rater

R§gi0ns of Measurements Mean I(e® ICC,
interest N 95 % CI SEM o 95% CI SEM
L4-5
MSI 30.6 (17.5) 0.99 | 0.98-0.99 1.7 0.99 0.98-0.99 1.7
Whole | Area(mm?) | 178.0(71.6) | 0.93 | 0.87-0.96 18.9 0.93 0.87-0.96 18.9
Disc stwe | X| 150.0(26.0) | 1.00 | 1.00-1.00 0.0 1.00 1.00-1.00 0.0
(mm) | Y| 229.0(31.0) | 1.00 | 1.00-1.00 0.0 1.00 1.00-1.00 0.0
MSI 21.7 (7.8) 0.99 | 0.99-1.00 0.8 0.97 0.94-0.98 1.3
Nuclows Area (mm?) | 394.3(98.3) | 0.99 | 0.98-0.99 9.8 0.88 0.79-0.94 34.0
stwe | X| 150.5(26.0) | 1.00 | 1.00-1.00 0.0 0.97 0.95-0.98 2.2
(mm) | Y| 114.5(31.0) | 1.00 | 1.00-1.00 0.0 1.00 1.00-1.00 0.0
MSI 9.3 (2.1) 0.76 | 0.60-0.86 1.0 0.55 0.29-0.73 1.4
Anterior | Area (mm?) 90.2 (34.7) 0.58 | 0.33-0.75 22.5 0.33 0.03-0.58 28.4
Annulus stwe | X[ 134.027.00 | 099 | 0.99-1.00 2.7 0.99 0.98-0.99 1.3
(mm) | Y| 233.0(33.0) | 1.00 | 1.00-1.00 0.0 1.00 1.00-1.00 0.0
MSI 20.7 (5.7) 0.65 | 0.43-0.79 3.4 0.27 | -0.04-0.53 4.9
Posterior | Area (mm?) 53.2(18.8) 0.31 | 0.01-0.56 15.6 0.50 0.23-0.70 13.3
Annulus | qrwe | X| 165.5(26.0) | 1.00 | 0.99-1.00 0.0 0.99 0.97-0.99 1.3
(mm) | Y| 226.5(30.0) | 1.00 | 1.00-1.00 0.0 1.00 0.99-1.00 0.0
L5-S1
Whole MSI 24.5 (12.0) 1.00 | 1.00-1.00 0.0 0.99 0.98-0.99 1.2
Disc | Area (mm?) 583:2) 097 | 095098 | 174 | 094 | 090-097 | 246
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Table 10. Intra- and inter-rater reliability coefficients (ICC) and standard error of measurement (SEM) for measurements of
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. Intra-rater Inter-rater
Regions of Measurements Mean I(e® ICC

interest " 95 % CI SEM 1 = 95% CI SEM
SIWC X| 159.5(28.0) 1.00 1.00-1.00 0.0 0.99 0.99-1.00 14

(mm) Y| 261.5(30.0) 1.00 1.00-1.00 0.0 1.00 1.00-1.00 0.0

MSI 37.4 (26.0) 1.00 0.99-1.00 0.0 1.00 1.00-1.00 0.0

Area (mmz) 151.1 (65.2) 0.97 0.94-0.98 11.3 0.97 0.95-0.99 11.3

Nucleus

siwe | X| 160.0(28.0) | 1.00 | 1.00-1.00 | 0.0 1.00 | 1.00-1.00 | 0.0
(mm) | y| 261.0(30.0) | 1.00 | 1.00-1.00 | 0.0 1.00 | 1.00-1.00 | 0.0

MSI 10.1 2.8) | 0.75 | 0.54-0.84 1.4 0.78 | 0.63-0.88 1.3
Anterior | Area(mm?) | 1583 (31.2) | 0.72 | 0.54-084 | 165 | 058 | 033-0.75 | 202
Annulus | gqrwe | X| 147.030.0) | 1.00 | 0.99-1.00 | 0.0 0.99 | 0.99-1.00 1.4

(mm) | Y| 269.0(31.0) | 1.00 | 1.00-1.00 0.0 1.00 | 0.99-1.00 0.0
MSI 18.9 (4.7) 0.50 | 0.23-0.70 3.3 0.52 | 0.25-0.71 3.3
Posterior | Area(mm?) | 42.1(14.7) | 0.62 | 0.38-0.78 9.1 0.32 | 0.03-058 | 12.1

Annulus | qrwe | X| 254.0(29.0) | 1.00 | 0.99-1.00 | 0.0 1.00 | 1.00-1.00 | 0.0

(mm) | Y| 173.5(27.0) | 1.00 | 0.99-1.00 0.0 1.00 0.99-1.00 0.0
Abbreviations: SIWC: signal intensity weighted centroid; MSI: mean signal intensity; SEM: standard error of measurement; ICC:

intraclass correlation coefficient; CI: confidence interval
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Discussion

Measurements of the whole disc and nucleus area, mean signal intensity and location of
the SIWC acquired using our semi-automatic computer-aided segmentation technique, within a
sample of patients with chronic low back pain, were found to have high intra- and inter-rater
reliability (ICC>0.90) suitable for research and clinical use. However, the reliability estimates of
mean signal intensity and area suggested that the measurements of the annular regions are not
suitable for clinical use. As hypothesised, the reliability of the location of the SIWC was found
excellent for all regions. The location of the SIWC, therefore, showed excellent reliability for all

ROIs even when results for the mean signal intensity or ROI area estimates showed poor reliability.

The location of the SIWC of a distribution of signal intensities in an area is the unique point
where the weighted relative position of the distributed signal intensities sums to zero. It thus
reflects the location where the distribution of signal intensities is balanced around the centroid. In
the present study, the SIWC of all regions demonstrated excellent reliability and little if any
measurement error for the horizontal and vertical coordinates. The SIWC is, therefore, suitable for
research and clinical use. Péri¢ and Curnier also reported good reliability for the nucleus weighted
centroid but only reported data related to the horizontal direction [181]. Since loading reportedly
affects the amount of fluid and its distribution pattern in many directions within the disc, tracking
the weighted centroid pathway may demonstrate the effects of different loading conditions on the
location of the highest concentrations of fluid within the whole disc and regionally, and may relate

to disc health.

A limitation is that detection of the disc-vertebra boundary and vertebral level using our
algorithm relies on user input for drawing lines to begin the segmentation of the upper and lower
disc-vertebra boundaries for each disc, which increases the analysis time. Automating disc-
vertebra numbering may be a solution but existing algorithms require determining image specific
intensity or require manual selection of an ROI to begin segmentation. Therefore, these algorithms
also require user input/time which ultimately also affects the segmentation results [182]. To our
knowledge, no fully automated algorithms are yet available. Another limitation is that we analysed
only the mid-sagittal scan. As a result, lateral portions of the disc were not included in this study.
Pathologically relevant disc measurements may be observed in other planes. Our methodology

would likely perform well on other slices and could be investigated in the future.
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Our reliability estimates for measurements of the whole disc area were slightly lower than
those from semi-automatic segmentation techniques proposed by Neubert et al (ICC=0.98-0.99)
in seven asymptomatic subjects without a prior history of low back pain [183]. This may be
because all subjects in the present study had a history of chronic low back pain, with the majority
of discs graded as moderately to severely degenerated using Pfirrmann’s classification.
Degeneration increases the difficulty is determining the location of boundaries for the regions of

interest.

The reliability estimates of the mean signal intensity and area of the annulus regions were
lower than the whole disc and nucleus region, possibly due to difficulties in defining a clear
boundary between the annulus regions and neighbouring tissues, particularly in severely
degenerated discs. These difficulties affected the semi-automated segmentation results and
required more manual adjustments of outlier points along the nucleus region boundaries thereby
affecting the reliability. Point estimates for all reliability coefficients were lowest for the posterior
annulus. In discs with herniation where the posterior annulus displays a higher intensity than
normal, such as in the presence of high-intensity zones [ 184—186], it is challenging to determine a
clear boundary between the posterior annulus and the cerebrospinal fluid. Further, in patients with
severe degeneration with low annulus intensity and contours occupying the spinal canal and
displacing cerebrospinal fluid and nerve roots, it is difficult to contrast the annulus from the nerve
tissue or canal after signal intensity in the canal is reduced by displaced cerebrospinal fluid. It is
not possible to distinguish the annulus from the adjacent ventral and dorsal ligamentous structures
with T> based imaging techniques [187]. Therefore, portions of the anterior and posterior

longitudinal ligaments were included in the disc measurements reported.

The location of the SIWC of different disc ROIs may be employed as a reliable
measurement for the investigation of the effects of different loading conditions or therapeutic
interventions. The measurement demonstrated high reliability for all regions of interest despite the

increased difficulty in reliably segmenting the annulus regions.
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Abstract
Study design: Reliability and validity study

Objective: To evaluate the reliability and construct validity of disc height quantification methods

on Tr-weighted MR images.

Summary of background data: The lumbar intervertebral disc (IVD) is the focus of extensive
research, as low back pain (LBP) has often been attributed to [IVD degeneration and pathology.
Variations in disc height, as an important sign and consequence of disc degeneration, have been
of particular interest. However, the choice of the most appropriate method to quantify disc height

on spine imaging has remained a subject of controversy.

Methods: L4-5 and L5-S1 discs were measured on 43 mid-sagittal 3T MRI images of 22 subjects
with back pain (43+13yrs). One rater measured twice and another once, while blinded to
measurements. Discs were segmented semi-automatically. Disc heights were calculated with a disc
area-based method, using 60%, 80% or 100% of disc width, as well as Hurxthal's, Dabbs' and
combining these two methods. Reliability was estimated using intraclass correlation coefficients
and standard error of measurement. Construct validity was assessed using correlation coefficients

amongst disc height methods.

Results: The intra-rater reliability of the area-based disc height measurements ranged from
(ICCg,1)) 0.84 to 0.99 with an inter-rater reliability of (ICC2,1)) 0.99. Measurements with the point-
based disc height methods had lower intra-rater reliability ranging from 0.76 to 0.96 and inter-rater
reliability from 0.84 to 0.98. Inter-rater standard error of measurement varied between 0.2 and
0.3mm for area-based methods and between 0.3 and 0.7mm for point-based methods. Excluding

Dabbs’ method, high correlation (r>0.9) was observed between methods.

Conclusion: Area-based height measurements using partial disc width demonstrated excellent
reliability and construct validity, and were superior to point-based disc height quantification

methods, particularly Dabbs’ method.

Keywords: intervertebral disc; intervertebral disc degeneration; low back pain; computer aided
measurement; intervertebral disc height; magnetic resonance imaging; T> weighted MR images;

reproducibility of results; measurement reliability; validation studies
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Mini abstract

The reliability of area-based methods of disc height measurement using 80% and 60% of
disc width demonstrated excellent reliability, which was superior to using 100% of disc width and
point-based methods. High construct validity was supported by correlations exceeding 0.9 for all

pairs of measurements, excluding Dabbs’ method.
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Introduction

The lumbar intervertebral disc (IVD) is the focus of extensive research, as low back pain
(LBP) has often been attributed to IVD degeneration and pathology [188]. Defining degenerative
spinal phenotypes on imaging, including disc height, and recommendations for standardised
measurement are primary goals of the Degenerative Spinal Phenotypes Focus Group of the
International Society for the Study of the Lumbar Spine. Although several stakeholders in spine
research have initiated efforts to develop detailed definitions of lumbar disc pathology terms [189],
to date there has been little effort to define disc height and standardise its measurement. Recently,
the combined task forces of the North American Spine Society, the American Society of Spine
Radiology and the American Society of Neuroradiology defined disc height as the distance
between the planes of the endplates cranial and caudal to the disc [189]. They recommended that
disc height be measured at the centre of the disc, not at the periphery [189], which would minimise
the effects of osteophytes. However, the choice of the most appropriate measurement to quantify

disc height on spine imaging remains a subject of controversy.

Among the quantitative height measurement methods used, Dabbs’ method consists of
averaging two lines representing disc height at the anterior and posterior corners of the disc [162,
190-194]. Hurxthal’s 2" method defines height as that measured at the midpoint of the disc [195].
Others have quantified disc height by combining and averaging Dabbs’ and Hurxthal’s 2™ method
[196]. Finally, area-based methods define disc height as a ratio of the disc cross-sectional area in
sagittal view over the anterior-posterior diameter of the disc [183], and have been introduced in
MR imaging studies [197, 198], as well as earlier investigations using X-ray [191, 199, 200]. Area-
based methods are able to capture almost all morphometric features of the disc in the sagittal plane.
Traditionally, it had limited clinical application possibly because on x-ray based imaging
techniques the anterior and posterior contours of the disc are not visible. Further, until improved
access to computer-based measurements, this method may have been too time-consuming to

quantify disc height on the MR images compared to point-based methods.

Identifying a reliable, valid method for measuring disc height for standard use would
facilitate comparisons between studies and advance knowledge related to the determinants and
effects of disc height and disc narrowing, as well as their clinical importance. Yet, to date, reported
reliability estimates of various disc height measurements are variable and largely suboptimal.[194]

Furthermore, we found no studies of the reliability and validity of the area-based method compared
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to other disc height quantification methods. Thus, to guide recommendations for a standard disc
height measurement method, the aim of this study was to evaluate the intra- and inter-rater
reliability and construct validity of quantitative disc height measurements using various methods,
including area-based methods using a semi-automatic signal intensity-based segmentation

technique on T2-weighted MR images in adults with chronic LBP.
Materials and Methods

Participants. Forty-three mid-sagittal T>-weighted MR images from 22 volunteers with
LBP recruited for a previous study on extension exercise were used [179]. Mean age was 43+13
years. All participants had back pain with or without leg pain and a minimum 25% Oswestry
Disability Index score. The degree of disc degeneration was assessed for each disc using the 5-
point scale proposed by Pfirrmann et al [16] through consensus by two raters. The present study

was approved by the Health Research Ethics Board of the University of Alberta.

MRI image procedures. Mid-sagittal T>-weighted MR images were obtained in the supine
position before and after a bout prone press-up extension exercises, while knees were supported
by a standard imaging pillow, using a 3T Siemens TrioTim MRI scanner (Siemens Healthcare,
Erlangen, Germany). Acquisition parameters were TR 1600, TE 254, 2 averages, slice thickness 2
mm, field of view of 320320 mm; and matrix size of 640x640 pixels. The mid-sagittal slices
were selected based on the localizer sequence illustrating the presence of the spinous processes
and with a clear demarcation of the spinal cord on the anatomical T>-weighted images [180]. In
cases where a scoliotic curve was present, the localizer was placed to ensure capturing the L4-5

disc and spinous processes.

Image analysis, processing and disc height measurements. One evaluator obtained the
disc height measurements twice, with a one-week interval between measurements, and another
once, while blinded to all prior measurements. The measurements were carried out using a
computer-aided measurement (CAM) program that segments discs based on signal variations
between the disc and neighbouring structures (see text document, Supplemental Digital Content 1,
detailing the process of segmenting the discs and determining the points from which the various
disc height measurements were calculated). Then, disc height was measured automatically using
Dabbs method [191], Hurxthal’s 2™ method [195], a combination of both [196] (Figure 1), and
area-based methods [197], using different disc width percentages (Figure 1). For the area-based
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methods, disc height measurements were obtained by dividing the disc area centred at the middle
of the disc bisector line by the entire length of the disc bisector line (100% of the anterior-posterior
disc dimension), as well as using 80% of the length of the disc bisector line and corresponding

disc area, and 60% (Figure 1).

Figure 7. Measuring disc height 1a:) Dabbs’ (average of anterior and posterior disc heights), 1b:)
Hurxtal’s, 1¢:) combined method (average of all three), 1d:) area-based method using 100% of
the disc width, 1e:) using 80% of the disc width, 1f}) using 60% of the disc width

Data analysis. The mean and standard deviation of each parameter for the second
measurements by the first rater were reported for the whole sample at each disc level. Intra-rater
reliability was assessed for each height measurement using an intra-class correlation coefficient
(ICCg,1)) using the two sets of measurements by the first rater. The inter-rater reliability was
assessed with an ICC(,1) model comparing measurements of each rater. Standard errors of
measurements (SEM) were calculated to provide estimates of measurement error in the
measurement unit ( SEM = SDV/1 —ICC , where SD is the standard deviation of the
measurements). ICC estimates higher than 0.75 were considered adequate for research conducted
at a group level, and estimates of 0.9 and higher were considered adequate for clinical use at the

individual level [152].

Pearson’s correlation coefficients were computed for each pair of the disc height
measurements to examine the construct validity of the measurements. Correlations exceeding 0.5

have been suggested as a minimum to provide evidence of construct validity (convergent validity)
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[201]. Statistical analyses were done using SPSS®, version 22.0 (IBM Corp. Armonk, NY., USA)

using a level of statistical significance set at 0.05.
Results

A total of 43 discs were analysed at each spinal level (L4-5 and L5-S1). The sample
included no discs with Pfirrmann grade I degeneration (normal), and no more than three discs at

either level were rated as grade V (advanced degeneration with a collapsed disc space) (table 11).

Table 11. Distribution of Pfirrmann’s disc degeneration scores at .4-5 and L5-S1.

Pfirrmann’s _r
Grades Description L4-5 L5-S1
Grade I Bright hyperintense homogeneous disc with a 0! 0
normal height
Hyperintense inhomogeneous disc, with a clear
Grade 11 distinction between nucleus and annulus and a 2 1
normal height with or without horizontal grey
bands.
Inhomogeneous grey disc, with an unclear
Grade 111 distinction between nucleus and annulus and a 17 18
normal or slightly decreased disc height
Inhomogeneous hypointense dark grey disc, with
Grade IV a normal to moderately decreased disc height 16 1
Grade V Inhomogeneous hypomt.ense oark disc, with a ) 3
collapsed disc height

The intra-rater reliability (ICCg3,1)) of the area-based disc height measurements using the
full disc width was 0.84 at the L4-5 level and 0.90 at L5-S1, but was consistently more than 0.91
at both levels when using 60 or 80 percent of the disc width (table 12). Intra-rater reliability of the
area-based disc height measurements using 60 or 80% of the disc width was significantly higher
at L4-L5 than at L5-S1. At the L4-5 level, the intra-rater reliability of partial disc-width area-based
methods was significantly greater than all other methods. The intra-rater reliability estimates of
the non-area-based methods ranged from ICC,1) 0.86 to 0.96 at L4-5 and from 0.76 to 0.83 at L5-
S1.

Inter-rater reliability coefficients (ICC,1)) of all the area-based methods were 0.99. Inter-

rater reliability coefficients were lower for the other height measurement methods, ranging from

'Number of discs
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0.84 to 0.98 at both spinal levels (table 12). Among the non-area-based measurements, except for
the interrater reliability at L5-S1, the point estimates of the intra- and inter-rater reliability for
Hurxthal’s method were higher than for both Dabbs’ and the combined method at both levels (table
12). The area-based disc height measurements using either 80% or 60% of the anterior-posterior
disc dimensions also had lower intra- and inter-rater SEM (ranging between 0.2 and 0.7 mm)

compared to the other height measurements at both levels (table 12).

Pearson’s correlation coefficients of the various disc height measurements with one another
ranged from 0.75 to 1.00 (table 13). The highest correlations were observed between the area-
based methods using 100% and 80%-disc width, and the lowest correlations were observed
between Dabbs’ and Hurxthal’s 2™ method. All correlations between measurements other than

Dabbs’ method exceeded 0.90.
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Table 12 Intra- and inter-rater reliability and standard error of measurement for different disc height quantification methods

at L4-5 and L5-S1

Mean + Intra-rater Inter-rater
Measurement
SD (mm) | ICC | 95%CI | SEM (mm) | ICC 95% CI | SEM (mm)

L4-5 9.8+2.6 0.84 10.72-0.91 1.0 0.99 | 0.98-0.99 0.3

100% of DWU
L5-S1 9.3+2.4 0.90 (0.83-0.94 0.8 0.99 | 0.99-1.00 0.2
L4-5 10.1£2.3 0.99 (0.99-1.00 0.2 0.99 | 0.99-1.00 0.2

80% of DWU
L5-S1 9.5+£2.4 0.91 (0.84-0.95 0.7 0.99 | 0.99-1.00 0.2
L4-5 10.4+2.3 0.99 (0.99-1.00 0.2 0.99 | 0.99-1.00 0.2

60% of DWU
L5-S1 9.8+£2.5 0.91 (0.83-0.95 0.7 0.99 | 0.99-1.00 0.2
L4-5 11.0£2.4 0.96 [0.93-0.98 0.5 0.98 0.96-0.99 0.3

Hurxthal’s
L5-S1 10.0+£2.6 0.83 10.72-0.91 1.1 0.93 0.88-0.96 0.7
Dabbs’ L4-5 10.3£1.9 0.86 [0.76-0.92 0.7 0.84 | 0.71-0.91 0.8
abbs’s
L5-S1 9.5+£2.4 0.76 [0.60-0.86 1.2 0.95 0.90-0.97 0.5
) L4-5 10.5£2.0 0.92 (0.86-0.96 0.6 0.93 0.88-0.96 0.5
Combined

L5-S1 9.8+£2.4 0.80 [0.67-0.89 1.1 0.96 | 0.93-0.98 0.5

Abbreviations: DWU: disc width used; SEM: standard error of measurement; ICC: intraclass correlation coefficient; CI: confidence

interval
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Table 13 Pearson’s Correlation coefficients of the construct validity of different disc height quantification methods used at L4-

5 and L5-S1
Disc Level Method IODO\‘;%)f 8}())2?}{(? 682{{;105 Hurxthal | Dabbs Combined
100% of DW'U 1.00
80% of DWU 1.00™ 1.00
14.5 60% of DWU 0.99: 1.00:‘ 1.09*
Hurxthal 0.93 0.93 0.94 1.00
Dabbs 0.83" 0.80" 0.78"™ 0.75" 1.00
Combined 0.93™ 091" 0.90" 0.90™ 0.96" 1.00
100% of DWU 1.00
80% of DWU 1.00™ 1.00
15.51 60% of DWU | 098" | 0.99~ 1.00
Hurxthal 0.93 0.94 0.94 1.00
Dabbs 091" 0.89" 0.86" 0.80" 1.00
Combined 0.97" 0.95™ 0.94™ 0.92" 0.97" 1.00

Abbreviations: DWU: disc width used

I'Disc width used
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Discussion

The various methods of disc height measurements using semi-automatic, computer-aided
segmentation included in the current study yielded measurements of high intra- and inter-rater
reliability. As expected, based on the rationale for proposing them [199], the area-based methods
of disc height measurement demonstrated excellent intra- and inter-rater reliability (ICC >0.90)
when using 60% or 80% of disc width. These measurements also demonstrated the lowest
measurement error, with SEM estimates ranging from 0.2 to 0.7 mm, showing promise for
detecting changes beyond measurement error in longitudinal applications. The small confidence
intervals for the area-based methods also indicate that the methods are adequate to demonstrate
significant changes even in a small sample size. As highly degenerated discs, as those included in
the current sample, are generally more difficult to measure compared to less degenerated discs
with clear borders, the present study likely represents a worst-case scenario with respect to

reliability estimates.

The area-based method includes almost all morphometric features of the disc in the sagittal
plane and thus is less influenced by variations in identifying only a few specific anatomical
landmarks. The lower reliability when using 100% of the disc width, as compared to using 80%
or 60%, may be due to the relatively indistinct anterior and posterior edges of the vertebra-disc
interface where osteophytes are often present. Excluding the disc periphery also eliminates
unconfined disc areas located beyond the vertebral margins, which may reflect bulging or

herniated material with contours harder to detect reproducibly.

The reliability estimates for Dabbs’ method using semi-automated segmentation were
comparable to prior estimates for measurements carried out manually [194, 202, 203], and semi-
automatically [194], although measurement reliability has varied substantially when considering
all studies on this method [162, 183, 193, 194]. In the present study, as the comparison of methods
was based on measurements acquired using a CAM, the findings may not be fully representative
of how the measures would compare to one another if measurements were obtained manually.
Current evidence suggests a tendency for higher reliability when disc height is measured using a
CAM than manually [183, 194]. Measurement reliability using Dabbs’ method is influenced by
the examiner’s perception of the location of the vertebral corners at the disc-vertebra interface.
The presence of osteophytes or inadequate contrast between hard and soft tissue can make corner

detection particularly difficult in moderately to severely degenerated spines. Furthermore, the
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presence or absence of endplate irregularities or Schmorl’s nodes may affect measurement
outcomes. Dabbs’ method, which was originally employed for X-ray based imaging techniques,
also overlooks the increasingly concave contour of the endplates with degeneration [51, 204].
Drawing the lines at the middle third of the disc has been suggested as a solution for this problem
[162]. This may minimise the influence of osteophytes and central concavity, but it still overlooks
the overall contour of the disc. It may also yield higher disc height measurements in discs with
severely concave endplates. The distortion-corrected radiographic analysis method, which is a
modification of Dabbs’ method to overcome imaging distortions, suffers from the same limitations

[205].

While our results for Dabbs’ method were comparable with Pearson et al.’s ICC (0.67-
0.84),[194] we found lower reliability for the method than Neubert et al. using a CAM (ICC=0.98-
0.99) [183], and Edmondston et al. (ICC=0.94) obtaining measurements manually [162]. This
difference may be due to their assessing young subjects with more clearly defined interfaces
between vertebrae and discs, whereas in the present study the majority of the discs presented with
Pfirrmann grade III or IV disc degeneration. The algorithm proposed by Neubert et al. also
employed an active shape model technique, which looks for strong edges or contrasting tissues

[183].

There is a limited number of studies investigating CAM for measurements of disc
height[183, 190, 194] and we found only one study investigating concurrent validity of
computerised height measurements compared to manual measurements [183]. The result indicated
significant differences in mean disc height by the method used and by spinal level, however,
Pearson’s correlation coefficients of all height quantification methods used at both levels were
higher than 0.75 [183], indicating a high correlation among methods used and supporting the
construct validity of all [152].

Area-based disc height quantification methods demonstrated high reliability and
encompass all relevant morphological features of the disc in the sagittal plane, more fully
representing overall disc height, particularly when the adjacent endplates are not flat. Our results
suggest that the area-based methods provide better reliability than point-based methods,
particularly Dabbs’ method. Area-based height quantification method using 60% or 80% of the
disc width demonstrated excellent reliability, superior to that of traditional point-based methods

that rely on precisely identifying the location of the vertebral corners. High construct validity was
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supported for all methods, as indicated from high correlations among the methods used, with all

correlations exceeding 0.9, except for Dabbs’ method.
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Abstract
Study Design: Experimental
Level of Evidence: Four

Background: It has been hypothesised that McKenzie prone press-up exercises reduce intradiscal
pressure, allowing fluid to be reabsorbed into the disc, which could improve the internal stability

and local chemical milieu of the disc, potentially reducing symptoms.

Objectives: To investigate the immediate effects of prone press-up extension exercises on lumbar

disc fluid content and movement.

Methods: Twenty-two volunteers with low back pain had mid-sagittal T>-weighted MR images of
their lumbar spines obtained before and immediately after performing standard extension
exercises. The whole disc and nucleus region of the L4-5 and L5-S1 discs were then segmented
from adjacent tissues, and their mean signal intensity (MSI) and signal intensity weighted centroid
(SIWC) were measured to capture disc fluid content and displacement. T-tests were used for before

and after comparisons.

Results: There were no significant differences between the MSI and the vertical position of the
SIWC of the whole disc before and after extension at either disc level (ES: -0.23 to 0.09). There
was a significant anterior displacement (0.1+5.4 mm) of the location of the SIWC of the disc after
extension exercise at the L4-5 level (ES:-0.22), but not at L5-S1 (ES: 0.00) or at either level for
the nucleus region (ES: -0.06;0.16).

Conclusion: Little evidence was found supporting the hypothesis that prone press-up exercises
affect disc fluid content and distribution. Novel parameters reflecting fluid distribution detected
similar or larger effects of the extension than MSI. If such exercises are effective in reducing

symptoms, it is likely through other mechanisms than by changing fluid content.

Keywords: intervertebral disc degeneration; low back pain; T> weighted MR images; exercise

therapy
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Introduction

The lumbar intervertebral disc (IVD) is the largest avascular tissue of the human body
and it relies largely on diffusion from adjacent cartilaginous endplates for its nutrition. The IVD’s
metabolic milieu is linked with this diffusion, as are variations in loading tolerance within the IVD
[108, 206-208]. When an external load bigger than the internal osmotic pressure is applied to a
disc, the disc begins to lose fluids until an equilibrium is reached between the osmotic pressure
and external load [209]. The fluid content of the IVDs is therefore not constant and is a function
of the interaction between two pressures: swelling pressure due to the presence of proteoglycans
that absorb fluid and mechanical pressure due to body weight, muscle forces, ligament tension and

external loads, which tends to expel fluid from the disc.

Disc degeneration likely alters fluid diffusion [5, 108, 210], reducing the internal stability
of the IVD and lessening its load-bearing capacity, which may trigger symptoms during activity
[207, 211]. Interventions that can increase fluid content of the disc are thought to improve the
internal stability and local chemical milieu, potentially leading to a meaningful reduction of
symptoms [212]. It has been hypothesised that, during prone press-up exercises, intradiscal
pressure is reduced by shifting forces posteriorly to the zygapophyseal joints, which enhances the

reabsorption of fluid or promotes fluid redistribution within the disc [135].

Quantification of diffusion of fluid within the disc in vivo has been difficult, mostly due to
technical limitations. Therefore, the extent to which various interventions affect fluid content and
distribution is unknown. The effects of different loading conditions on the fluid content of the [VD
can be studied using mean signal intensity (MSI) on Tz-weighted magnetic resonance imaging
(MRI). An increase in MSI can be attributed to an increase in the fluid content of the disc [34].

The MS1 is, however, a scalar quantity, which does not reflect the direction of the fluid movement.

The MRI signal intensity weighted centroid (SIWC) is the location of the arithmetic mean
("average") of the signal intensity of all pixels in a region of interest. The SIWC, therefore, reflects
movement or changes in the distribution of fluid within a structure. Therefore, the location of the
SIWC could provide a new criterion for quantifying the effects of different loading conditions on
fluid distribution within the disc. The distribution of fluid, as indicated by the location of the
SIWC, is likely modified predictably by loading conditions. The change in location of the SIWC,

unlike MSI, reflects the direction of changes in the fluid distribution. To our knowledge, this novel
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measurement has not been used for evaluating the effects of different loading conditions on the
disc. The aims of this study were to investigate the immediate effects of prone press-up extension
exercises on the MSI and location of the SIWC of lumbar discs using T>-weighted MR images.
We hypothesised that prone press-up extension exercise could change both magnitude and location

of the disc fluid content reflected by MSI and SIWC, respectively.
Methods

Subjects. The present study was approved by the Health Research Ethics Board of the
University of Alberta. The baseline mid-sagittal To-weighted MR images from 22 volunteers with
low back pain (LBP) recruited for a previous study on extension exercise were used in this study
[179]. The participants’ mean age was 43413 years, and all had back pain with or without leg pain
and a minimum 25% Oswestry Disability Index score. The level of disc degeneration of the lumbar
discs analysed in the study, as classified through consensus by two raters using a 5-point Pfirrmann
grade [16], included no discs with grade I degeneration (no degeneration), and no more than three

discs per level were rated as grade V (advanced degeneration with a collapsed disc space.

MRI Imaging Procedures. Mid-sagittal To-weighted images of the lumbar spine were
obtained in the supine position, before and after a standard bout of extension exercises. The mid-
sagittal slices were determined based on the localizer sequence illustrating the presence of the
spinous processes and with a clear demarcation of the spinal cord on the T>-weighted images [180].
In cases where a spinal curve was present, the localizer was placed to ensure capturing the L4-5
disc and spinous processes. Participants were scanned at baseline after resting 40 minutes in a
supine position for the disc to reach a steady state of hydration [213]. Participants were then asked
to perform three sets of 10 prone press-up extension exercises to end-range as tolerated
(approximately 1.5 minutes of extension) followed by maintaining a passive extension posture for
15 minutes. A physiotherapist trained in using McKenzie exercises for the lumbar spine instructed
participants in performing the exercises. Participants were rescanned immediately afterwards.
Mid-sagittal T>-weighted images were obtained in a typical supine position with knees supported
by a standard imaging pillow, using a 3T Siemens TrioTim MRI scanner (Siemens Healthcare,
Erlangen, Germany). Acquisition parameters were TR 1600, TE 254, 2 averages, slice thickness 2

mm, field of view of 320%320 mm; and matrix size of 640x640 pixels.
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Image Analysis and Processing. Image post-processing was carried out offline using a
computer aided measurement program developed by our team. The software employs signal
variations in the neighbouring structures to semi-automatically segment each disc into different
regions of interest (ROIs): the whole disc and nucleus region. One rater analysed images twice and
another once, with a one-week interval between measurements, while blinded to prior
measurements and each other’s. Three parameters were then calculated for each ROI: 1) MSI, 2)

X and 3) Y coordinates of the SIWC obtained using Equation 2 [214].

Equation 2. Mathematical description of SIWC
Xsiwe = w siwe = w
Xi ST »rsi;
Where X;, Y; and SI; are the X and Y coordinates and the signal intensity of each pixel, and
where 7 is the total number of pixels in the ROIL The centre of the Cartesian coordinate system
was placed at the geometric weighted centroid of L4 vertebrae and the displacements of the SIWC

were determined relative to that point.

Data analysis. Statistical analyses were carried out using SPSS®, version 23.0 (IBM Corp.
Armonk, NY., USA) using a level of statistical significance set at 0.05. The analysis was carried
out at each level independently. A paired t-test model was used to compare the MSI and location
of the SIWC of the disc and nucleus before and after exercise. The centre of the Cartesian
coordinate system (0,0) for each disc was placed at the geometric centre of the same disc, and
spatial location of the SIWC was determined relative to that point. Intra-class correlation
coefficients were used to estimate intra- and inter-rater reliability (ICCg,1;y and ICCp,)
respectively) for MSI and location of the coordinates of SIWC. ICC estimates higher than 0.75 are
considered adequate for research conducted at a group level, and estimates of 0.9 and higher are
considered adequate for clinical use at the individual level [152]. Standard error of measurement
(SEM) was calculated to provide an estimate of measurement error in the measurement unit
(SEM = SD\1 —ICC, where SD is the standard deviation of the first measurement). The effect

size of differences between pairs of consecutive loading conditions was estimated using Cohen’s

d(

Equation 3). The most promising biomarkers were then identified as those with Cohen’s D

effect size of moderate (0.5) or large (0.8) for each comparison of interest [215].
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Equation 3 Mathematical description of Cohen’s D

(Mg —M,)
[SDZ + D2
2

Where Mp and M4 are the means of before and after the change in loading condition and

d=

SDg and SDa are standard deviations of before and after the loading change. The mean and SD of
change between pairs consecutive of loading conditions, baseline vs. compression and

compression vs. traction were also estimated with 95% confidence interval (CI).

Results

Measurement data were available for analysis for all L4-5 and L5-S1 discs from the 22
participants on both measurement occasions, except for one participant’s MRI, which was

excluded due to poor quality at follow-up.

Reliability of Signal Intensity Weighted Centroid Measurements. The intra-rater and
inter-rater reliability coefficients for the MSI of the whole disc and nucleus ranged from 0.94 to
one, and the corresponding intra- and inter-rater SEMs varied from 0% to 6% of the mean
measurements (table 14). The intra- and inter-rater reliability coefficients for the horizontal and
vertical coordinates of the SIWC for the whole disc and nucleus ranged from a mean 0.97 to 1.00
(table 14). The intra-rater and inter-rater SEMs for the vertical coordinates of the SIWC for all
ROIs were zero at both disc levels and varied from zero to 2.2 mm for the horizontal coordinates

(table 14).

Effects of Exercise on the Mean Signal Intensity and Signal Intensity Weighted
Centroid. There was no significant difference between the MSI or vertical coordinate of the SIWC
of the whole disc and nucleus before and after the extension exercises at either disc level (table
15). Also, with the exception of the whole disc at L4-5 (ES:-0.22), there were no significant
differences between the location of the horizontal coordinates before and after the intervention

(table 15).
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Table 14 Intra- and inter-rater reliability coefficients (ICC) and standard error of measurement (SEM) for measurements of

the whole disc and nucleus at both levels

Intra-rater Inter-rater
ROI Measurements Mean
ICCss | 95%CI | SEM | ICCay 95% CI SEM
L4-5
Signal intensity 21.7 (7.8) 0.99 0.98-0.99 1.7 0.99 0.98-0.99 1.7
Vg};’ie Weighted | X 2.0 (3.4) 1.00 1.00-1.00 0.0 1.00 1.00-1.00 0.0
Centroid | Yy 17.0 (1.4) 1.00 1.00-1.00 0.0 1.00 1.00-1.00 0.0
Signal intensity 30.6 (7.8) 0.99 0.99-1.00 0.8 0.97 0.94-0.98 1.3
N“‘S’le“ Weighted | X 2.0 (3.3) 1.00 1.00-1.00 0.0 0.97 0.95-0.98 2.2
Centroid | Yy 17.0 (1.5) 1.00 1.00-1.00 0.0 1.00 1.00-1.00 0.0
L5-S1
Signal intensity 24.5 (12.0) 1.00 1.00-1.00 0.0 0.99 0.98-0.99 1.2
“{)Iilg’cle Weighted | X 7.0 (2.3) 1.00 1.00-1.00 0.0 0.99 0.99-1.00 1.4
Centroid Y -16.0 (2.0) 1.00 1.00-1.00 0.0 1.00 1.00-1.00 0.0
Signal intensity 37.4 (26.0) 1.00 0.99-1.00 0.0 1.00 1.00-1.00 0.0
Nuzleu Weighted | X 7.0 (2.5) 1.00 1.00-1.00 0.0 1.00 1.00-1.00 0.0
Centroid | vy -15.0 (2.2) 1.00 1.00-1.00 0.0 1.00 1.00-1.00 0.0

Abbreviations: ROI: region of interest; ICC: intra-class correlation coefficient; SEM (mm): standard error of measurement; CI:

confidence interval; X Anterior-posterior coordinate relative to the top left corner of the image; Y top-down distance relative to the top

left corner of the image.
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Table 15 Mean Signal Intensity (MSI) and Signal Intensity Weighted Centroid (SIWC) of the whole disc and nucleus at both

levels before and after intervention

ROI Measurements | Before After Mean 95% CI | Povalue | Lot
Difference Size
L4-5
MSI 21.9+7.8 21.8+£7.9 -0.1&£5.4 -24-2.5 0.95 0.00
Whole Disc SIWC X 2.443.5 1.2+6.7 -1.2+2.4 0.1-2.3 0.03 -0.22
(mm) Y 17.3£1.5 17.4+1.4 0.1+£0.4 -0.6-0.2 0.30 0.07
MSI 30.1£17.2 | 31.4+17.8 1.349.4 -5.6-3.0 0.54 0.06
Nucleus SIWC X 2.6+3.5 24431 -0.24+2.8 -1.1-1.5 0.76 -0.06
(mm) Y 17.4+£1.6 17.3£1.6 -0.1+0.4 0.0-0.3 0.17 -0.06
L5-S1
MSI 23.1+10.1 | 24.0£11.7 0.9+£3.6 -2.5-0.8 0.28 0.09
Whole Disc SIWC X 7.082.7" -7.0£1.8 0.0£2.0 -1.0-0.8 0.86 0.00
(mm) Y | -15.5£2.2" | -15.7+£3.3 -0.2+1.7 -0.4-1.0 0.42 -0.07
MSI 34.2+22.5 | 35.9+£25.6 1.7£8.2 -5.4-2.1 0.36 0.08
Nucleus SIWC X -7.242.8 -6.8+2.2 0.442.0 -1.2-0.5 0.42 0.16
(mm) Y -15.0£2.4 -15.5+1.9 -0.5+£2.0 -04-14 0.29 -0.23

*Posterior (dorsal) to the centre of the Cartesian coordinate system
**Inferior (caudal) to the centre of the Cartesian coordinate system

Abbreviations: ROI: region of interest; CI: Confidence interval.
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Discussion

The MSI and SIWC of the entire intervertebral disc and nucleus region on midsagittal T»-
weighted MRI were found to be highly reliable measurements. Yet, they provided no indication of
a change in fluid content or and limited evidence of a change in distribution within the whole disc
or nucleus region as a result of extension exercises in a sample of patients with chronic low back
pain. Only an anterior shift in the position of the SIWC of the whole L4-5 disc indicated a
significant movement or enhanced concentration of fluid anteriorly. The effect sizes also suggest
that novel measurements reflecting fluid distribution within the disc space showed equal or larger

sensitivity to change compared to the more traditional MSI quantification of fluid content.

The SIWC reflects the location or centroid around which the distribution of signal
intensities is balanced. In the present study, the excellent reliability of the SIWC measurements,
with little, if any, measurement error for the horizontal and vertical coordinates, suggest the SIWC
is suitable for research and clinical use. Péri¢ and Curnier also reported good reliability for the

nucleus weighted centroid, but only reported data related to the horizontal direction [214].

Our findings suggesting no significant change in disc fluid content were not consistent with
Beattie et al.’s who found a significant increase in the fluid diffusion in the nucleus following a
10-minute session of lumbar pressures in a posterior-to-anterior (PA) direction and prone press-up
exercises [45]. In the present study, participants spent 1.5 minutes performing repeated extension
to end range followed by 15 minutes in a passive extension position. Results of another study
conducted by Beattie et al indicated a significant increase in the disc apparent diffusion coefficient
following a 10-minute application of PA directed manual pressures [69]. Thus, the observed
changes in both studies could be due to the application of PA directed manual pressure. The
anterior shift of the signal intensity observed at the L4-5 level indicates more fluid concentration
in the anterior part of the disc. This was consistent with our hypothesis that extension increases
the pressure on the posterior part of the disc and drives fluids more anteriorly. The fact that the
SIWC did not demonstrate significant movement at L5-S1 makes this finding less persuasive, but
the range of motion at L5-S1 is generally less than at L4-5 [216], and may not be enough to reduce

intradiscal pressure and significantly drive fluid anteriorly.

Several limitations to the present study should be acknowledged. We did not quantify disc

fluid content in the extended position. This would increase the distance between the body and the
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spine coil and thus reduce the signal to noise ratio. Our small sample of volunteers presented
mainly moderately and highly degenerated discs, which are typically harder to measure, compared
to less degenerated discs with highly detectable margins, and may provide a worst-case scenario
with respect to measurement reliability and detecting changes in fluid distribution within the disc.
However, the clinical significance of changes in SIWC locations of different magnitudes at this
point is unclear. Another limitation was the pixel size. We were only able to capture changes equal
to or greater than 0.5 mm. An additional study limitation is that we only measured the midsagittal
slice of the L4-5 and L5-S1 discs, and it is possible that changes in fluid content or distribution in

other regions of the disc may have been missed.
Conclusion

The location of the SIWC in different disc ROIs may be employed as a highly reliable
measurement for investigating changes in signal distribution, which may be useful in studies of
the effects of different loading conditions or therapeutic interventions on fluid movement or
distribution. Little evidence was found supporting the hypothesis that prone press-up exercises
affect disc fluid content and distribution. There was no significant difference in the whole disc and
nucleus MSI or location of the SIWC before and after extension exercise, except for the horizontal

coordinate of the SIWC of the whole L4-L5 disc.
Key points

FINDINGS: There were no significant differences in the whole disc or nucleus MSI and location
of the SIWC before and after extension exercise at either disc level examined, except for an

anterior shift of the SIWC of the whole disc at the L4-L5 level.

IMPLICATION: These findings suggest prone press-up extension exercises do not increase disc

fluid content, but possibly influence fluid distribution within the discs.

CAUTION: These findings are based on a small sample size and may not be applicable to other

groups of patients with less advanced disc degeneration.
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Abstract

Background: Conventional MRI is routinely used to depict intervertebral disc degeneration (IDD)
which has become the focus of much research. IDD affects the magnitude and the distribution of
fluid in the disc. IDD has been associated with changes in the disc biomechanics, which may be
best illustrated by imaging spines under loading. This study aimed to compare the effects of
compression and traction loading on geometric and T> measurements of the lumbar discs and

vertebrae using quantitative To-mapping in relation to disc degeneration.

Methods: Thirty-five volunteers (30+11yrs, 51% women) with and without chronic LBP rested in
a supine position for 15 minutes before an unloaded MRI scan. The lumbar spine was then loaded
with 50% body weight for 20 minutes with imaging occurring in the last 5 minutes and the process
was then repeated under traction. Disc, nucleus and vertebra from L1-2 through L5-S1 were semi-
automatically segmented on mid-sagittal T>-weighted images and measurements extracted from
T>-maps. For each ROI and loading condition, the mean T> (MT>), geometric weighted centroid
(GWC), and T»-weighted centroid (ToWC) were calculated. Disc height, motion segment angle
(MSA), disc and nucleus width were also computed. A repeated measure analysis of covariance
(ANCOVA) with Sidak’s post-hoc comparisons was employed to compare different loading
conditions, controlling for age and vertebral dimensions. Cohen’s d effect size was calculated for
differences between loading conditions. Correlation coefficients were computed between the MT>
of the corresponding disc as a measure of degeneration and the change between each pair of

consecutive loading conditions.

Findings: From compression to traction, we observed a statistically significant: small decrease for
the disc MT at L1-2 (ES: -0.35); small increase for the Nucleus M T at L3-L4 (ES=0.26); trivial
or small inferior and posterior shift of the L4-L5 (ES: 0.4, 0.14) and L5-S1 (ES: 0.25, 0.33) disc
ToWC; small inferior and posterior shift of the nucleus TWC (ES: 0.25, 0.31) and GWC (ES:
0.22,0.31) at L5-S1, small posterior shift of the nucleus TWC (ES:0.49) and GWC (ES: 0.48) at
L4-5. From unloaded to compression, we observed a significant: a small increase in disc width at
L5-S1 (ES 0.22); a trivial increase in Nucleus MT> at L1-2 (ES 0.18); small anterior shift of the
disc T WC at L1-2 (ES 0.39); small posterior shift of the nucleus GWC at L3-4 (ES 0.38);
moderate segment extension at [L3-4 (MSA 2.1°) and L4-5 (MSA 1.8°). Least severe disc
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degeneration correlated with larger changes in the disc and nucleus measurements between pairs

of loading conditions with a strongest correlation of -0.51.

Interpretation: Effect size estimates suggested that the location of T-WC and GWC, the motion
segment angle and disc height were the most promising biomarkers for evaluating the effects of
loading on the lumbar spine. The largest responses to loading were observed at the lower lumbar

levels. Larger responses to loading were observed with less degeneration.

Keywords: magnetic resonance imaging; compression; traction; T> map; mean T> time; mean T

weighted centroid, disc height, degeneration, intervertebral disc, low back pain
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Introduction

Conventional MRI is routinely used to depict structural abnormalities of the lumbar spine
and diagnose low back pain (LBP), with a particular interest in the intervertebral disc. There is
much research on intervertebral disc degeneration (IDD) in hope to better understand the pathology
in the majority of patients with LBP receiving a diagnosis of non-specific LBP [115, 217, 218].
Indeed, IDD has been implicated in the development of LBP, either directly through the infiltration
of blood vessels and nerves or indirectly through effects on spinal biomechanics and other
structures [5—7]. IDD is associated with morphological, chemical and metabolic changes in the
disc [5]. A degenerated disc is a dehydrated and fragmented structure [54], with morphological
changes including radial and circumferential annulus tears, disruption of the endplates and loss of
demarcation between the nucleus and annulus [5, 51]. With disc degeneration the fragmented
proteoglycans begin to diffuse out of the nucleus, reducing the negative charge density of the disc,
disc osmotic pressure and thus disc fluid content [61]. Degeneration not only affects the
magnitude, but also the distribution of fluid in the disc [5]. In addition to changes within the disc,

IDD has also been associated with changes in the biomechanics of the motion segments [5].

Despite the frequency with which diagnostic MRI is used to investigate the disc for LBP,
findings are often inconclusive due to a lack of specificity. This may be due, in part, to conducting
MR imaging in a relaxed supine position while pain is often experienced when the spine is
subjected to loading. Thus, imaging under different loading conditions may provide more

informative findings than those revealed at rest.

Loading induces morphologic changes in the lumbar spine [161, 219] and variations in
fluid exchange [32], which may provide novel biomarkers of degenerative conditions, with
possible clinical relevance. On the T>-weighted MR images, T> time can be employed as an indirect
measure for estimating the fluid content of the tissue [37]. A higher T> indicates more fluid
concentration in the region of interest [37]. The location of the MR T> weighted centroid (T;WC),
which is the location of the arithmetic mean T> (MT2) of all the pixels in a region of interest
weighted based on their intensity, can be used to reflect the distribution of fluid within a structure.
T>WC is a unique point location, which only changes in response to variations in fluid distribution

as reflected by T> time of each pixel within the region. Yet, this potentially informative measure
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has not been previously utilised in studies of disc degeneration and compression or traction

loading.

As degeneration affects morphology, biomechanics and biochemistry of the disc [1], this
preliminary study aimed to test the hypothesis that variations observed in the magnitude and
distribution pattern of fluid within the lumbar tissues, as well as changes in morphology and
segmental alignment of the lumbar spine, under different loading conditions would be associated
with the degree of degeneration. The response of these measurements to loading was quantified as
it may provide further insight into disc degeneration and function, and potentially the pathology
underlying persistent or recurrent back pain. Specifically, refined quantification of changes in T
profile, location of ToWC, disc height, lumbar motion segment angulation and alignment under
different loading conditions may lead to the identification of new imaging biomarkers to assist
with classification or diagnosis of lumbar degenerative conditions. We also hypothesised that the

response to loading of the quantified biomarkers would decrease with increasing disc degeneration.

Materials and methods

This study consisted of a single testing session to compare MRI geometric and T>
measurements in the relaxed supine position, and with the lumbar spine under compression and

then traction.

Participants. Thirty-five volunteers (173, 189), including 20 (113, 99) with and 15 (6,
99Q) without LBP, participated in the study. We employed both volunteers with and without LBP
as we were looking for a wide range of degeneration in this preliminary evaluation of novel
biomarkers. The participants were recruited using the mass email service to students affiliated with
our university. The inclusion criteria for both groups were 18 to 65 years of age and the ability to
read and understand English instructions. Participants with claustrophobia, any contraindications
for MRI or traction, tumour, uncontrolled hypertension, severe osteoporosis, and previous spine
surgery were excluded. Additional inclusion criteria for participants with LBP were an Oswestry
Disability Index score of 25% or greater and being in pain for at least half of the days in the past
six months before imaging [49]. We excluded participants with confirmed causes of back pain,
such as malignancy and fracture; significant compression of the spinal cord/ nerves; on-going

workers’ compensation or litigation cases; and having received injections within the last 12 weeks.
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Additional inclusion criteria for volunteers without LBP were no current back pain and no
memorable (severe or disabling) back pain lasting more than one day over the past ten years. The

study was approved by the Health Research Ethics Board of the University of Alberta.

G*Power 3.1 software (University of Kiel, Kiel, Germany) was used to calculate the
required sample size to secure a power of 0.80 using an a value of 0.05, to detect an effect size
corresponding to the mean difference + standard deviation observed in the disc height in a study
of 6 weeks of motorized traction with 50% BW [220]. This study was the only study providing
preliminary traction loading response estimates at the time. The required sample size was 40
participants. With 35 participants, an effect size of 0.49 could be detected as statistically

significant.

MRI image acquisition procedures. Use of a custom-designed MRI compatible loading
table allowed compression and traction to be applied while the participants were in the MRI
scanner. Mid-sagittal T>-weighted MR images were acquired during the last five minutes of each
loading period that lasted for 20 minutes. The position of mid-sagittal slices were selected by the
technician based on the localizer sequence illustrating the presence of the spinous processes and
with a clear demarcation of the spinal cord on the T2-weighted images [180]. In cases where a
lumbar curve was present, the localizer was placed to ensure capturing the L4-5 disc and spinous
processes. The participant spent the first 20 minutes lying in a relaxed unloaded supine position,
followed by 20 minutes loaded in compression with 50% body weight (BW), and then 20 minutes
in traction with 50% BW applied (Figure 8). A compressive load equal to 50% of the subject’s
BW was applied to simulate loading in the erect spine [221], followed by a traction force of 50%
BW to investigate the effects of a contrasting unloaded condition on imaging measurements [220].
We chose 50% BW as it showed promise to induce changes in disc height [90],while also

minimising subject discomfort and possible drop out during scanning [222].
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Compression force was applied by a deadweight of 50% BW tied to a rope tensioning a
harness strapped around the chest with straps applying load over the shoulders (Figure 9). Loads
were left in place during the first 5 minutes of loading with the rope free to move through a pulley
at the foot of the device. Then the rope was locked in place by a compression screw and the patient
was moved into the MRI while still under loading. For traction, the chest harness was released
from the foot of the device and anchored by straps at the head of the device to fix the upper spine.
Traction loading was applied via straps pulling on a harness securely tightened around the pelvis
by applying a deadweight of 50% BW for 5 minutes and then the tensioned cable was locked in
place (Figure 9). To ensure that friction did not limit the application of loading force, the pelvis
and lower extremities rested on the lower half of the table which was resting on wheels and free

to move in the cephalad-caudal direction.

Images were acquired using a 3T whole-body Philips MR scanner (Philips Healthcare
Intera). The T>-weighted image acquisition parameters used to obtain a T> map were TR 2500, TE
(five echoes: 16.9, 44, 71, 98 and 125 ms), 2 averages, a field of view of 500500 mm, pixel size
0.49%0.49 mm, image thickness Smm and a matrix size of 1024x1024 pixel. The location of mid-
sagittal slices was determined using the localizer sequence to select the location best illustrating
the spinous processes and with a clear demarcation of the spinal cord [180]. In cases where a
lumbar lateral curve was present, the localizer was placed to ensure capturing the L4-5 disc and

spinous processes.
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Figure 9 Schematic representation of the loading table a:) compression b:) traction

Image processing and disc height measurements. Image post-processing was carried out
offline using a computer aided measurement program developed by our team (Appendix I). A
graduate student (AS) completed the semi-automatic image segmentation following training in
using the program and practising segmentation on 70 images. Tz-maps were constructed
automatically by obtaining T> relaxation time estimates for a given pixel using the Nelder-Mead

Simplex method [223].

The software was used to semi-automatically segment each lumbar motion segment by
identifying boundaries displaying maximal T> signal intensity differences into the following
regions of interest (ROIs): the whole disc, the hyperintense nucleus region (hereafter referred to
as the nucleus) and vertebra (Appendix I). The semi-automated segmentation procedures have
been reported previously [224]. The Tr-weighted image corresponding to the third echo
(TE=71ms) was used for image segmentation and each ROI was then reconstructed on the
corresponding T2-map to extract measurements of interest. Three parameters were calculated for

each vertebra and nucleus ROI: 1) mean T time (MT2), 2) horitzontal (X) and and vertical (Y)
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coordinates of the geometric weighted centroid (GWC), and 3) of ToWC obtained using Equation
4 and Equation 5, respectively [214]. The MT> and location of ToWC were calculated for IVDs.

Equation 4. Mathematical description of TX-WC

_ L1 XiT2;
2iT2;

_ L YT2
XiT2;

T,WC =

Equation 5. Mathematical description of the GWC
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Where X; and Yj, are the horizontal and vertical coordinates of each pixel within an ROI, and A;
and Ty; are the area of each pixel and the T> time of each pixel, respectively. As the location of the
lumbar spine varied relative to the centre point of the image in different loading conditions, the
centre of the Cartesian coordinate system was placed at the GWC of the superior vertebra for each
motion segment. All GWC and T;WC measurements for the motion segment were determined
relative to that reference point. The negative horizontal and vertical coordinate values indicate

more anterior and superior position relative to the reference vertebra’s GWC, respectively.

Disc height was also measured automatically using an area-based method [197] by dividing
the area of the disc by the corresponding diameter representing 80% of the disc width centred at
the mid-point of the whole disc. The angle between the best-fit lines passing through the segmented
contour of the superior and inferior border of the disc was computed as the motion segment angle.
The width of the disc and nucleus along the disc bisector line was also computed automatically.
The ICC3 1 intra-rater reliability estimates of the motion segment angle and disc and nucleus width
ranged from 0.75 to 0.95. The reliability estimate of the motion segment angle and disc and nucleus
width ranged from 0.75 to 0.95. All other measurement constructs were found to have good to
excellent intra- and inter-rater reliability, with reliability coefficients (ICC) ranging from 0.88 to

1.00 [224].
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Disc degeneration grading. The degree of disc degeneration was assessed for each disc
using the 5-point scale proposed by Pfirrmann et al [ 16] through consensus by two raters (VA and
EP) with more than five years of experience in spine imaging. Degeneration was graded using the

T>-weighted image with a TE of 71 ms.

Data analysis. The analysis was carried out at each level independently. The normality of
the data was examined using Shapiro-Wilk test for each measure. A repeated model of analysis of
covariance (ANCOVA) was employed to compare different loading conditions [152]. Age and the
area of the second lumbar vertebra (to adjust for variations in lumbar spine size among
participants), were included as covariates. Sidak’s post-hoc comparisons were used to determine
the significance of differences between the baseline unloaded and compression measurements and
between compression and traction [152]. The effect size of differences between pairs of
consecutive loading conditions was estimated using Cohen’s d (Equation 6). The most promising
biomarkers were then identified as those with Cohen’s D effect size of moderate (0.5) or large

(0.8) for each comparison of interest [215].
Equation 6 Mathematical description of Cohen’s D
(Mg — Mp)

[SDZ + SD3
— 2

Where Mg and Ma are the means of before and after the change in loading condition and

d=

SDg and SDa are standard deviations of before and after the loading change. The mean and SD of
change between pairs consecutive of loading conditions, unloaded vs. compression and

compression vs. traction were also estimated with 95% confidence interval (CI).

Pearson’s correlation coefficients were computed for the disc MT, while unloaded as a
measure of disc degeneration and the change in each quantitative MRI measurement between
consecutive loading conditions to test the hypothesis that the response to loading decreases with
increasing disc degeneration. Finally, a post-hoc Pearson’s correlation coefficient estimation was
conducted among the change variables of all candidate biomarkers when going from compression
to traction at L5-S1 (the level, which demonstrated the most response to loading). This was to

explore which variables shared large amounts of variance. We considered the variables with r-
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square exceeding 0.50, which corresponds to sharing over 50% of common variance as providing
possibly redundant information. Correlation estimates larger than r=0.71 were used to identify
variables possibly providing redundant information as the corresponding coefficient of
determination (°) indicates more than 50% of common variance [225]. All statistical analyses
were carried out using SPSS® statistical software, version 23.0 (IBM Corp. Armonk, NY., USA)

with the level of statistical significance set at 0.05.

Results

The mean age of the 35 participants was 30.4+11.2 [18-53] years, and the mean weight
was 75.9+13.5 [56-96] kg for females and 69.9+12.8 [55-94] kg for males. Thirty-five discs and
vertebrae were analysed at each level from L1-2 to L5-S1 for each loading condition. Of the total
175 discs, the sample included only three discs (1.7%) with Pfirrmann grade I (normal), and two

(1.1%) grade V (advanced degeneration with a collapsed disc space), both at L5-S1 (table 16).

Table 16 Distribution of Pfirrmann scores of IDD at each level from L1-2 through L5-S1

Level GradeI | GradelIl | GradeIIl | Grade IV | Grade V
L1-2 0 29 4 2 0
L2-3 1 32 2 0 0
L3-4 1 28 5 1 0
L4-5 1 14 13 7 0
L5-S1 0 12 11 10 2
Total 3 115 35 20 2
Percentage 1.7 65.7 20.0 11.4 1.1

Differences in response to loading. Most differences in response to loading were observed
going from compression to traction (table 17). Differences were most often observed at L4-5 and
L5-S1 and most often from measurements reflecting fluid distribution rather than geometric

measurements.

Going from compression to traction. Statistically significant trivial or small inferior
(ESL4-5:0.14; ES15.51:0.33) and posterior shifts (ES14-5:0.40; ES15.51:0.30) of the disc T:WC (Figure
10 a) were observed at the two lowest lumbar levels (table 17). A statistically significant small
posterior shift was also observed for the nucleus To-WC and GWC at L4-5 (ESt2wc:0.49; ESgwc:
0.48) and L5-S1 (ESt2wc:0.25; ESgwc:0.22) (Figure 10b). There was also a statistically significant
small inferior shift of the nucleus TWC (ES: 0.31) and GWC (ES:0.31) at L5-S1 (Figure 10 b).
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Statistically significant increases of the disc height were observed at L1-2 (trivial ES:0.08) and
L5-S1 (small ES:0.32) were observed (Figure 10 c). There was also a statistically significant small
decrease in the disc MT> at L1-2 (ES:-0.35) and increase in the nucleus M T at L3-4 (Figure 10 d)
(ES:0.26).

Figure 10 Significant differences from compression to traction for a:) disc To-WC b:) nucleus
T2WC (yellow) and GWC (brown) and c:) disc height d:) disc and nucleus MT> (images

illustrate direction and location of the effects but are not scaled)

Moreover, a small effect size but not statistically significant was observed for increased
disc MT> at L4-5 (ES:0.22) as well as decreased nucleus MT> at L1-2 (ES:-0.26). Likewise, a small
effect size but not statistically significant was also observed for decreased disc width (ES:-0.22)
at L5-S1 and increased nucleus width at L1-2 (ES:0.23) and L3-4 (ES:0.20). A small effect size
but not statistically significant was observed for a decrease in the motion segment angle at L3-4

(ES:-0.27) and L4-5 (ES:-0.27), and an increase at L5-S1 (ES:0.25).

Going from unloaded to compression. Statistically significant small posterior shifts were
observed for the disc TWC (ES:0.39) at the L1-2 level and for the nucleus GWC at L3-4 (ES:0.38)
(Figure 11 a) (table 17). The nucleus MT> increased by a trivial effect size (ES:0.18) at L1-2
(Figure 11 b). The motion segment angle showed statistically significant increases with moderate
effect sizes by an average 2.1° at L3-4 (ES:0.56) and 1.8° at L4-5 (ES:0.53) (Figure 11 c). A
significant small increase of the disc width was observed at L5-S1 (ES:0.22) (Figure 11 d).
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Figure 11 Significant differences from unloaded to compression a:) disc ToWC (illustrated in
yellow) and nucleus GWC (illustrated in brown) b:) nucleus MT; and c:) motion segment angle

d:) disc width (images illustrate direction and location of the effects but are not scaled)

A small effect size but not statistically significant was observed for the posterior shift in
the disc and nucleus ToWC at L2-3 (ESpisc:0.44; ESnuctLeus:0.39), and only for the nucleus at L3-
4 (ES:0.35). Likewise, a small effect size but not statistically significant was also observed for the
posterior shift in the nucleus GWC at L2-3 (ES:0.41). In contrast, a small effect size but not
statistically significant was observed for an anterior shift of the nucleus T2WC at L5-S1 (ES: -
0.20) and the Nucleus GWC at L4-5 (ES: -0.23). A small effect size but not statistically significant
was observed for a superior shift in the nucleus To'WC and GWC at L5-S1 (ES: -0.21) as well as
for a reduction in the disc MT; at L3-4 (ES: -0.26) and in the nucleus width at L1-2 (ES: -0.34),
L3-4 (ES: -0.27) and L5-S1 (ES: -0.26).



and geometric centroids of the disc and nucleus ROIs for L1-2 through L5-S1

Measure | Level | Unloaded SO%CBW SO%TBW Etge\c/‘;.stljze Et:l{‘es;'sclze
Disc
Horizontal | L1-2 | 7.3£0.5 8.6:+0.6° 8.6+0.4 0.39 0.00
coordinate | L2-3 | 6.7+1.3 9.2+0.5 9.4+0.4 0.44 0.07
of L3-4 | 6.5+0.5 7.120.6 7.5+0.5 0.17 0.12
T.WC | 1L4-5 | 0.2+0.8 0.1+0.7 1.8+0.7° -0.02 0.40
(mm) [15.S1| -11.7£0.6 | -12.3+0.7 | -10.8+0.8° -0.13 0.30
Vertical | L1-2 | 33.6£0.2 | 33.4+0.2 | 33.5£0.2 -0.08 0.04
coordinate | L2-3 | 35.3£0.6 | 35.7+0.2 | 35.840.2 0.16 0.08
of L3-4 | 37.2+20 | 37.440.2 | 37.4+0.2 0.09 0.00
T.WC | L4-5 | 38.3+03 | 38.3+0.3 | 38.6+0.3" 0.00 0.14
(mm) [ 15-S1| 354404 | 34.9+0.5 | 36.1+0.5" -0.15 0.33
L1-2 13343 13643 130+2° 0.17 -0.35
Mean L2-3 13743 140+3 140+3 0.17 0.00
T, L3-4 14243 13743 14343 -0.26 0.31
(ms) L4-5 13243 130+3 135+4 -0.09 0.22
L5-S1 | 120+3 11843 12043 -0.10 0.10
Height | L1-2 | 8.70.1 8.9+0.1 9.0+0.1° 0.16 0.08
80% Disc | L2-3 | 9.9+0.2 10.0£0.2 | 10.1+0.2 0.07 0.07
width | L34 | 10.5£02 | 10.6:0.2 | 10.7+0.2 0.07 0.07
Used L4-5 | 11.1+0.2 | 11.240.2 | 11.4+0.2 0.08 0.17
L5-S1 | 10.5+0.2 | 10.3£0.2 | 10.8+0.3° -0.13 0.32
L1-2 | 71.8+0.6 | 72.0+0.8 | 71.3+0.6 0.03 -0.10
Disc L2-3 | 74.120.7 | 74.7+0.7 | 73.8+0.7 0.10 -0.15
Width | 13-4 | 75.8+0.8 | 75.3+0.8 | 74.7+0.7 -0.07 -0.09
(mm) L4-5 | 78.4+09 | 78.6+0.9 | 78.5+£0.9 0.02 -0.01
L5-S1 | 75.140.9 | 77.0+1.1* | 75.1£1.0 0.22 -0.22
Nucleus

Horizontal | L1-2 | 6.2+0.5 7.0+0.5 7.240.5 0.23 0.07
coordinate | L2-3 | 5.8+1.2 8.0+0.4 8.240.5 0.39 0.07
of L3-4 | 5.5+0.5 6.7+0.6 6.9+0.4 0.35 0.06
T.WC | 14-5 | 0.0£0.7 | -0.840.8 | 1.2+£0.6" -0.18 0.49
(mm) 1L5-S1 | -10.9+0.7 | -11.9+0.8 | -10.6+0.8" -0.20 0.25
Vertical- | L1-2 | 33.6+0.2 | 33.5+0.2 | 33.6+0.2 -0.04 0.04
coordinate | L2-3 | 35.120.6 | 35.6£0.2 | 35.7+0.2 0.12 0.08
of L3-4 | 37.040.2 | 37.240.2 | 37.1£0.2 0.09 -0.04
T.-WC | L4-5 | 38.1£0.3 | 37.940.3 | 38.2+0.3 -0.09 0.13
(mm) | L5-S1| 35.1+0.5 | 34.3£0.6 | 35.5+0.5" -0.21 0.31
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Table 17 Differences between loading conditions in mean T2, location of the T2 weighted



Measure | Level | Unloaded SO%CBW SO%TBW Efcf;e\c,:;'slljze Eflfesg.scljze
Horizontal | L1-2 | 6.7+0.5 7.120.6 7.240.5 0.13 0.03
coordinate | L2-3 | 5.6+1.2 7.8+0.4 7.8+0.4 0.41 0.00

of L3-4 | 4.840.6 | 6240.6* | 6.1+0.5 0.38 -0.03
GWC L4-5 | -0.8+0.7 | -1.8+0.8 | 0.2+0.7° -0.23 0.48
(mm) [L5-S1 | -11.3+0.7 | -12.2+0.8 | -11.1x0.7 -0.18 0.22

Vertical | L1-2 | 33.5£02 | 33.4+02 | 33.5£0.2 -0.04 0.04

coordinate | L2-3 | 35.040.6 | 35.5+0.2 | 35.6+0.2 0.16 0.08

of L3-4 | 37.0+0.2 | 372402 | 37.1x0.2 0.09 -0.05
GWC L4-5 | 38.0+0.3 | 37.7+0.3 | 38.1+0.3 -0.13 0.18
(mm) | L5-S1| 35.0+0.4 | 34.3£0.5 | 35.4+0.5" -0.21 0.31
L1-2 16144 166+5° 159+4 0.18 -0.26
Mean L2-3 167+4 17244 17043 0.19 -0.08
T2 L3-4 17144 165+5 174+5° -0.15 0.26
(ms) L4-5 15245 15145 155+5 -0.03 0.11
L5-S1 | 141+5 13946 14245 -0.06 0.08
L1-2 | 245+04 | 23.1+0.5 | 24.1+0.4 -0.34 0.23
Nucleus | L2-3 | 252405 | 25.3+0.5 | 25.0+£0.5 0.02 -0.07
Width | L34 | 26.3+0.6 | 25.1+0.8 | 26.0+0.6 -0.27 0.20
(mm) L4-5 | 26.1+0.5 | 25.140.7 | 24.9+0.6 -0.26 -0.05
L5-S1 | 25.3+0.5 | 24.940.7 | 24.7+0.6 -0.10 -0.05

Motion Segment
L1-2 | 2.540.5 3.120.6 3.1+0.5 0.19 0.00
L2-3 | 4.6£0.5 5.1+0.4 4.840.6 0.19 -0.10
Angle® | L3-4 | 7.1+0.5 9.1+0.6° 8.1+0.6 0.56* -0.27
L4-5 | 10.5£0.6 | 12.3£0.6* | 11.440.5 0.53* -0.27
L5-S1 | 15.240.6 | 15.2+0.9 | 16.4+0.7 0.00 0.25
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“ Significant difference of compression vs unloaded. (Sidak p<0.05)

bSignificant difference of traction vs compression (Sidak p<0.05)

Negative horizontal means moving anteriorly relative to geometric centroid of the vertebra above.
Positive vertical means moving caudally relative to geometric centroid of the vertebra above.

* Medium effect size

Bold values represent Pyan.<0.05

Abbreviations: BW: body weight; GWC: geometric weighted centroid; ToWC: Trweighted

centroid; mm: millimetre; U: unloaded; C: compression; T: traction

Correlations between degeneration and response to loading. The largest negative and
positive Pearson’s correlation coefficients for disc degeneration estimated using MT> and the

differences in the disc and nucleus measurements from unloaded to compression or from
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compression to traction were -0.51 and 0.49, respectively (table 18). For changes from
compression to traction, less degeneration was associated with more superior movement of the
disc ToWC (r=-0.45), the nucleus ToWC (r=-0.51) and the GWC (r=-0.48) at L.2-3 (table 18).
Likewise, lower degeneration associated with larger posterior movement of the nucleus ToWC at
L1-2 (»=0.42), L3-4 (»=0.39) and L5-S1 (=0.36), and the nucleus GWC at L5-S1 (+=0.39).
Conversely lower degeneration associated with larger anterior movement of the disc ToWC (r=-
0.46) and the nucleus GWC (r=-0.51) at L1-2. Less degeneration was also associated with more

decreased disc width at L4-5 (»=-0.36).

For changes from unloaded to compression, less disc degeneration (higher MT2) was
associated with a larger decrease in MT> of the disc at L2-3 (r=-0.45), L3-4 (+=-0.51) and L4-5
(=-0.42), and of the nucleus at L3-4 (»=-0.36). Likewise, less degeneration was associated with
larger anterior movement of the disc TWC at L1-2 (+=-0.45) and L5-S1 (+=-0.36) and downward
movement of the disc TWC at L1-2 (#=0.49). Less degeneration was also associated with more

decrease in disc height at L1-2 (+=-0.33)
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Table 18 Pearson’s correlation coefficients between baseline mean T2 as a marker of IDD
and changes in the quantitative measurements from unloaded to compression or from

compression to traction at each lumbar level

Mean + SD Corr@lation (r) Mean + SD Corre;lation (1)
Measure | Level | difference (;f difference difference of difference
Uto C roertoC CitoT frorpCtoT
with IDD with IDD
Disc
L1-2 3411 -0.32 5411 -0.07
Mean Ts |23 3+15 ~0.45% 0+19 -0.08
(s) 13-4 “4+16 ~0.51%* 6+15 0.25
L4-5 2+16 .42 5+16 0.28
L5-S1 | -2+14 -0.28 2413 -0.01
. L1-2 | 1.3+2.6 ~0.45% 0.0+2.9 -0.46%*
?Oo(f;z:’gfel 123 | 24569 20.05 0.242.7 0.22
13-4 | 0.6+2.1 -0.05 0.5+2.6 0.30
of T,WC
(mm) | A5 | 02537 0.07 1.7+3.7 -0.33
L5-S1 | -0.6£2.4 -0.36* 1.5+2.4 0.19
, L1-22 | -0.2+0.6 0.49%% 0.1+0.6 -0.10
Vertical 775371 0413 5 20.04 02408 20.45%%
C;’tf’;il\%e 13-4 | 02+09 0.10 0.040.9 0.01
(omy | A5 | 00507 0.20 0.3+0.7 -0.25
L5-S1 | -0.5%1.4 0.08 1.2+15 0.12
L1-2 | 0.1%0.3 -0.33* 0.2+0.3 0.14
ne |23 [ 0.0:04 20.19 0.1+0.3 -0.04
Ié‘;‘r%l )t 13-4 | 0.120.6 0.09 0.0+0.7 -0.13
L4-5 | 01205 0.02 0.2+0.6 -0.09
L5-S1 | -0.2%0.7 0.33 0.5+0.8 -0.29
L1-2 | 02+3.2 -0.05 _1.0£2.5 0.15
. 123 | 0.6+£3.2 0.04 1.0£2.5 -0.04
mﬂgl 134 | 05126 0.03 07427 2001
L4-5 | 02439 0.31 0.0£3.9 -0.36%
L5-S1 | 1.9+4.1 0.30 1.9+3.1 -0.09
Nucleus
L1-2 5+11 -0.03 7+15 -0.22
L2-3 4416 20.32 2+19 0.04
Mean To 7131 5499 20.36* 819 0.22
(ms) L4-5 “1£15 -0.28 4+17 0.14
L5-S1 | -1£19 -0.18 3416 0.12
Horizontal b L1-2 | 0.7£L8 -0.18 0.2+1.8 0.42%
12-3 | 2.2%7.0 -0.07 0.1+1.8 0.14
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Mean = SD Corr§lation (r) Mean + SD Corre;lation (r)
Measure | Level | difference (;f difference difference of difference
Uto C roertoC CitoT frorpCtoT
with IDD with IDD

coordinate | L3-4 1.142.1 -0.11 0.2+2.3 0.39*
of T.WC | L4-5 | -0.843.3 0.08 2.0£3.4 021
(mm) [15-S1| -1.0£3.9 0.21 1.34£2.5 0.36*
' L1-2 | -0.1£0.5 0.24 0.1£0.6 -0.15

Veﬁ?“al 123 | 0535 20.03 0.250.7 20.51%
C(‘)’;’;zl\‘;]aée 13-4 | 02+08 0.12 20.120.7 0.01
(o) L4-5 | -0.2%1.0 0.05 0.4+1.1 0.16
L5-S1 | -0.8+2.4 0.01 1.1£1.9 0.07
, L1-2 | 04423 -0.14 0.2+2.1 0.40*
H"“zf’mal 123 | 22472 20.07 0.042.2 0.02
C(‘)’;’r(}{%e 13-4 | 13422 20.02 0.142.7 0.23
(mm) L4-5 | -1.0£3.0 0.04 2.0£3.2 -0.19
L5-S1 | -0.9+38 0.21 1.242.3 0.39*
, L1-2 | 0.0£0.6 0.13 0.1£0.7 -0.19

Vertical- 1775 371770 543 5 -0.04 0.2+0.8 -0.48%*
Cg?gl&%e 13-4 | 02+08 0.12 20.140 8 0.02
(mm) L4-5 | -02+1.0 0.02 0.4<1.1 -0.13
L5-S1 | -0.7+2.2 -0.01 1.1+1.8 0.12
L1-2 | -6.6+25.7 -0.20 -0.4+£2.9 0.11
. 123 | 0.1+4.3 0.01 20.4£2.9 0.25
‘(Y;f;;l 134 | -12452 0.05 0.844.8 20.14
L4-5 | -0.9+4.4 0.11 -0.3+5.8 0.11
L5-S1 | -0.4+4.1 0.12 202+4.6 -0.03

Motion Segment

L1-2 14 -0.07 0+3 0.11
12-3 0+3 0.12 343 0.17
Angle® L3-4 2+4 -0.19 -1+4 0.09
L4-5 2+4 0.32 -1£3 0.24
L5-S1 0+4 -0.05 13 0.04

* p<0.05, ** p<0.01
Abbreviations: BW: Body weight, GWC: geometric weighted centroid. ToWC: Trweighted
centroid, mm: Millimetre

Correlation among changes in the quantitative measurements from compression to
traction at L5-S1. A correlation corresponding to over 50% shared variance was observed between

the horizontal coordinates of the nucleus GWC and T;WC (7x=0.93), and with the vertical

coordinates of the GWC (rx=0.95) (table 19). There was also a high correlation between horizontal
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and vertical coordinates of the nucleus To-WC (r=0.78) and between the horizontal and vertical
coordinates of the GWC (+=0.75), as well as horizontal coordinates of the nucleus ToWC and
vertical coordinates GWC (7=0.71). The vertical coordinates of the nucleus ToWC and horizontal

coordinates of the GWC were also highly correlated (=0.73).
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Table 19 Pearson’s correlation coefficients among changes in the quantitative measurements from compression to traction at

L5-S1

Mean Disc changes in Nucleus changes in MSA

T>U | Mean | Height | Width HTZWCV Mean | Width v TWC T T GWe v chaslge

Mean T, U 1 -0.01 | -0.29 -0.09 0.19 | -0.12 0.12 -0.03 0.07 0.36* 0.39* 0.12 0.04

- Mean 1 -0.07 | -0.50** | 0.1 -0.03 | 0.73** | -0.04 0.3 0.36* 0.35% 0.26 0.04
o % Height 1 -0.16 -0.03 | 0.53** | -0.11 0.09 0.37* 0.04 0.12 0.41%* 0.1
-‘Qﬁ %D Width 1 -0.34* | -0.24 | -0.54** | 0.19 | -0.51%** | -0.61** | -0.54** | -0.44** | 0.19
5 T,WC H 1 0.67** | 0.31 0.12 | 0.51** | 0.70** | 0.52** | 0.39* 0.06
\Y 1 0.1 0.08 | 0.71** | 0.52** | 0.41* | 0.61%** 0.29

Mean 1 -0.12 0.25 0.41%* 0.35% 0.18 -0.05

» .51  Width 1 -0.04 -0.09 -0.01 0.01 0.12
3 % V 1 0.78** | 0.73** | 0.95%* | 0.11
ééf’ BWE I | 0.93% | 0717 | 0.1
o GWC H 1 0.75%* 0.12

A% 1 0.07

MSA changes 1

* p<0.05, ** p<0.01

Abbreviations: GWC: geometric weighted centroid. To-WC: Taweighted centroid, mm: Millimeter; V: vertical; H: Horizontal; MSA:

motion segment angle; U:unloaded
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Discussion

This clinical study examined the response of lumbar discs and motion segments to identify
biomarkers which may help define subgroups with different degeneration phenotypes by using
loading during MR imaging. The significant responses of lumbar motion segments to loading
conditions were most evident at the lower lumbar motion segments where the spine was more
degenerated. It was also more consistent with the hypothesised response of the lumbar spine based
on a theoretical model of compression and traction, i.e. compression reduced or did not change the
disc height and expelled fluid out from the discs while traction increased disc height and brought
fluid into the discs. The behaviour of the upper lumbar motion segments (L.1-2 and L2-3) was not

consistent with that theoretical model.

As hypothesised, the pairwise comparisons between compression and traction
demonstrated more significant findings than between unloaded and compression suggesting that
this loading contrast may be more effective to detect variations in response to loading. The location
of the disc and nucleus ToWC and GWC, the motion segment angle and disc height were the most
promising biomarkers for evaluating the effects of loading on the lumbar spine. Response to
loading was further shown to relate to degeneration severity suggesting many of the investigated

measurements show promise as biomarkers for degeneration.

Results support our hypothesis that the fluid distribution related measurements are more
sensitive to capture the effects of degeneration and loading as the majority of the statistically
significant changes and largest effect sizes were observed for T2WC parameters of both the disc
and nucleus. The ToWC is a unique point corresponding to the mean position of all pixels of an
ROI, weighted based on their T2 and changes in its position reflect the distribution of fluids in the
ROIL. Likewise, a significant posterior and inferior shift of the nucleus GWC was also observed at
lower motion segments when the lumbar spine underwent traction from compression. Any

variation in the location of the GWC reflects changes in the geometry and/or location of the ROL.

However, when the lumbar spine underwent compression from unloaded, the fluid shift
(T2WC) in the disc and nucleus was small and not statistically significant at L5-S1. Further, only,

at L3-4, a significant posterior fluid shift was observed in the nucleus. This suggests that
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comparing pairs of extreme loading conditions (compression vs traction) was best at detecting the

response to loading.

The T» value of a tissue reflects the fluid content of the tissue [37]. However, the mean
signal intensity in Tr-weighted MR images which ware widely used has a limitation because it
depends on the distance of the tissue from receiving coils [226], the magnetic field
inhomogeneities and scanner characteristics [37]. In contrast, the mean T> measured in T2-maps
acquired in this study is independent of these factors and is, therefore, potentially more useful for

inter-scanner, between-subjects and within-subject repeated image comparisons.

To the best of our knowledge, the in-vivo effect of traction on the IVD and nucleus fluid
content had not been investigated using MRI T> measurements. Traction can decrease intradiscal
pressure below -100 mmHg [227]. This negative pressure would bring fluid within the disc and
nucleus. Consistent with this, the calculated effect sizes indicated that the fluid content of the IVDs
and nucleuses of the lower lumbar levels increased during traction, however, differences did not
reach significance. This may be due to small sample size, or insufficient duration and magnitude
of loading. Although, previous studies suggested that 10 minutes of unloading was enough for the
spine to recover its height [228-230], a longer loading time may result in larger fluid content
change. However, increasing loading duration may limit the clinical applicability. Further, clinical
traction recommendations typically recommend using 50%BW to ensure good tolerance [220,

231]. It is unclear whether higher loads would be tolerable.

Surprisingly, at L1-2 the disc MT> decreased significantly in traction and the nucleus MT>
increased significantly in compression. The IVD and nucleus are expected to lose or not change
fluid content when undergoing compression and to regain it when loads are reduced [32]. Although
these findings were not consistent with this hypothesis, this observation was consistent with the
results of Nilsson et al. indicated an increase in the disc MT> after lumbar loading with 50% BW
[127]. Nillsson et al. results were however, conflicting with ours and others’ for the lower lumbar
levels [22, 26]. The intended uniaxial compression load may have resulted in a complex loading

condition throughout the spine.

A complex mechanical interaction between the nucleus and the surrounding annulus with
loading has been suggested to induce tensile hoop stresses within the annulus, causing axial

bulging [232-236]. Our results were consistent with this suggestion; the disc width increased in
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compression at most levels and decreased at all levels in traction. Although the directions of the
changes observed for disc height and for disc and nucleus width at L5-S1 were consistent with
previous studies comparing compression to supine unloaded [44, 167], most were not statistically
significant. This suggests that these morphologic measurements are not as sensitive to detect
response to loading as the fluid distribution parameters. Madsen et al.’s indicated a significant
decrease of the cumulative disc height (mean 1.4 mm) using compression in a supine extended
position similar to the present study and compared to unloaded supine [83]. Nazari et al., in 25
homogeneous participants without pain, indicated a significant increase in the anterior-posterior
diameter of the disc and nucleus when going from supine unloaded to sitting or standing [167].
This may be due to different loading conditions, 50% body weight vs. standing which is almost 5
times bigger than lying unloaded [237], or more heterogeneity among participants in the present
study. Spinal loads are also higher during sitting and standing compared to axial loading in a supine

position [41, 42].

Our findings for the angles of lumbar motion segments were consistent with the theoretical
models suggesting that compression increases the motion segment angle producing an increased
lordosis, and traction decreases it by flattening the lumbar spine. However, it was only statistically
significant at L4-5 from unloaded to compression. We could not identify other studies on the effect
of axial loading on segment angles. The angular changes demonstrate that our uniaxial application

of loading to the torso resulted in complex lumbar load transfers.

The significant correlations between disc degeneration and other changes in measurements
observed from unloaded to compression and from compression to traction for the disc height, MT>,
width, and ToWC, nucleus MT>, T WC and GWC, and motion segment angle indicated that
changes in response to the loading likely hold promise and are sensitive enough for studying the
prognosis of disc degeneration or the response of the degenerated discs to treatments. The response
to loading decreased with increasing disc degeneration, which was consistent with our a priori
hypothesis. However, the clinical significance of changes of the GWC and TWC remains unclear
as such changes have not been studied for their impact on symptoms or related to progression in

degeneration or disc pathology measurements.
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The high significant correlation that was observed between the coordinates of the nucleus
ToWC and GWC at L5-S1 indicates that these measures may be used interchangeably and possibly
provide redundant information. Given that TWC provides information on the spatial orientation
of the ROI and the fluid distribution of each pixel, it may be more informative than the GWC and
more sensitive to minor changes. Our correlation estimates suggest that both disc and nucleus
ToWC provide complementary information for evaluating the effect of degeneration as shared
variance corresponded to less than 50% for the correlation between the corresponding horizontal

coordinates of each ROI.

A key strength of this investigation was the use of T> maps, which can provide an estimate
of the fluid content of each voxel. We used a semi-automated segmentation method leading to high
measurement reliability as well as a standardised loading protocol applied during imaging with
controlled pre-load. Nevertheless, some limitations should be acknowledged. We employed a
relatively small sample, which presented heterogeneity by combining participants with and
without back pain with a range of ages. However, we accounted for age and body size differences
in the analyses by using age and vertebra size as covariates. Our volunteer sample included a
limited number of discs with severe degeneration, which contains less fluid and which, based on
our correlation estimates, would reduce the disc response to loading. Many variables were
examined in this preliminary study and some statistically significant results may be due to chance.
A replication study, justified by the promising results, is needed to confirm which biomarkers are
truly useful to detect degeneration difference. With our pixel size, we could capture changes within
the sagittal plane of 0.49 mm of larger. However, a smaller pixel would limit the signal to noise
ratio (SNR). To maximize the SNR, we also chose sagittal slices with five mm thickness limiting
the ability to capture changes laterally less than five millimetres in magnitude. We only measured
the midsagittal slice as each parasagittal T>-map requires a similar scanning time, which would

increase the total scanning time. Changes in other regions of the disc may have been missed.

Conclusion

To our knowledge, this was the first study evaluating the effects of traction and
compression taking advantage of quantitative To-mapping. We examined the effects of loading on
geometric and fluid content and distribution measurements, including the recently introduced

GWC and ToWC. These biomarkers hold promise for future investigation as objective
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measurements of degeneration. Disc’s height, width, MT> and ToWC as well as nucleus’s MT»,
and TWC hold promise as sensitive biomarkers to capture the response of the lumbar spine to
different loading conditions and possibly also to monitor degenerative and regenerative changes
of the lumbar motion segments. Traction compared to compression was more sensitive to capture
the load-induced changes. However, the clinical value of the proposed measurement constructs
still remains unclear and future studies are needed to determine if the responses to loading define

degeneration subgroups with different pathoanatomy, prognosis or response to treatments.
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Abstract

Background: Low back pain (LBP) is a major cause of adult disability globally. Conventional
MRI, which is a sensitive modality to depict lumbar pathoanatomy, is often clinically inconclusive
due to lack of specificity. This is likely due to imaging in a relaxed supine position while pain is
often experienced during spine loading. This study aimed to investigate the response of the lumbar
spine to compression and traction in participants with and without chronic LBP using MRI T»-
mapping. Results would identify imaging biomarkers that hold promise to advance diagnosis,

prognosis and meaningful subgrouping of LBP.

Methods: Fifteen patients with chronic LBP (30.2+10.6yrs, 71.4+13.5kg) were matched for age,
weight and gender with 15 healthy volunteers (29.7£10.6 yrs., 72.9+12.71 kg). The participant
spent the first 20 minutes lying in a relaxed unloaded supine position, followed by 20 minutes
loaded in compression with 50% body weight, and then 20 minutes in traction with 50% body
weight applied. Mid-sagittal T>-weighted MR images were acquired during the last five minutes
of each loading period. The whole disc, nucleus, and vertebrae from L1 to L5 were semi-
automatically segmented on mid-sagittal T>-weighted MR images and measurements extracted
from corresponding T>-maps. For each segmented region, the mean T> time, geometric weighted
centroid (GWC), and T, weighted centroid (ToWC) were calculated. Disc height and width,
nucleus width, and motion segment angle were also computed. A two-way repeated model of
analysis of variance with Sidak’s post-hoc comparisons was conducted for comparing groups and
loading conditions. Cohen’s d effect sizes were also calculated for differences between loading

conditions.

Findings: The interaction between loading and pain were most often observed at L5-S1. The
interaction between pain and loading was significant for the horizontal coordinate of the disc
ToWC at L5-S1, the vertical coordinate of the disc ToWC at L3-4 and L5-S1 and of the nucleus at
L5-S1 as well as for disc height at L1-2. The main effect of pain was significant on the horizontal
coordinate of the disc ToWC at LL3-4 and L4-5, horizontal coordinate of the nucleus ToWC at L4-
5, the horizontal coordinate of the nucleus GWC at L3-4 and L4-5 and L5-S1 and disc height at
L3-4, and L4-5. The widths and mean T, for both disc and nucleus ROIs presented the smallest

effects for loading and pain.
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Interpretation: The response of lumbar motion segments to loading conditions detected more
differences between participants with and without LBP than comparisons only of measurement
from unloaded images. Biomarkers reflecting an anterior-posterior shift in fluid distribution within
discs and nucleus and disc height and their response to loading showed promise to improve the

specificity of MRI for LBP.

Keywords: magnetic resonance imaging; low back pain; compression; traction; T> map; T»-

weighted centroid; disc height; degeneration; intervertebral disc
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Introduction

Low back pain (LBP) is a major cause of discomfort and disability among adults globally
[1]. While any spinal structure that is innervated and susceptible to painful disease or injury could
be a possible source of LBP [3], little is known about the specific pathology underlying LBP. In
over 85% of LBP cases, despite using advanced imaging techniques to investigate pathoanatomy,

the cause of the pain remains unclear (e.g. non-specific LBP) [4].

Intervertebral disc degeneration (IDD) has been implicated as a major factor in the
development of LBP [5-7]. A degenerated disc is a dehydrated, discoloured and fragmented
structure [54]. The IDD is thus associated with morphological, chemical, metabolic, and
biomechanical changes which affect disc function and biomechanics [5]. With disc degeneration
the fragmented proteoglycans begin to diffuse out of the nucleus, reducing the negative charge
density of the disc, disc osmotic pressure and thus disc fluid content [61] and the normal loading
transfer in the motion segment [5]. Degeneration not only affects the magnitude, but also the
distribution of fluid in the disc [5]. In addition to changes within the disc, IDD has also been

associated with changes in the biomechanics of the motion segments [5].

Diagnostic imaging has been used for diagnosing the underlying pathology of pain [9].
Although conventional MRI is a sensitive modality for depicting structural abnormalities of the
lumbar spine, it is often clinically inconclusive due to a lack of specificity with many
pathoanatomical findings being nearly as prevalent in those with and without LBP [11]. The lack
of specificity and inability to conclusively identify a pathoanatomical cause of LBP may be due to
conducting MR imaging in a relaxed supine position. Symptoms are usually worse in a sitting or

standing posture compared to a supine relaxed position [43, 44].

Loading affects the morphology of the lumbar spine [161, 219], but our systematic review
has shown that there is a gap in understanding if the spine of participants with and without pain
responds differently to loading [222]. The review also showed that traction loading has not been
investigated quantitatively to date. The fluid content and swelling pressure of the intervertebral
discs (IVD) are a function of the interplay between external loads, tension in the collagen fibril
networks, non-fibrillar matrix composition and the osmolarity of surrounding media [32]. The IVD
1s a viscoelastic tissue, therefore, the morphological characteristics of the IVD change in response

to loading depending mainly on its fluid content and flow [32].



124

The changes in the disc in response to degeneration [19, 20], and loading [21-27] have
been investigated in vivo quantitatively using magnetic resonance (MR) imaging. T, relaxation
time (T2RT) is the rate at which transverse magnetisation is decreased and disappears [28-31].
Signal intensity on T»-weighted images varies among different MR scanners due to field
characteristics, sequence parameters, and patient positioning relative to receiving coils. In contrast,
T>times from T2 maps are independent of these methodological differences. T> times correlate well
with fluid and proteoglycan content of the IVDs [37]. The mean T> (MT2) time from Tz-maps
represent a unique tool for comparing repeated scans under different loading conditions and
positions. Quantitative T> measurements are likely helpful to detect subtle fluid and biochemical
changes within discs that may not be apparent with qualitative or semi-quantitative measures [32].
T>-mapping can quantitatively evaluate the fluid content of the IVDs [27, 33—40]. The effects of
diurnal loading on the IVD fluid contents using T>-mapping has been quantitatively investigated
[21-27]. The results indicated a decline in the IVD fluid content after loading the spine in the
upright posture during the day [26, 27, 29, 31]. Chokan et al. also indicated a significant decrease

of T2 values in the nucleus after exercise and a significant increase after rest [27].

In-vivo measurements of the IVD and vertebra morphology or IVD fluid content under
different loading conditions have not been investigated extensively despite the fact that changes in
the fluid distribution within the lumbar spine in response to extension loading have shown an
association with changes in pain symptoms [45]. Only, participants who reported an immediate
reduction in LBP intensity after posterior-to-anterior—directed pressures, and prone extension

exercises, showed an increase in diffusion of fluid in the nuclear region of L5-S1 [45, 238].

Pain has also been suggested to relate to the changes induced in the spine due to
compression loading, including increased intra-discal pressure [41, 42], decreased disc height [83,
84], lumbar instability [85-87], and possibly subsequent stenosis of the intervertebral foramen
affecting the neurovascular structures [88], excessive disc or vertebral deformation [89], increased

lumbar lordosis [83, 88-91], and subsequent stenosis of the vertebral canal [92].

For this study, we hypothesized that variations observed in the magnitude and distribution
pattern of fluid within the IVDs, nucleus and vertebra (measured by T2-weighted centroid (TWC),
geometric weighted centroid (GWC) and MT>), as well as changes in segmental alignment or

morphology of the lumbar spine structures (measured by height, width, and segment angle) during
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imaging under compression and traction loading, would differ between participants with and

without persistent LBP.

The main purpose of the present study was to compare the response of the lumbar [VDs
and vertebrae, to compression and traction loading in participants with and without chronic LBP
using MRI T;-mapping. We hypothesised that the response of the candidate biomarkers to
compression and traction loading would be systematically different in participants with and
without chronic LBP. This study, thereby, aimed to identify imaging biomarkers that hold promise
to increase the specificity for LBP for further investigation to advance diagnosis, prognosis and

meaningful subgrouping of LBP.
Materials and methods

This case-control study consisted of a single MRI testing session to compare the effects of

unloaded, compression and traction loading conditions on the lumbar spine.

Participants. Fifteen consecutive volunteer patients with chronic LBP (6 females, 9 males)
were matched for age (£5 yrs.), weight (£5 kg) and gender with 15 healthy volunteers. The
participants were recruited using the mass email service to students of our university. The inclusion
criteria for both groups were 18 to 65 years of age and the ability to read and understand English.
Participants with claustrophobia, any contraindications for MRI or traction, tumour, uncontrolled
hypertension, severe osteoporosis, and previous spine surgery were excluded. The inclusion
criteria for participants with LBP were an Oswestry Disability Index score of 25% or greater and
being in pain for at least half of the days in the past six months before imaging [49]. We excluded
participants with confirmed causes of back pain (malignancy, fracture, etc.) and referred pain from
other sources; significant compression of the spinal cord/ nerves; on-going workers’ compensation
or litigation cases and having received injections within the last 12 weeks. The inclusion criteria
for volunteers without LBP were no current back pain and no memorable (severe or disabling)
back pain lasting more than one day over the past 10 years. Participants with chronic LBP were
asked to indicate the intensity of current pain level on a scale of 0 (no pain) to 10 (worst pain
imaginable) using a numeric pain rating scale (NPRS). This study was approved by the Health
Research Ethics Board of the University of Alberta.

G*Power 3.1 software (University of Kiel, Kiel, Germany) was used to calculate the

required sample size to secure a power of 0.80 using an a value of 0.02 (corrected for comparing
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three loading conditions for a unilateral test), to detect an effect size corresponding to the mean
difference + standard deviation observed in the disc height following 6 weeks of motorized traction
with 50% BW [220]. This study was the only study providing preliminary traction loading
response estimates at the time. The required sample size was 20 participants in each group. With
15 participants in each group, an effect size of 0.78 could be detected as statistically significant.
This number of subjects was deemed sufficient for this preliminary study to provide stable effect

size estimates to identify promising biomarkers for further investigation in future studies.

MRI image acquisition procedures. Mid-sagittal T>-weighted MR images were acquired
during the last five minutes of each loading period applied in the following order for all subjects:
20 minutes lying in a relaxed unloaded supine position, 20 minutes loaded in compression with
50% body weight (BW), and 20 minutes in traction with 50% BW (Figure 12). Mid-sagittal slices
positioned by the technician based on where the localizer sequence illustrated the presence of the
spinous processes and where a clear demarcation of the spinal cord could be observed on T»-
weighted images [180]. In cases where a lumbar curve was present, the localizer was placed to
ensure capturing the L4-5 disc and spinous processes. Loadings were applied using a custom
designed MRI compatible loading table. A compressive load equal to 50% of the subject’s BW
was applied to partially simulate loading documented in the erect spine [221]. A traction force of

50% BW was applied to investigate the effects of unloading (traction) on study outcomes [220].

r N v 'q
Unloaded Compression Traction
20 Minutes 20 Minutes 20 Minutes
I Scan I Scan
\ 5 Minutes J S Minutes |

Figure 12 A schematic presentation of loading and imaging workflow

Compression force was applied by a deadweight of 50% BW tied to a rope tensioning a
harness strapped around the chest with straps applying load over the shoulders. Loads were left in
place during the first 5 minutes of loading with the rope free to move through a pulley at the foot

of the device (Figure 13). Then, the rope was locked in place by a compression screw and the
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patient was moved into the MRI while still under loading. For traction, the chest harness was
released from the foot of the device and anchored by straps at the head of the device to fix the
upper spine. Traction loading was applied via straps pulling on a harness securely tightened around
the pelvis by applying a deadweight of 50% BW for 5 minutes and then the tensioned cable was
locked in place (Figure 13). To ensure that friction did not limit the application of loading force,
the pelvis and lower extremities rested on the lower half of the table which was resting on wheels

and free to move in the cephalad-caudal direction.
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Figure 13 Schematic representation of the loading table a:) compression b:) traction

Images were acquired using a 3T MR scanner (Philips Healthcare Intera whole body MRI
scanner). The T>-weighted image acquisition parameters used to obtain a T> map were TR 2500,
TE (five echoes: 16.9, 44, 71, 98 and 125 ms), two averages, field of view of 500500 mm, pixel
size 0.49x0.49 mm, image thickness Smm and a matrix size of 1024x1024 pixel. The location of
mid-sagittal slices was determined using the localizer sequence to select the location best

illustrating the spinous processes and with a clear demarcation of the spinal cord [180]. If a lumbar
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lateral curve was present, the localizer was placed to ensure capturing the L4-5 disc and spinous

processes.

Image processing and disc height measurements. Image post-processing was carried out
offline using a computer aided measurement program developed by our team (Appendix I). A
graduate student (AS) completed the semi-automatic image segmentation following program
demonstration by a team member and practising segmentation of 60 sets of images. T>-maps were
constructed automatically by obtaining T» relaxation time estimates for a given pixel using the

Nelder-Mead Simplex method [223].

The software was used to semi-automatically segment each lumbar motion segment by
identifying boundaries displaying maximal T signal intensity differences into the following
regions of interest (ROIs): the whole disc, the hyperintense nucleus region (hereafter referred to
as the nucleus) and vertebra (Appendix I). The semi-automated segmentation procedures have
been reported previously [224]. The T-weighted image corresponding to the third echo
(TE=71ms) was used for image segmentation and each ROI was then reconstructed on the
corresponding T2-map to extract measurements of interest. Three parameters were calculated for
each vertebra and nucleus ROI: 1) mean T, time (MT2), 2) horizontal (X) and vertical (Y)
coordinates of the geometric weighted centroid (GWC), and 3) of ToWC obtained using Equation
11 and Equation 12, respectively [214]. The MT> and location of Ty WC were calculated for IVDs.

Equation 7. Mathematical description of TWC
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Equation 8. Mathematical description of GWC
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Where X; and Yj, are the horizontal and vertical coordinates of each pixel within an ROI,
and A; and SI; are the area of each ROI and T> of each pixel, respectively. As the location of the

lumbar spine varied relative to the centre point of the image in different loading conditions, the
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centre of the Cartesian coordinate system was placed at the GWC of the superior vertebra for each
motion segment. All GWC and T;WC measurements for the motion segment were determined
relative to that point. The negative horizontal and vertical coordinate values indicate more anterior

and superior position relative to the reference vertebra’s GWC, respectively.

Disc height was also measured automatically using an area-based method [197] by dividing
the area of the disc by the corresponding diameter representing 80% of the disc width centred at
the mid-point of the whole disc. The angle between the best-fit lines passing through the segmented
contour of the superior and inferior border of the disc was computed as the motion segment angle.
The width of the disc and nucleus along the disc bisector line was also computed automatically.
The intra and inter — rater (ICC) reliability estimate for the motion segment angle as well as for
the disc and nucleus width ranged from 0.75 to 0.95. All other measurement constructs were found
to have good to excellent intra- and inter-rater reliability, with reliability coefficients (ICC) ranging

from 0.88 to 1.00 [224].

Disc degeneration grading. The degree of disc degeneration was assessed for each disc
using the 5-point scale proposed by Pfirrmann et al [16] through consensus by two raters (VA and
EP) with more than five years of experience in spine imaging. Degeneration was graded using the

T>-weighted image with a TE of 71 ms.

Data analysis. The analysis was carried out at each level independently because disc size
and biomechanical response are likely different at each level. The normality of the data was then
examined using Shapiro-Wilk test for each measure. A mixed model analysis of variance
(ANOVA) was employed to compare groups (pain vs no pain) and the different loading conditions
(unloaded, compression, traction) [152]. There was no adjustment for covariates as participants
were matched for gender, age and weight. Sidak’s post-hoc comparisons were used to determine
the significance of differences between baseline and compression and between compression and
traction [152]. Statistical analyses were carried out using SPSS®, version 23.0 (IBM Corp.
Armonk, NY., USA) using a level of statistical significance set at 0.05.

The effect size (ES) of differences between pairs of consecutive loading conditions was

estimated using Cohen’s d (Equation 6) for each pain subgroup.

Equation 9. Mathematical description of Cohen’s D
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(Mg — M,)
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Where Mg and M4 are the means before and after the change in loading condition and SDg

d=

and SDa are standard deviations of the measurement before and after the loading change. The
Cohen’s d effect size was also calculated for the magnitude of differences between groups
observed for the unloaded image. A Cohen’s d between 0.2 and 0.5 was considered a small effect,
a Cohen’s between 0.5 and 0.8 considered a medium effect, and a Cohen’s d over 0.8 considered
a large effect size [215]. Effect sizes smaller than 0.2 were referred to as trivial. The mean and SD
of change between pairs consecutive of loading conditions, baseline vs. compression and

compression vs. traction were also estimated with 95% confidence interval (CI).
Results

The mean age of the 15 participants with LBP was 30.2+10.6 [18 to 53] years, and their
mean weight was 75.6+14.3 [55-96] kg for females and 69.4+12.4 [55-96] kg) for males. The
average numeric pain rating scores (out of 10 points) before imaging was 3+3 in the LBP group
and 0+1 in controls. In the supine unloaded position, mean pain was 3+2 points in the LBP group
and 0«1 in controls. After 20 minutes under compression, pain was 442 points in the LBP group
and 1+1 in controls. Finally, after 20 minutes under traction pain was 442 points in the LBP group
and 1£1 in controls. The mean age of the 15 participants without LBP was 29.7+10.6 [18 to 53]
years and their mean weight was 77.3+13.5 [55-96] kg for females and 71.0+10.7 [55-96] kg) for
males. Thirty discs and vertebrae were analysed at each level from L1-2 to L5-S1 for each loading

condition.

In participants with LBP, no discs (0.0%) were rated as grade V (advanced degeneration
with a collapsed disc space) (table 20). Pfirrmann grade II (52 discs, 69.3%), 111 (14 discs, 17.3%)
and IV (eight discs, 10.7%) presented the highest frequency, respectively (table 20). For the control
group, of the total of 75 discs, the sample included two discs (2.7%, at L.2-3 and L3-4) with
Pfirrmann grade I, and no disc (0.0%) rated as grade V (table 20). Pfirrmann grade II (49 discs,
65.3%), III (14 discs, 18.7%) and IV (10 discs, 13.3%) had the highest frequency, respectively
(table 20). In both groups, the lower levels presented the most severe degeneration. The

distribution of the degeneration grades was similar at all levels (table 20).



for both groups
Level Group Grade I | Grade Il | Grade Il | Grade IV | Grade V
L12 Pain 0 14 1 0 0
) Control 0 11 2 2 0
Pain 1 14 0 0 0
L2-3 T Control 1 14 0 0 0
Pain 1 12 2 0 0
L3-4 Control 1 12 2 0 0
Pain 0 7 6 2 0
L4-5 Control 0 7 6 2 0
Pain 0 5 4 6 0
L5-81 Control 0 5 4 6 0
Total Pain 2 52 13 8 0
ota Control 2 49 14 10 0
Percentage Pain 2.7% 69.3% 17.3% 10.7% 0.0%
€% ™ Control 2.7% 65.3% 18.7% 13.3% 0.0%
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Table 20 Distribution of Pfirrmann’s disc degeneration classification scores at each level

Interaction between pain and loading. Four biomarkers presented significant interactions
between pain and loading showing the potential to detect differences between pain groups by
comparing responses to loading: disc height (at L1-2), the horizontal (at L5-S1) and vertical (at
L3-4, L5-S1) coordinates of the disc T WC, and the vertical coordinates of the Nucleus To-WC (at
L5-S1) (table 21). Differences in effect sizes for the response to a pair of loading condition between
groups were more often larger for the compression to traction conditions. Overall, differences
between compression and traction showed the largest effect sizes compared to differences between

unloaded and compression (13 vs. 8 significant).

More specifically, at L5-S1 the disc T;WC in the pain group showed a moderate anterior
shift (ES:-0.50) when going from unloaded to compression, while it showed a small posterior shift
(ES:0.20) in the no-pain group (Figure 14 a) (table 21). When going from compression to traction,
the disc ToWC in the pain group showed a moderate posterior shift (ES:0.66), while its location
did not significantly change (ES:0.00) in the no-pain group (Figure 14 b).

In the pain group, from unloaded to compression, the disc ToWC presented a moderate
anterior shift at L5-S1 (ES:-0.50), while it showed a trivial posterior shift in the no-pain group
(ES:0.20) (Figure 14 a). In the pain group, from compression to traction, the disc ToWC presented
a moderate posterior shift at L5-S1 (ES:0.66), while going from compression to traction had no

effect on the horizontal location of the ToWC in the no-pain group (trivial ES:0.20) (Figure 14 b).



132

In the pain group, from unloaded to compression, the disc To-WC presented a moderate inferior
shift (ES:0.50) at L3-4 and a small superior shift (ES:-0.33) at L5-S1 (Figure 14 c). In the pain
group, when going from compression to traction, the disc To'WC showed a moderate superior shift
(ES:-0.50) at L.3-4 and a small inferior shift (ES:0.33) at L5-S1 (Figure 14 d). In the pain group,
from unloaded to compression, the nucleus ToWC presented a moderate superior shift (ES: -0.57)
(Figure 14 e) and from compression to traction, showed a moderate inferior shift (ES: 0.50) at L5-
S1 (Figure 14). In contrast, going from unloaded to compression (Figure 14) or from compression

to traction (Figure 14) had no effect on the location of the vertical location of the disc ToWC in

the no-pain group at L3-4 and for the disc and nucleus at L5-S1 (ES:0.00).
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Figure 14 Significant interaction effects between pain and loading for: a:) horizontal coordinate

of the disc T:-WC when going from unloaded to compression b:) horizontal coordinate of the disc
T>WC when going from compression to traction c:) vertical coordinate of the disc TWC when
going from unloaded to compression d:) vertical coordinate of the disc TyWC when going from
compression to traction e:) vertical coordinate of the nucleus TyWC when going from unloaded

to compression f:) vertical coordinate of the disc TXWC when going from compression to traction

(images only illustrate direction and location of the effects and are not scaled)

At L1-2, in both group, disc height presented a statistically significant increase but a trivial
effect size when going from unloaded to compression (ESigp:0.10; ESc:0.07) (Figure 15 a). The
disc height change was not statistically significant in the pain group (ES:0.00) when going from
compression to traction, while a statistically significant increase was observed in those with no

pain (trivial ES:0.13) (Figure 15 b).
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Figure 15 Significant interaction effects between pain and loading for the disc height a:) when
going from unloaded to compression b:) when going from compression to traction (images only

illustrate direction and location of the effects and are not scaled)

Main effect of pain. Four biomarkers showed a main effect of pain demonstrating the
potential to detect differences between groups by comparing a single image: disc height, horizontal
coordinates of the disc ToWC and of the nucleus GWC (table 22). The disc TWC at L3-4
(ES:0.73) and L4-5 (ES: 0.59) and the nucleus ToWC at L4-5 (ES: 0.80) of the pain group were
moderately to largely more anterior than in the control group (Figure 16; table 21). Likewise, the
nucleus GWC of the pain group was moderately to largely more anterior (ES:0.62:0.83) than for
the control group at L3-4, L4-5 and L5-S1 (Figure 16; table 21). The disc height of the control
group was smaller than the pain group at L3-4 and L4-5 (Figure 16; table 21) by a large effect size
(ES:-0.86:-1.01). The main effect of pain observed for the other levels and variables in table 21

did not reach statistical significance.

The main effect of loading. The following variables presented only a main effect of
loading showing an inability to detect differences between those with and without symptoms: disc
and nucleus mean T at L1-2, vertical coordinates of the nucleus GWC at L5-S1, motion segment
angles at L3-4 and L4-5. Further, for the following variables which at some levels detected
differences between pain groups, the main effect of loading was also significant: the horizontal
coordinate of the disc To-WC at L1-2, L4-5 and L5-S1, vertical coordinate of the disc T_-WC at L5-
S1, disc height at L1-2, disc height and width at L5-S1, horizontal coordinate of the nucleus To-WC
and GWC at L2-3 and L4-5 and the nucleus GWC at L3-4, as well as vertical coordinate of the

nucleus T;WC at L5-S1. Overall, the number of significant pairwise comparisons when going from
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compression to traction was larger than when going from unloaded to traction (8 vs. 3 significant)
(table 21). The main effect of loading observed for the other levels and variables in table 21 did

not reach statistical significance.
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Table 21 Difference between loading conditions and between two groups in morphological measurements, mean T2, location of

the coordinates of the geometric and T2 weighted centroids.

Effect size | Effect size | ANOVA ANOVA ANOVA
0 0
Measure | Level | Group | Unloaded Sch)n]?W SOT/;)a](?W Comp vs. Trac vs. p-value | p-value p-value
p- ’ Unloaded Comp Pain Loading | Interaction
Disc
Pain 8.0+0.7 9.0+1.0 8.7+0.5 0.28 0.00
L1-2 Control | 6.4+0.7 8.0+0.9 8.0+0.7 0.28 0.00 0.22 0.04 0.66
Pain 8.2+0.9 9.140.6 9.3+0.7 0.32 0.00
Horizontal L2-3 Control 4.842.8 9.1+0.8 9.5+0.7 0.50* 0.00 0.31 0.06 0.23
coordinate Pain 5.3+0.8 5.4+1.1 6.6+0.7 0.00 0.57*
TWC | B3% [Control | 75208 | 8.4+07 | 7.9207 0.33 0.00 0.03 0.10 0.18
(mm) Pain -1.6+1.1 2.1£1.0 0.4+1.0 0.00 0.50*
L4-5 Control | 0.9+1.0 1.7+1.1 2.6+1.0 0.25 0.25 0.04 0.00 0.30
Pain | -12.8+1.0 | -14.6+£1.0 | -12.3+1.2° -0.50* 0.66*
L5-51 Control | -10.9+1.2 | -10.1£1.2 | -9.6x1.2° 0.20 0.00 0.07 0.02 0.00
Pain 34.4+0.5 | 33.3+0.5 | 33.3+0.5 -0.07 -0.01
L1-2 Control | 33.740.9 | 33.4+0.9 | 33.6+0.9 -0.33 0.33 0.82 0.15 0.33
Pain 35.6£0.5 | 35.7£0.5 | 35.6£0.5 0.00 0.00
Vertical L2-3 Control | 34.4+14 | 35.5+0.8 | 35.840.8 0.49 0.00 0.64 0.39 0.39
coordinate Pain 37.1£0.5 | 37.540.4 | 37.3+0.5 0.50%* -0.50%*
T,WC L3-4 Feontrol | 37.0807 | 36.820.7 | 37.340.7 0.00 0.00 0.65 0.34 0.03
(mm) Pain 38.1+0.5 | 38.0+0.4 | 38.4+0.5 0.00 0.00
L4-5 Control | 38.3£0.6 | 38.3+0.6 | 38.5+0.6 0.00 0.00 0.72 0.07 0.85
Pain 34.5+0.7 | 33.5+0.9 | 35.1+0.8° -0.33 0.33
L5-51 Control | 35.6+0.8 | 35.7+0.9 | 36.3+0.9° 0.00 0.00 0.18 0.00 0.00
MeanT> | L1-2 | Pain 131+3 13632 1303 0.38 -0.48 0.62 0.00 0.99
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Measure | Level | Group | Unloaded SOC(ZOn?pW 50;/;)a13W ECfcf)‘Er:;;S\Z.e E"lf:f;ea(? \s}ls%e I;ZSZZZ[ I;ZSZZZ[ 1;{\1]/2[1;:
' ' Unloaded Comp Pain Loading | Interaction
(ms) Control | 13455 | 1395° | 1324 0.24 031
i + + + -
123 | Convol | 13604 | 14155 | 1394 | 0% | oqz | 7 | 04 | 00
i + + + -
L3-4 sz‘lﬁol }j;ii }ggig ijgiz 8;; géé 0.60 0.18 0.98
L5 | Compol | 134s6 | 136es | 1375 | o0 | aos | 0% | 017 | 0
o [ e [l e a0t | | 0 | o
I + + +
L2 | Gonnol | 58204 | 6:04 | 5804 | 007 | o5 | 0¥ | 600 | 003
a0 Dise | 2 [Comtol | 96206 | 97205 | a0 | 008 | o0 | 7 | 00 | 0
gt | 4 | Connol | 95:04 | 55:0 | 102:04 | 000 | o1 | "2 | 13 | 008
mm 1
™| 145 | comer | 0603 107205 | T0ot03 T o0r | 01| 0% | 00 | 02
o [ Lo wner isorl a0 L0 0 | w |
' + + A1, : -0.
e B L
F34 [ Control | 75,7219 | 75.1=18 | 74419 | 0.08 0.10 0.63 0.14 0.79
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50% BW 50% BW Effect size | Effect size | ANOVA ANOVA ANOVA
Measure | Level | Group | Unloaded Com Trac Comp vs. Trac vs. p-value | p-value p-value
P: ' Unloaded Comp Pain Loading | Interaction
Pain 77119 | 78.1£2.0 | 77.5+2.2 0.13 -0.07
LA-5 Feontrol | 76.9522 | 764518 | 77.242.1 -0.06 0.11 0.73 0.87 0.35
Pain 73.9+1.6 | 75.841.7 | 74.2+1.7 0.30 -0.25
L5-51 Control | 75.442.5 | 77.042.6 | 75.44+2.6 0.16 -0.16 0.58 0.04 0.56
Nucleus
Pain 6.7+0.7 7.3+0.8 7.5+0.7 0.00 0.33
L1-2 Control | 5.8+0.7 6.7+0.9 6.4+0.7 0.28 -0.28 0.38 0.05 0.65
Pain 72+0.8 8.2+0.7 8.4+0.7 0.33 0.00
Horizontal L2-3 Control 3.842.8 7.8+0.7 7.8+0.7 0.54% 0.00 0.19 0.04 0.36
coordinate Pain 4.4+0.9 5.2+1.1 5.9+0.7 0.28 0.28
TWC | Y% [Conrol | 63207 | 8.1407 | 7.740.6 0.67* 0.00 0.30 0.34 0.10
(mm) Pain 21.9+1.0 | -32+1.0 | -0.4+0.9° -0.25 0.85°%
L4-5 Control | 1.2£1.0 0.7+1.1 1.6+0.8° 0.00 0.28 0.02 0.00 0.13
Pain | -12.4+1.1 | -14.6x1.4 | -12.5+1.2 -0.66* 0.40
L3-8l Control | -9.9+1.1 9.6+1.1 9.4+1.1 0.00 0.25 0.05 0.18 0.12
Pain 333404 | 33.2404 | 33.3+0.4 0.00 0.00
L1-2 Control | 33.7+0.8 | 33.5+0.8 | 33.8+0.8 -0.33 0.33 0.62 0.08 0.37
. Pain 35.3+0.5 | 35.4+0.5 | 35.3+0.5 0.50%* -0.50%*

Veg?cai L2-3 I ontrol | 34314 | 354408 | 35.840.7 0.24 0.33 0.84 041 0.38
co;zr\;}rge 3.4 | _Pain [ 36.9+0.5 | 37.0:0.4 | 37.0:0.4 0.00 0.00 0,80 047 028
(fnm) Control | 36.840.7 | 36.840.7 | 37.0+0.8 0.00 0.00 ' ' '

Pain 37.540.5 | 37.2+0.5 | 37.840.5 -0.50% 0.50%*
LA-5 Feontrol | 38.250.6 | 38.0:0.6 | 38.140.6 0.00 0.00 0.27 0.11 0.34
L5-S1 | Pain 33.740.7 | 32.3+1.1 | 34.2+0.9° -0.57* 0.50%* 0.08 0.03 0.03
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Measure | Level | Group | Unloaded SOC(ZOn?pW 50;/;)a13W ECfcf)‘Er:;;S\Z.e E"lf:f;ea(? \s}ls%e I;ZSZZZ[ I;ZSZZZ[ 1;{\1]/2[1;:
' ' Unloaded Comp Pain Loading | Interaction
Control | 35.6+0.8 35.6+0.9 35.7+0.9° 0.00 0.00
i .8+0. 2+0. 5+0. . .
L2 a0y T |60 T oas T goo | 065 | 035 | 055
Horivontal | 123 [Conol | 40028 | 78507 T 7707 | oar T oo | 036 | 004 | 050
“owe | 4 ol 007 | Taiw | Tore | oee | gas | M | oo | 0
mm ; 7+ A1+ -1 5+ _ *
R R T e e o I VLI Y/ R Y
1 - + - + - + -
LSS oo oo T T oaatt T 0505 | o000 T 000 | 005 | 039 | o
LI2 gt Sy eros | 3408 [ 33se0s | 035 o3| 06 | o3 | 05
verieal | 123 [Control | 312074 35 4m0s | 358007 1 024 | o33 | 0% | 036 | o030
awe | B Gommor [ 36507 | 36ke07 asom07 o0 | oo | % | 077 | 0%
mm 1 + + + *
R R TR A= T XTX o006 | om0 | o0 | 7 | M7 | 0
; _ * *
LSS oo 355007 T 355008 357008 | 600 | 000 | 006 | 004 | 006
vean Ty | 112 [Contor T eaes T o6 | TS0t 012 | oa2i | 067 | 00z | 08
1 + + +
T s e T e sk o e | 03 | ess | o7
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50%BW | 50% BW Effect size | Effectsize | ANOVA | ANOVA ANOVA
Measure | Level | Group | Unloaded Com Trac Comp vs. Trac vs. p-value | p-value p-value
P: ' Unloaded Comp Pain Loading | Interaction
Pain 180+9 176+9 182+10 -0.11 0.16
L34 Contol | 16726 161+7 1739 -0.23 0.39 0.20 0.05 0.67
Pain 156+11 155+10 158+10 -0.02 0.08
LS M ontrol | 15628 158+8 159+8 0.06 0.03 090 0.64 0.7
Pain 151+11 145+10 152+11 -0.15 0.17
LSS ol | 13728 139+10 1398 0.06 0.00 0.29 0.60 0.39
Pain 23.9+09 | 22.4+1.0 | 23.3+1.2 -0.42 0.21
Li-2 Control | 24.8+1.1 22.4+1.2 | 24.6+1.1 -0.31 0.28 0.25 0.19 0.94
Pain 25.3+0.9 | 25.7+0.9 | 25.3%1.2 0.11 -0.09
L2-3 Control | 25.6£1.1 25.0+0.9 | 25.0+0.8 -0.15 0.00 0.77 0.92 0.80
Width Pain 25.7+0.9 | 26.3£1.0 | 26.1£1.1 0.16 -0.05
(mm) L3-4 Control | 26.0£1.1 24.2+1.3 | 25.0+1.0 -0.37 0.17 0.78 0.34 0.36
Pain 26.1+1.1 24.6+1.4 | 25.8+1.2 -0.32 0.23
L4-5 Control | 25.6+0.8 | 25.7+0.9 | 23.3+0.7 0.03 -0.76* 040 0.48 0.11
Pain 25.3%1.1 24.6x1.3 | 24.7+1.1 -0.15 0.02
251 Control | 252607 | 249511 | 238207 -0.08 -0.31 084 036 006
Motion Segment
Pain 3.4+0.9 4.1+0.8 3.6:0.6 0.23 -0.18
L2 eontrol | 23207 | 3.050.9 | 2.9%0.9 0.24 -0.03 0.13 0.62 0.08
Pain 4.9+0.6 4.9+0.6 5.2+0.8 -0.05 0.15
Anele® L2-3 Control | 4.8+0.9 5.9+0.5 4.9+0.8 0.38 -0.38 0.80 0.62 0.32
£ L34 Pain 7.3+0.7 8.9+1.2° 7.6+0.8 0.42 -0.33 0.47 0.02 0.63
Control | 7.4+0.9 9.5+0.8% 8.9+1.1 0.63* -0.21 ’ ) )
Pain 10.1+£0.8 13.3+0.8 11.8+0.8 0.74%* -0.48
La-s Control | 11.0+0.8 12.3+0.9 11.8+0.8 0.39 -0.16 0.74 0.01 0.60
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50%BW | 50% BW Effect size | Effectsize | ANOVA | ANOVA ANOVA
Measure | Level | Group | Unloaded Com Trac Comp vs. Trac vs. p-value | p-value p-value
P: ' Unloaded Comp Pain Loading | Interaction
Pain 15.3+1.0 14.2+1.5 16.7+1.0 -0.23 0.53
Lo-51 Control | 15.0+1.0 16.2+1.4 16.5+1.2 0.26 0.06 0.76 0.09 0.17

Negative horizontal means located anteriorly relative to geometric centroid of the vertebra above.
Positive change in the vertical direction means moved inferiorly relative to geometric centroid of the vertebra above.

* Medium effect size

** Large effect size

significant difference between baseline and compression
b significant difference between compression and traction

Bold values represent Prane<0.05

Abbreviations: BW: Body weight; GWC: geometric weighted centroid; ToWC: Trweighted centroid; mm: Millimetre; Comp:
Compression; Trac: Traction;
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Figure 16 The statistically significant main effects of pain a:) horizontal location of the disc
T2WC b:) horizontal location of the nucleus T2WC c:) horizontal location of the nucleus GWC
d:) disc height using 80% disc width
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Table 22 Effect sizes for the difference between two groups for the unloaded condition

Effect size

Measure Level Pain Control Pain vs. Control
Disc
. T12 8.020.7 6.440.7 ~0.58*
Ci‘;ﬁfﬁg ] 123 8.2:0.9 48428 20.43
e 134 5340.8 7.540.8 0.73%
) 145 16511 0.9+1.0 0.59%
L5-S1 12.8+1.0 10.941.2 0.47
. T12 34.420.5 33.720.9 0.08
CO(X:L‘;’?; o 123 35.640.5 344414 20.30
e 134 37.120.5 37.040.7 20.04
) L45 38.140.5 38.340.6 0.09
L5-S1 34.540.7 35.640.8 0.36
T12 13143 13455 0.17
Mean T 123 14144 13644 031
- 134 1445 14244 20.14
L4 13146 13446 0.09
L5-S1 12546 11845 2033
T12 9.040.3 8.5:0.4 "0.42
Height 123 10340 3 9.6:0.4 20.52%
) 134 111203 9.9:0.4 20.86%%
L4-5 11.740.2 10.620.3 1.01%%
L5-81 10.120.3 10.040.5 057
T12 717417 721217 0.06
. 123 73.941.6 74.5:1.6 0.09
‘(’IV:I?;])’ 13-4 75.241.5 75.741.9 0.07
L4-5 77.121.9 76.942.2 20.02
581 73.941.6 75.442.5 0.19
Nucleus
. T12 6.720.7 5.840.7 20.33
Ci‘;ﬁfﬁg ] 123 7240.8 3.842.8 20.43
e 13-4 4.440.9 6.340.7 0.62*
() L4-5 1.9:1.0 1.241.0 0.80%*
L5-S1 124511 9.9%1.1 0.56%
. T12 33.3:0.4 33.740.8 0.12
coxﬁfﬂﬁfel i, 123 35.340.5 343414 2027
e 134 36.940.5 36.840.7 20.03
() L45 37.540.5 38.240.6 031
L5-S1 33.740.7 35.640.8 0.61%
Horizontal T12 6.8:0.7 6.420.8 014
coordinate of 123 6.6:0.8 4028 2032
GWC 134 3.340.9 6.040.7 0.83%
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Measure Level Pain Control E ffect size
Pain vs. Control
(mm) L4-5 -2.7£1.0 0.3£1.1 0.75*
L5-S1 -12.8+1.1 -10.2+1.1 0.62*
) L1-2 33.3+0.4 33.6+0.8 0.13
CO(XZEZ?; o 123 35.320.5 340514 20.26
GWC L3-4 36.8+0.5 36.9+0.7 0.04
(mm) L4-5 37.4+0.5 38.1+£0.6 0.37
L5-S1 33.6+0.7 35.5+0.7 0.69
L1-2 16445 162+9 -0.10
Mean T L2-3 175+6 1666 -0.44
(ms) L3-4 180+9 167+6 -0.53%*
L4-5 15611 156+8 -0.02
L5-S1 151+11 137+8 -0.37
L1-2 23.9+0.9 24.8+1.1 0.23
) L2-3 25.3+0.9 25.6+1.1 0.06
N“"l(er‘;sm‘;‘“dth 13-4 257409 26.0+1.1 0.07
L4-5 26.1+1.1 25.6+0.8 -0.16
L5-S1 25.3+1.1 25.2+0.7 -0.01
Motion Segment
L1-2 3.4+0.9 2.3+0.7 -0.39
Angle L2-3 4.9+0.6 4.8+0.9 -0.04
S L3-4 7.3+0.7 7.4+0.9 0.02
©) L4-5 10.1+0.8 11.0+£0.8 0.02
L5-S1 15.3+1.0 15.0£1.0 -0.07

* Medium effect size
** Large effect size
*** Effect size more than one standard deviation

Discussion

The present study was innovative in developing new measurements for evaluating the
effects of loading in participants with and without chronic low back pain using real-time
quantitative Tr-mapping. The disc height, horizontal and vertical coordinates of the disc ToWC
and the vertical coordinates of the nucleus T;WC were four biomarkers that indicated significant
interactions between pain and loading. The horizontal coordinates of the disc and nucleus T2WC,
the horizontal coordinates of the nucleus GWC and disc height were four biomarkers which
demonstrated a main effect of pain suggesting that they may detect differences between those with
and without pain using traditional supine unloaded MRI scan. The response of the lumbar motion
segments to three loading conditions (unloaded, compression and traction) was different between

participants with and without pain. Specifically, significant interactions between pain and loading
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were most often observed at L5-S1 consistent with the beliefs that the lower lumbar levels are

most affected by degeneration and implicated in causing LBP [239].

Both T;WC and GWC are highly reliable biomarkers, which suggest they are not affected
by subtle inter-user segmentation differences. As their measurement error is low, these biomarkers
show increased sensitivity to smaller differences. T relaxation time is a scalar quantity and only
indicates change in fluid content; in contrast, TWC is a vector able to capture the direction of
change in the fluid distribution independent of changes in fluid content. ToWC is thus more
sensitive to changes in response to loading and likely to the differences between subjects with and
without pain. The ToWC location may also provide information about the role of the vascular
supply adjacent to the disc on the nutrition or of intradiscal fissures, as any deviation in ToWC in
response to loading indicates changes corresponding to fluid redistribution. The disc To-WC of the
pain group was located more anteriorly than in the controls at L3-4 and L4-5. Changes in hydration,
as well as collagen anisotropy, have been reported to be early indicators of cartilage deterioration
[112]. This likely indicates that discs are more anisotropic in the people with LBP. This may affect
fluid distribution and thus hydrostatic pressure of the disc and cause uneven load distribution on
the pain-sensitive endplates or annulus fibres. Trauma and inflammation may trigger synthesis of
factors such as bradykinin and prostanoids within the disc [6]. These factors are thought to be able
to sensitise silent nociceptors, which are usually unresponsive to even maximal mechanical
stimulation and thus minimise their activation threshold [6]. The sensitised nociceptors could then

respond to changes in intradiscal pressure during movement and trigger pain [6].

Any displacement of the nucleus T;WC and GWC with loading likely indicate a
deformable nucleus hyper-intense area contour. The nucleus GWC of the pain group was located
more anteriorly than in the control group at L3-4, L4-5 and L5-S1. The coordinates of the GWC
of an ROI reflect the position of a unique point representing the mean position of all the points in
the ROI, and any variation in the location of this point reflects changes in the geometry and/or
location of the ROI. The GWC is thus able to capture movements of the nucleus relative to the
vertebra above. In contrast, traditional measurements such as the distance between the boundary
of the nucleus and annulus can only capture changes in one direction and only between two
reference points on the contour of each structure. Measurements relying on the selection of two
points on the boundaries used for measuring disc width can be subjective. Disc fissures may

provide a passage allowing fluid to escape the nucleus toward the posterior corner of the vertebra,
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which could explain the lack of differences horizontally in disc width but changes captured by the

GWC and T;WC.

Possibly, for the reason outlined above, the T_WC and GWC parameters show promise to
improve the specificity of MRI for LBP worth exploring to better understand the pathophysiology
of LBP. A difference in the magnitude of responses to traction was observed between groups with
the LBP group showing a posterior and inferior shift of the disc TWC at L5-S1 and the controls
showing no response to traction. This shift likely indicates more fluid is brought in the posterior-
inferior region of the nucleus with traction in those with pain. The response of the nucleus to
loading varied depending on the level, which is also consistent with being a biomarker of pain, as

we would not expect all levels to show pain-relevant pathology at the same time.

Among traditional morphologic measurements, disc height was the only measurement able
to detect differences between pain groupings either by detecting differences supine unloaded on
by illustrating differences in response to loading between groups. The disc height of the pain group
was also consistently larger than the controls at L.3-4 and L4-5. Further, an interaction between
pain and loading was observed at L1-2, where both groups demonstrated a similar response to
compression, but the controls showed larger increases in traction. As we measured disc height by
dividing disc area over the disc width, a larger height indicated a larger disc cross-sectional area
in the pain group. A larger discal cross-section has previously been associated with the
development of intervertebral disc degeneration [78]. It is possible that larger cross-sectional area

limits normal disc nutrition processes [53].

The directions of the changes observed for disc height were consistent with Madsen et al.’s
report of a non-significant increase in the cumulative disc height under axial compression loading
using 50% BW. Madsen et al. found a significant decrease of the cumulative disc height (mean
difference 2.5 mm) in standing compared to the application of 50% BW suggesting that supine
axial compression may lead to different responses than what may be anticipated based on diurnal
variation studies [83]. The results of our systematic review indicated limited evidence of no change
for the posterior disc height when the spine was loaded comparing to unloaded in LBP participants,
while the evidence remained conflicting in healthy participants [222]. The review indicated
conflicting evidence for the anterior disc height under compression in both healthy and LBP
participants [222]. However, to our knowledge no other study used a similar disc area-based height

measurement to monitor the effects of loading.
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From examining the effect sizes observed in each group for variables with significant
interactions, the pair of loading conditions best illustrating differences related to pain was changing
from compression to traction. It would be interesting to conduct a study comparing unloaded to
traction to determine if these two conditions would illustrate pain-relevant differences as clearly.
If the same information was provided, this may increase the practicality of testing loading effects
by requiring only one application of loading and allow obtaining the traditional supine lying

images.

The disc and nucleus width and mean T time as well as motion segment angles did not
capture the difference between pain groups, suggesting these measurements may not relate to pain
relevant pathology and may not help improve the specificity of MRI for back pain. The inability
to detect significant differences between pain groups for these biomarkers may reflect an
insufficient magnitude and/or duration of loading or a low statistical power. Nevertheless, the
present study identified better biomarkers for pain groupings. Further, most compression studies
to date also employed 50% BW [83, 90, 127, 130, 139, 154, 159, 160] for loading. In our review
[222], we identified only one study using more loading (75% BW) on both healthy and participants
with symptomatic lumbar spinal stenosis [153]. Although 50% BW is less than what lumbar discs
normally bear during the upright postural activities [41, 240], the rationale for choosing a lower
load was to minimise discomfort during imaging. Our observing no dropouts and complications
suggest that this was carried out successfully, and leaves the possibility that higher load could be

tolerable open. Increasing load duration, however, would likely be impractical.

The promising ability of multiple TxWC and GWC biomarkers obtained for both the disc
and nucleus ROI raises the question of whether some of these related parameters are redundant
and whether all are needed to detect differences between pain groups. For the nucleus ToWC and
GWC, we observed a similar number of significant interactions and pain main effects. Given that
ToWC captures fluid content information about each pixel in addition to spatial information, this
parameter may be preferred to reduce the measurement burden in the future. The disc T WC
demonstrated more significant interactions and main effects of pain compared to the nucleus ToYWC
indicating that the disc TWC is more sensitive to capture differences in the participants with pain
than the nucleus. This, as well as the fact that disc segmentation is likely easier than the hyper-
intense nucleus region, could justify more focus on the disc T;WC for future studies. Nevertheless,

future investigations are needed to determine which of the differences detected between pain
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groups by ToWC and GWC and for the nucleus compared to the disc; ROIs are most informative

for determining meaningful prognosis subgroups or informing management decisions.

Some limitations to the present study should be acknowledged. We employed a small
sample size for this preliminary study, which likely affects our power to capture changes between
groups and among loading conditions. The present study was explanatory and many variables were
examined, there is a chance that some of the statistically significant results were observed by
chance. A replication study, justified by the promising results, is needed to confirm which
biomarkers are truly useful to detect differences between pain groups. Our small sample included
both volunteers with and without LBP with mainly moderately degenerated discs with a limited
number of discs with severe degeneration (Pfirrmann’s grade four and five). In the present study,
we did not control for potential confounder since we matched participants for age, weight and
gender. We trusted our matching could rule out the possible effect(s) of confounders, however
investigating the role of possible confounders may change the results. Based on our correlation
estimates between degeneration and response to loading observed in our previous study (Chapter

6), our relatively unaffected disc would likely present larger responses to loading.

Another limitation was the image pixel size. By limiting acquisition time to limit the risk
of motion artefact, we could only capture changes equal to or greater than 0.4 mm within Smm
thick images. A smaller pixel could decrease the signal to noise ratio (SNR) but the increased
image resolution could possibly allow detecting smaller responses to loading. Our Smm slice
thickness may allow volume averaging and responses to loading occurring only on a portion of
this thickness may be missed. This study also only measured the midsagittal slice because each
additional parasagittal T>-map would have required another five minutes of scanning time, which
would lead to impractical total scanning time and scanning different regions at different time
points. Changes in fluid content or distribution in other regions of the disc may have been missed.
Nevertheless, our sample comprised patients with chronic LBP and we were able to identify

promising biomarkers detecting differences between pain groups and loading conditions.
Conclusions

The present study identified some novel and existing biomarkers detecting differences
between those with and without low back pain from unloaded supine MRI. However, as expected

the number of biomarkers detecting differences between those with and without pain was larger
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when examining the responses to compression and traction loading. Different responses to loading
between pain groups were most often observed at L5-S1. Of the 12 candidate biomarkers, the most
sensitive biomarkers for pain were: the horizontal coordinate of the disc and nucleus T;WC
presenting large effect sizes, the horizontal and vertical coordinates of the disc and nucleus GWC,
and the vertical coordinates of the discs and nucleus ToWC presenting moderate effect sizes while
disc height presenting a small effect size. These biomarkers hold promise for future investigation.
In contrast, the disc and nucleus width and mean T> times as well as motion segment angle were
the biomarkers least sensitive to capture difference between groups. Larger studies are needed to
further investigate the clinical value of the proposed biomarkers but these show promise to

improve the specificity of MRI for LBP and the ability to detect the response to loading.
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CHAPTER 9 GENERAL DISCUSSION AND CONCLUSIONS
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The main purpose of this thesis was to compare the response of the lumbar spine’s discs
and motion segments to loading between participants with and without chronic low back pain or
in relation to degeneration to identify new imaging biomarkers for assisting with classification,
and diagnosis of LBP and degenerative conditions. First, promising measurements and loading
protocols were identified from a systematic review of the literature. Novel measurements (GWC,
T,WC) and image segmentation strategies were then proposed to address the gaps identified in the
review to capture responses of the spine to loading. Indeed, a novel semi-automated segmentation
strategy was proposed achieving high reliability for measuring the candidate biomarkers.
Quantitative biomarkers were selected to address sensitivity to change and reliability issues known
to affect qualitative discrete grading of MRI findings, which would limit their use to document the
effect of loading. Further, measurements were extracted from MRI T> maps, thereby addressing
the limitation of relying only on T;-weighted images for which signal intensity cannot be
interpreted quantitatively and because the difference between repeated signal intensity

measurements from such images is difficult to interpret.

As a result, the following hypotheses behind this PhD work were partially supported by
this preliminary investigation. First, some of the variations observed in the magnitude and
distribution pattern of fluid within the lumbar tissues, as well as changes in segmental alignment
of the lumbar spine during imaging under different loading conditions, were associated with the
degree of degeneration and may provide further insight into degenerative conditions and the
pathology underlying persistent back pain. Specifically, refined quantification of the disc fluid
distribution using the location of the disc and nucleus T>-weighted centroid (T;WC) as well as the
more traditional methods, including disc height and motion segment angle under different loading
conditions showed promise as MR imaging biomarkers for disc degeneration. Second, also as
postulated, the novel quantitative measurements of the fluid distribution in the lumbar discs
showed superior ability to detect differences between those with and without pain compared to
measurements that are more traditional. Finally, because symptoms are often experienced when
the spine is loaded, as hypothesised, we observed that responses of the candidate biomarkers to
loading did provide an additional tool for detection of differences between those with and without
pain beyond the information provided by traditional unloaded supine imaging. The evidence
related to the hypotheses above produced in the different phases of this PhD is summarised in

details hereafter.
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Summary of the main findings

Systematic literature review of the effect of loading on quantitative measurements of the

lumbar spine.

Characteristics of the Included Studies.

Of 21 studies included, only ten included participants with LBP [83, 87, 124, 130, 140, 154,
156-160] and only two reported data on participants with and without LBP.

No study met the high-quality threshold with lack of a well-defined subject’s recruitment
(selection bias) and examiners’ training strategy being the most common sources of bias.
Therefore, no moderate or strong summary statements could be formulated.

Fourteen quantitative measurements of the effect of lumbar loading were identified, but no
study had focused on the mean signal intensity or T> times nor the centroid of the GWC and

T>WC as biomarkers of the fluid distribution.

While a high heterogeneity was observed among studies in terms of sample characteristics, loading

conditions, and biomarkers used, summary statements could be formulated within five categories

of relatively homogeneous of loading conditions comparisons. These statements are as follows:

Comparing unloaded vs. axially loaded spine using any compression device

There was limited evidence (1 high-quality® or consistent results among low-quality studies)
of:
o adecrease in posterior disc height in response to compression loading [90].
o no change in the cumulative disc height (40% and 50% BW) [83], posterior bulging of
the disc (50% BW) [4], range of motion (75% BW) [153] and lumbar lordosis angle
(40% and 50% BW) [83].
The evidence was conflicting on the effects of loading on the DSCA [83, 130, 154, 159, 160].
The evidence remained conflicting when we tried to determine the effect of loading separately

for subjects with and without pain.

Comparing unloaded vs. postural loading (such as sitting/standing).

There was limited evidence of:
o adecrease in cumulative disc height (standing) [83], an increase in the anterior distance
of the nucleus position (standing and sitting) and anterior-posterior diameter of the disc

(standing and sitting) [167].
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o no difference in anterior disc height (kneeling, standing and sitting) [90, 167], posterior
disc bulging (kneeling) [90] and lumbar lordosis angle (kneeling, standing and sitting)
[83, 88, 165].

e The evidence was conflicting about posterior disc height (kneeling, standing and sitting) [90,
156, 167], anterior-posterior diameter of the nucleus (standing and sitting) [167], posterior
distance of the nucleus position (standing and sitting) [167], and DSCA (standing and sitting)
[88, 139, 165].

o When trying to resolve conflicting evidence by examining differences in healthy
separately from participants with LBP, limited evidence of a decrease in the DSCA was
observed in participants with LBP (standing) [139] and the evidence remained
conflicting in healthy subjects [88, 165].

Comparing among different postural and axial loading conditions.

e There was evidence of:
o no difference in cumulative (40% and 50% BW axial compression) [83], and posterior
disc heights (kneeling, standing, sitting and with 50% BW axial compression) [90,
167], posterior bulging (kneeling and 50% BW axial compression) [90], and lumbar

lordosis angle (40% and 50% BW axial compression) [83] among loading conditions.

Comparing unloaded vs. end range movements

e There was limited evidence of:

o adecrease in anterior disc height going from lumbar flexion to extension in the supine
position [162], and of a contralateral shift of the location of the nucleus peak signal
intensity in the mid-coronal plane in side bending [163].

o no difference in abnormal tilting movement, translatory and rotatory instability [164]
and lumbar lordosis angle among supine psoas relaxed, supine unloaded [83, 165],
supine extended, supine with 40% and 50% body weight, supine extended with 50%
body weight compression, sitting, sitting flexed, sitting extended and standing

conditions.

Among end range movements

e There was limited evidence of:
o a decrease in anterior disc height and anterior distance of the nucleus position going

from a flexed to an extended position [162].
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o no change in posterior disc height (supine extension vs. flexion) [162], anterior-
posterior, left and right parasagittal, mid-coronal diameter of the disc (supine neutral
vs. supine flexion, extension, rotation to right and left) [161], range of motion (standing
flexion vs. extension) [164], and lumbar lordosis angle (supine unloaded vs. sitting,
sitting flexed, sitting extended and standing) [165].

e The evidence was conflicting on the DSCA changes [161].

Implications of the systematic review on the PhD experiment. The review helped choose

axial loading with 50% BW as a loading condition easily implemented in conventional MR
systems. This was justified because no difference was observed between loading devices and
postural loading, between 50% and 75% BW, and between movements at end range and some
device loading. The magnitude of loading most commonly used was 50%BW with no adverse
effects. The review demonstrated that a knowledge gap still exists in comparing the effects of
loading between participants with and without chronic LBP. Thus, we chose a matched sample of
both groups. As we could not identify any research about the effects of traction, we chose to
evaluate its effects on the disc as it offered an important loading contrast with compression. We
postulated that larger loading effects would be created going from compression to traction. This
would help detect relevant associations between changes in imaging findings and lumbar disc

degeneration and differences between patients with and without pain.

Among the biomarkers identified in the review, we chose to examine disc height, disc and
nucleus width, which showed some promise in responding to loading. However, multiple disc
height definitions have shown conflicting effects suggesting further investigation of the reliability
and validity of the disc height measurements was needed. As no evidence or evidence of no effect
was found in some traditional measurements, including disc bulge, canal and foramen space, these
measurements were not included. Nevertheless, nerve spaces may be worth investigating in the
future as related evidence was conflicting or lacking. We also chose novel biomarkers, which had
not yet been investigated as some related parameters such as distance from the anterior and
posterior limits of the nucleus to the edges of the disc, had shown some promise to detect the effect

of loading. These included the location of GWC, ToWC and motion segment angle.
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Reliability study of the signal intensity weighted centroid

A novel semi-automated procedure was implemented in Matlab-based software to extract the
following novel parameters while minimising user input. The SIWC was previously proposed for
the nucleus horizontal coordinates in scoliosis and spondylolisthesis research [214], we expanded
that for the vertical coordinates as well. The SIWC was proposed as a biomarker to monitor fluid
distribution within lumbar structures. The GWC was developed for use as a reference point in the
vertebra to quantify all measurements relative to it and for quantifying nucleus movements within

the disc.

e The intra-rater (ICCg.1y) and inter-rater (ICC2.1)) reliability coefficients for the horizontal and
vertical coordinates of the SIWC for all regions of interest (ROIs) at L4-5 and L5-S1 disc levels
was excellent ranging from 0.97 to 1.

e Intra-rater (ICCg.1)) and inter-rater reliability (ICC.1)) estimates for the average signal
intensity and area for the whole disc and nucleus region at L4-5 and L5-S1 ranged from 0.88

to 1.00, but only from 0.27 to 0.78, for the anterior and posterior annulus regions.

Implications of the reliability SIWC study on the PhD experiment. This study confirmed

our hypothesis that semi-automated measurements would offer adequate reliability for use in our
loading study and that the novel SIWC offered excellent reliability. However, the limited ability
to define annulus regions of interest led to the exclusion of this ROI from further investigations in

our loading study.
Reliability and validity of lumbar disc height quantification methods

The results of a systematic review conducted by our group indicated that the proposed
methods for measuring disc height are numerous and yield heterogeneous reliability and validity
results [241]. Thus, seven different disc height definitions were chosen and compared using our

semi-automated image analysis strategy.

e The intra-rater reliability ICC,1) of the area-based disc height measurements using the full
disc width was 0.84 at the L4-5 level and 0.90 at L5-S1, but consistently more than 0.91 at
both levels when using 60 or 80 percent of disc width.

e The intra-rater reliability estimates of the non-area-based methods were lower and ranged from

ICCg,1) 0.86 to 0.96 at L4-5 and from 0.76 to 0.83 at L5-S1.
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e Similarly, the inter-rater reliability estimates ICC (2,1) of the area-based methods was higher
(0.99) than for non-area-based methods for which ICC (2,1) ranged from 0.84 to 0.98 at both
spinal levels tested.

e Among the non-area-based measurements, the point estimates of the intra- and inter-rater
reliability of Hurxthal’s method were higher than for both Dabbs’ and the combined method
at both levels.

e Regarding the construct validity, the highest Pearson’s correlations between different methods
were observed between the area-based methods using 100% and 80%-disc width, and the
lowest correlations were observed between Dabbs’ and Hurxthal’s second method.

e All correlations between measurements other than Dabbs’ method exceeded 0.90.

Implications of the height reliability study on the PhD experiment. We chose area-based

disc height measurement methods as they could capture more disc contour information compared
to the point-based methods. Among different width used, we chose 80% as it indicated a higher
reliability compared to full width (100%) and captured more disc boundaries relative to lower
widths (40% and 60%). This width also presented high construct validity estimates with traditional

measurement methods.
Effects of extension exercise on disc fluid content

The hypothesis that novel measurements of the SIWC could capture more changes in
response to loading than traditional measurements such as the mean signal intensity was tested in
patients with back pain in a historical dataset where extension loading had been applied based on
a McKenzie internal disruption model to influence symptom [135]. This model suggests that

extension loading may have an effect on the fluid distribution and fluid quantity within the disc.

e Results partially supported our hypothesis. While there was no significant difference in the
mean signal intensity at the levels tested, a significant anterior displacement in the location of
the horizontal coordinates of SIWC for the whole disc was observed from before to after the
extension intervention at L4-5. However, the horizontal coordinates of SIWC at other levels
and the vertical coordinate of the SIWC of the whole disc and nucleus at either disc levels did
not demonstrate any significant differences from before to after the extension exercises.
Nevertheless, the effect sizes of our novel fluid distribution indicators were similar or larger

compared to traditional fluid content measurements using signal intensity.
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Implications of the extension exercise study on the PhD experiment. The results

confirmed our primary hypothesis that the location of the SIWC shows promising sensitivity to

capture fluid movements within the discs compared to the traditional signal intensity changes.

Evaluation of the effects of loading on lumbar intervertebral discs and vertebrae in relation to

disc degeneration

The hypothesis that the effect of compression and traction loading on the lumbar spine
would represent biomarkers of lumbar disc degeneration was examined in this preliminary study.
A preliminary study was deemed necessary before justifying a larger study due to the novelty of
many aspects of the methodology. The study used candidate measurements identified in the review
and novel measurements (Mean T> times, GWC, ToWC) developed in this PhD, which were
extracted using the developed semi-automated measurement procedures. Compression loading
was applied using a custom-designed MRI-compatible apparatus as per loading protocols
encountered commonly in the review. In addition, a novel traction loading condition was also
investigated to examine response between opposite extremes of axial loading. It was postulated
that larger loading effects would be created going from compression to traction, which would help

detect relevant associations between changes in imaging findings and lumbar disc degeneration.

Results showed that the effect of loading was detectable especially using the novel GWC,
and T;WC measurements and, as expected, more so between compression and traction loading

conditions.

e Significant small differences were observed between compression and traction:

o a trivial or small significant inferior (ESr4-5:0.14; ESrs.51:0.33) and posterior shift
(ES14-5:0.40; ESr5.-51:0.30) of the horizontal and vertical coordinates of the disc TWC
was observed at the two lowest lumbar levels.

o asmall significant posterior shift was also observed for the horizontal coordinate of the
nucleus TWC and GWC at L4-5 (EStowc:0.49; ESgwc:0.48) and L5-S1 (EStowc:0.25;
EScwc:0.22).

o asmall significant inferior shift for the vertical coordinates of the nucleus ToWC (ES:
0.31) and GWC (ES: 0.31) at L5-S1.

o atrivial significant increase of the disc height at L1-2 (ES:0.08) and a small significant
increase at L5-S1 (ES:0.32).
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a small significant increase in the nucleus M T was observed at L3-4 (ES: 0.26).

e Significant small and moderate difference were also observed between unloaded and

compression for:

o

o

a small significant (ES:0.39) posterior shift of the horizontal coordinate of the disc
ToWC at L1-2 level.

a small significant posterior shift (ES: 0.38) at the L3-4 level for the horizontal
coordinate of the nucleus GWC.

a small significant increase (ES:0.22) of the disc width at L5-S1.

a moderate increase by an average 2.1° at L3-4 (ES:0.56) and 1.8°at L4-5 (ES:0.53) of
the segment extension angle.

a trivial increase of the nucleus MT, (ES:0.18) of 5 ms at L1-2.

e As hypothesised, the correlation between disc degeneration (estimated by mean T» time) and

the changes in the disc and nucleus measurements in response to loading reached significance

indicating that more degeneration led to smaller responses to loading (Pearson’s r=-0.51 to

0.49).

e For the difference between unloaded and compression, significant correlations between

degeneration and the changes in quantitative MRI measurements were observed for the

following measurements. Less severe disc degeneration (higher mean T») was associated with:

o

o

o

o

o

larger anterior shift in the coordinates of the disc ToWC at L1-2 (-0.45) and L5-S1 (-
0.36).

larger inferior shift in the coordinates of the disc T_WC at L1-2 (0.49).

larger reduction in mean T at the L2-3 (-0.45), L3-4 (-0.51) and L4-5 (-0.42) discs.
larger reduction in disc height at L1-2 (-0.33).

larger reduction in nucleus mean T at L.3-4 (-0.36).

e For the difference between compression and traction, significant correlations between

degeneration and the changes in quantitative MRI measurements were observed for the

following measurements. Less severe disc degeneration (higher mean T») was associated with:

o

o

©)

larger anterior shift in the coordinates of the disc T_WC at L1-2 (-0.46).
larger superior shift in the coordinates of the disc To-WC at L2-3 (-0.45).
larger reductions in disc width at L4-5 (-0.36).
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o larger posterior shift in the coordinates of the nucleus ToWC at L1-2 (0.42), L3-4 (0.39)
and L5-S1 (0.36).

o larger superior shift in the coordinates of the nucleus ToWC at L2-3 (-0.51).

o larger posterior shift in the coordinates of the nucleus GWC at L1-2 (0.40) and L5-S1
(0.39).

o larger superior shift in the coordinates of the nucleus GWC at L2-3 (-0.48).

Implications on the PhD experiment. The lower lumbar levels behaviour was consistent

with the theoretical model of compression and traction. We postulated that this inter-level
inconsistency was likely due to the heterogeneity of the sample related to back pain. Therefore, as
planned, in the following chapter, we examined the effects of loading on each group separately.
Our result also indicated that disc height, width, MT; and ToWC as well as nucleus MT,, GWC
and ToWC hold promise as sensitive biomarkers to capture the response of the lumbar spine to
loading and likely to monitor degenerative and regenerative changes in the lumbar spine. This, as
well as the fact that disc segmentation is likely easier than for the hyper-intense nucleus region,
could justify focusing on the disc T;WC for future studies. However, the clinical value of the
proposed measurements remained unclear. Unlike ordinal scaling methods combining multiple
characteristics to assess disc degeneration, the proposed biomarkers and measurement software
are sensitive to both subtle changes and local variations in the disc morphology. The results also
indicated that changes from compression to traction were larger compared to changes from
unloaded to compression, thus to decrease scanning time, one solution could be focusing only on
compression and traction. Healthy discs present the largest responses to loading, and therefore

loading helps illustrate the severity of degeneration affecting a disc.

The effects of compression and traction on lumbar MRI findings in relation to chronic low

back pain

Similar to the previous study, it was postulated that: larger loading effects would be created
going from compression to traction and that changes between loading conditions would help detect
relevant differences comparing changes in imaging findings between participants with and without
low back pain matched for age, weight and gender. Thus, this study would help identify biomarkers
of chronic low back pain. This study also took advantage of the novel measurements; semi-
automated measurements and loading protocol including a traction condition because traction

represents an extreme contrasting with compression.
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A small number of biomarkers for pain were identified from variables which demonstrated
significant differences between pain groups (main effects for pain) suggesting that these variables

may help distinguish patients with a without pain using only unloaded images.

e (Coordinates of TWC more anterior in the pain group for the whole disc at L3-4, and L4-5
(ES: 0.59 to 0.78) and for the nucleus at L4-5 (ES: 0.94).

e (Coordinates of the nucleus GWC more anterior in the pain group at L3-4, L4-5, and L5-S1
(ES: 0.62 to 1.03).

e Disc height was larger in the pain group at L3-4, and L4-5 (ES: 0.57 to 1.02).

Biomarkers for pain were also identified from variables with significant interactions
between pain and loading suggesting that these variables may help distinguish between patients

with and without pain by comparing their responses to compression and traction loading.

e Pairwise comparisons from unloaded to compression revealed the following:
o amoderate anterior shift in LBP and a small posterior shift in controls for the disc
T>WC at L5-S1.
o For the vertical location of the disc T;WC:
= amoderate inferior shift at L3-4 in LBP and no effect in controls.
= asmall superior shift at L5-S1 in LBP and no effect in controls.
o a moderate superior shift in LBP for the nucleus T_WC at L5-S1 and no effect in
controls.
e Pairwise comparisons from compression to traction revealed the following:
o a moderate to large posterior shift in LBP and no effects in controls for the disc
ToWC at L5-S1.
o For the vertical location of the disc TWC:
= amoderate superior shift at L3-4 in LBP and no effect in controls.
= asmall inferior shift at L5-S1 in LBP and no effect in controls.
o amoderate inferior shift in LBP and no effect in controls for the nucleus T WC at
L5-S1.
o no effect in LBP and trivial increase (ES 0.13) in controls for disc height at L1-2.
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e No pain main effect nor interactions between pain and loading were detected for the
following measurements suggesting that these do not show promise as biomarkers for low
back pain:

o disc mean T> time, nucleus mean T, time, disc width, nucleus width, motion

segment angle.

Results indicated that the proposed candidate biomarkers hold promise to help improve the
specificity of MRI for low back pain by detecting differences between images of patients with and
without pain while unloaded. Further, as hypothesised, differences in responses to loading can also
help detect differences between pain groups. Differences were more numerous when comparing
changes from compression to traction to the more commonly used compression loading added
after unloaded images. Some measurements were only detecting responses to loading and may
represent good measurements for biomechanics studies not focused on diagnostic. Further, the
preliminary analysis of this relatively small sample yielded a number of small, moderate and large
effect sizes justifying further investigations of the proposed biomarkers to improve the specificity

to low back pain.
General discussion

To the best of our knowledge, the present study was the first comparing the immediate
effects of traction and compression between participants with and without chronic low back pain
(LBP) and in relation to degeneration levels using quantitative T>-mapping and a highly reliable
image segmentation software. The results indicated that the response to three loading conditions
was different across lumbar levels with different degeneration and between participants with and
without pain. Specifically, significant interactions between loading and pain were most often
observed at L5-S1 consistent with beliefs that the lower part of the lumbar spine is most affected

by degeneration and implicated in causing LBP [239].

Amongst candidate biomarkers evaluated in this dissertation, coordinates of the disc and
nucleus ToWC and GWC were the most promising biomarkers to detect pain as determined by the
number of significant main effects of pain or interactions as well as by the magnitude of the effect
sizes compared between two groups. Amongst candidate biomarkers for evaluating the effects of

loading in relation to degeneration of the lumbar spine, the location of TX'WC and GWC, the motion
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segment angle and disc height were the most promising ones. Correlation estimates indicated that

larger responses to loading were observed with less degeneration.

LBP is a major cause of discomfort and disability among adults globally [1]. Although it
has affected humans since at least the Bronze Age, in over 85% of LBP cases, the cause of the pain
remains unclear (e.g. non-specific LBP) [4]. Imaging modalities are used for diagnosing the
underlying pathology of LBP [9], with MRI preferred due to better visualisation of soft tissue and
concerns about radiation exposure with the other methods [10]. MRI is a sensitive modality for
depicting anatomical abnormalities of the lumbar spine. However, it is often clinically
inconclusive due to a lack of specificity [11]. MR imaging is usually conducted in a relaxed supine
position while most patients experience symptoms when the spine is loaded [43, 44]. Compression
loading is thought to induce morphological changes, including reducing disc height, increasing
disc bulging, thickening the ligamentum flavum, deforming the dural sac and narrowing the spinal
canal [242-244]. Therefore, to increase the specificity of MR imaging, one solution could be
employing upright MRI scanners or trying to simulate physiologic loading using axial compression

devices if tolerable by patients.

Systematic literature review of the effect of loading on quantitative measurements of the lumbar
spine

A review was needed to identify the best measurements and loading protocols to
understand which imaging findings in response to loading were most closely related to LBP
symptoms or spine degeneration. The review did not yield any moderate or strong evidence due to
the low quality of the included studies but identified the main sources of bias affecting these studies
including inadequate information about requirement strategy, examiners training, and reliability

of the measurements. We tried to avoid these limitations in our studies.

The review revealed a lack of comparison of the effects of loading between participants
with and without LBP. Many measurements have only been used with either healthy participants
or participants with LBP but not both. When formulating levels of evidence summary statements
separately for participants with and without pain, the statements on two outcomes remained
conflicting in both types of participants. For 3 to 10 of the 14 measurements used in at least one

study, the measurements had not been used to quantify the effect of loading depending on the
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homogeneous set of loading conditions compared. A clear knowledge gap about comparing the

effect of loading between groups existed.

The heterogeneity in the review results highlighted many areas with conflicting evidence
regarding the effects of loading on the lumbar spine. For many measurement constructs, no
evidence was identified depending on the loading conditions considered. More than half of the
limited evidence summarised in the opening of this chapter indicated no effect of loading was
observed in multiple measurements. For supine axial loading, only limited evidence of decreased
posterior disc height in response to loading was observed showing a lack of sensitive MRI
biomarkers of the response to loading. For the postural loading, limited evidence of increased
anterior distance of the nucleus from the annulus boundary and of increased anterior-posterior
diameter of the disc as well as of decreased cumulative disc height was identified in response to
loading. There again a limited number of sensitive biomarkers showed a need for further

investigation.

Our review yielded conflicting evidence on the effects of loading on the lumbar spinal
canal stenosis (LSCS). Only one study was identified that evaluated the effects of loading
specifically on the LSCS symptoms [139]. The results indicated negative correlations between the
dural sac cross-sectional area (DCSA) in axially loaded MRI and both walking distance and
Japanese Orthopedic Association Score [139]. Although some researchers have suggested that
extension could trigger LSCS symptoms by a reducing the dural sac size [170, 171], our review
did not yield any evidence on the effects of extension compared to an unloaded supine position on
the LSCS. Only one study with participants with LBP was identified that examined the effect of
end-range movements on quantitative lumbar segmental instability (LSI) measurements, and no
evidence was identified about the possible effect of compression or traction on the LSI. These
findings supported not focussing the present thesis of candidate biomarkers related to these MR

findings.

The results, therefore, highlighted that the knowledge gap regarding the effects of loading
on the imaging presentations of the lumbar spine still exists, particularly, a lack of research on
whether the response to loading, including traction, could help increase the specificity of MR
imaging on LBP. Based on the evidence from the systematic literature review, a few measurement
constructs deemed to be relevant to the subjects’ symptoms and the state of degeneration were

chosen for further investigation on both participants with and without chronic LBP. We could not
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identify any evidence about the effect of loading on the disc fluid content. As the degeneration
affects disc fluid content and implicated as a cause of LBP [5], we postulated both the fluid content
and distribution of the discs would be systematically different in participants with and without
pain. The candidate biomarkers selected for investigation in the present thesis were the disc’s fluid
content (measured using mean T> time), height, the location of ToWC, and width as well as the

nucleus’s fluid content, GWC, the location of TWC and width as well as motion segment angle.

» An updated version of this literature review is available as an addendum in the appendix VI:

The immediate effects of loading on lumbar imaging findings: Update of a systematic review.
Reliability study of the signal intensity weighted centroid

As manual segmentation is tedious, time-consuming and prone to user error [245, 246], we
developed computer aided measurement software and examined the reliability for all candidate
biomarkers extracted using the software. However, the similar signal intensity of the lumbar
tissues, ambiguous disc boundaries, particularly in degenerated discs, and the inter-individual
variability in the shapes and signal intensities of the discs make developing computer-aided
segmentation techniques extremely challenging [187]. Thus, only a few groups have developed
CAM to speed up and improve the reliability of lumbar segmentation [182, 214, 245-250], and

even fewer did so to improve the reliability for detecting possible abnormalities [182].

ToWC/SIWC provides information about the distribution of the fluid within the structure
and thus provides some information about fluid movements within the structure. In contrast, many
traditional methods [167], measuring the distance between two tissue boundaries can only capture
movement in one direction and only using two points rather than all the pixels in the ROL
Moreover, the selection of the two points on the boundaries is subjective and possibly more prone
to error than using all points from an area semi-automatically segmented using our procedure,
which showed excellent reliability. The results of this study indicated a high intra- and inter-rater
reliability for the SIWC, while the reliability estimates of the mean signal intensity and area

suggested that the measurements of the annular regions were not suitable for clinical use.
Reliability and validity of lumbar disc height quantification methods

As many disc height measurement methods exist, methods were compared head-to-head to
determine which would be most appropriate for use with studying loading. Our results indicated

that the area-based methods provide better reliability than point-based methods, particularly
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Dabbs’ method, which has been widely used by many researchers for the quantification of the disc
height [190, 191, 202]. The reliability of point-based methods is influenced by the examiner’s
perception of the location of the vertebral margins at the disc-vertebra boundary, and the presence

or absence of endplate irregularities or Schmorl’s nodes may also affect measurement outcomes.

The area-based disc height quantification methods demonstrated excellent intra- and inter-
rater reliability when using 60% or 80% of disc width for the estimation. These measurements also
demonstrated the lowest measurement error, suggesting promise for detecting changes beyond
measurement error in longitudinal applications. The lower reliability when using 100% of the disc
width as compared to using 80% and 60% was likely due to the relatively indistinct anterior and
posterior edges of the vertebra-disc interface. Limiting disc height measurements to a fraction of
the disc diameter also reduce the imprecision due to the presence of osteophytes near the corners,
which may bias some of the point-based references using the vertebral corners, such as Dabbs’ or
the combined method. The area-based disc height quantification method using 80% of disc with
was therefore adopted in subsequent studies as it also presented high construct validity correlations
with traditional measurements. To our knowledge area-based measurements of disc height had not

yet been used to quantify the effect of loading on the lumbar spine.
Effects of extension exercise on disc fluid content

Loading not only affects the quantity of fluid within discs but also may affect its
distribution. The mean T relaxation time, however, is a scalar quantity, which does not reflect the
direction of the fluid movement. Therefore, another variable is needed to capture changes in the
fluid distribution. To'WC reflects movement or changes in the distribution pattern of fluid within a
structure. As degeneration does not affect the whole disc at the same time, To-WC may also provide
information about the region, which is more affected by degeneration. ToOWC was also chosen
because it may provide some information about the role of adjacent vascular regions on the disc
nutrition, as any deviation in the location of ToWC in response to acute loading may indicate more

signal concentration and thus more fluid having moved to that region.

The location of the SIWC could be employed as a highly reliable measurement for
investigating changes in signal distribution in ROIs, which may be useful in studies of the effects
of different loading conditions or therapeutic interventions on targeting fluid redistribution. Little

evidence was found supporting the hypothesis that prone press-up exercises affect disc fluid
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content and distribution. There was no significant difference in the whole disc and nucleus MSI or
location of the SIWC before and after extension exercise, except for the horizontal coordinate of
the SIWC of the whole L4-L5 disc. The significant anterior shift of the signal intensity observed
at the L4-5 level indicates more fluid concentration on the anterior part of the disc. This was
consistent with theoretical model of extension exercise where extension increases the pressure on
the posterior part of the disc and drives fluids more anteriorly. The fact that the SIWC did not
demonstrate movement in the same direction at L5-S1 makes this finding less persuasive, but the
range of motion at L5-S1 is generally less than at L4-5 [216], and may not be enough to reduce
intra-discal pressure and drive fluid anteriorly. Nevertheless, the novel parameters reflecting fluid
distribution detected similar or larger effects of extension than MSI suggesting promise in the
study of the effect of lumbar loading conditions. Interestingly, our findings suggesting no
significant change in disc fluid content (MSI) were not consistent with Beattie et al.’s findings,
indicating a significant increase in the fluid diffusion in the nucleus following 10 minutes of
lumbar posterior-anterior pressures and prone press-up exercises [45]. These larger observed
changes could be due to the application of PA directed manual pressure. Still the novel

measurements were adopted to study the effect of loading in the subsequent studies from this PhD.

Evaluation of the effects of loading and disc degeneration grade on lumbar intervertebral discs

and vertebrae in participants with and without back pain.

In the loading studies described in chapters 7 and 8, when the spine was loaded using
compression and traction loads equal to 50% BW, the axial loading appeared to result in a complex
load transmission throughout the lumbar spine. The behaviour of the middle and lower lumbar
motion segments was more consistent with the hypothesised response based on a theoretical model
of compression and traction, where compression is expected to decrease disc and nucleus fluid
content and traction to do the opposite. This difference between levels could be due to bearing

different loading magnitudes and moment at the upper levels compared to the lower ones.

Evaluation of the effects of loading and disc degeneration grade on lumbar

intervertebral discs and vertebrae. The results from our loading studies also indicated as we had

hypothesised, that the response of the lumbar motion segments to three loading conditions differed
across lumbar levels between participants in relation to levels of disc degeneration. Thereby, our
results demonstrate the potential for these candidate biomarkers to improve the specificity of MRI

for disc degeneration. Specifically, significant differences in response to loading were most often
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observed at L5-S1 consistent with beliefs that the lower part of the lumbar spine is most affected
by degeneration and implicated in causing LBP [239]. The magnitude of the loads and moments

acting on the lower levels are larger than for the upper levels [251].

The location of ToWC of the disc and nucleus, the GWC of the nucleus, and the motion
segment angle were found to be the most promising biomarkers for evaluating the effects of
loading on the lumbar motion segments with different degeneration grades (detected significant
changes). In addition, the mean T> time of an ROI was correlated with anterior and inferior shifts
of ToWC in response to compression compared to the unloaded condition. Similarly, a significant
posterior and superior shift of the disc and nucleus’s TWC and of the nucleus GWC was observed
in the lower lumbar motion segments in response to traction compared to compression. Consistent
with degeneration causing disc desiccation, narrowing and a reduction in the hyper intense nucleus
area [16], discs with more degeneration presented smaller fluid redistribution shifts in response to
loading possibly increasing the specificity of MRI for relevant degeneration. Larger changes were

associated with the healthiest discs.

The fluid content of the discs and nucleus of the lower lumbar motion segments decreased
during compression and increased during traction; however, in our sample differences did not
reach significance. This likely indicates that loading affects the distribution of the fluids within the
disc more than the amount of fluid. A significant negative correlation was however observed
between compression loading and degeneration at these levels, indicating the disc fluid content in
the more degenerated discs is less than normal discs, which was consistent with other studies [5].
In contrast, the upper motion segments demonstrated a decrease in fluid content from compression
to traction, reaching significance only at L1-2. The behaviour of the upper discs indicated that the

axial compression loading likely did not affect these levels and the discs continued to imbibe fluid.

Although the directions of the changes observed for disc height and disc and nucleus width
changes at the L5-S1 were consistent with previous studies [44, 167], most were not statistically
significant except for the increased disc width from unloaded to compression at L5-S1. The
heterogeneity of our participants may have limited our ability to capture more changes, or it may
be because of our using different loading conditions than in some of the reviewed studies.
Nevertheless, in our study, both the disc and nucleus ToWC, nucleus GWC, disc height and motion

segment angle hold more promise for capturing changes in response to loading.
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Our findings for the lumbar motion segments angles were consistent with the theoretical
models of compression and traction (i.e. compression increases the motion segment angle
producing an increased lordosis, and traction decreases the angle by flattening the lumbar spine).
However, in this study, differences only reached statistical significance at L4-5 when going from
unloaded to compression. The loading table was theoretically designed to apply uniaxial
compression and traction load, however, due to its effect on lumbar lordosis; the line of action of
the force could be different at different levels. This observation may explain some of the

differences in fluid distribution variables between levels.

Significant correlations were observed between degeneration and changes in quantitative
MRI measurements from unloaded to compression and from compression to traction for disc’s
height, mean T>, width and To-WC and nucleus’s T». Of those measurements, the disc height, mean
T> and T;WC as well as nucleus mean Tz, TyWC and GWC hold more promise for further
investigation, as our results indicated that they are also more sensitive to loading as well. These
measurements may be sensitive enough for studying the natural history of degeneration as in

genetic studies or the response of degenerated discs to regeneration treatments.

The effects of compression and traction on lumbar MRI findings in relation to chronic

low back pain. Amongst candidate biomarkers, the most promising (sensitive) biomarkers to pain
were the novel measurements of the coordinates of the disc and nucleus To-WC and GWC
determined by the number of significant main effects of pain or interactions as well as by the
magnitude of the effect sizes compared between groups. The horizontal coordinates of these novel
biomarkers at different levels were also one of only a few parameters detecting differences between
patients and controls in the commonly used supine unloaded position. ToWC of the pain group was
located more anteriorly and superiorly compared to the controls especially at the lower motion
segments and was more sensitive to loading. Compression shifted T>-WC more anteriorly and
superiorly, while traction did the opposite. The extension moment created by compression might
increase pressure on the posterior part of the disc and therefore push the fluid more anteriorly. The
unloading effect of traction may decrease that pressure and thus help disc fluid return to its

equilibrium state.

ToWC coordinates were more sensitive to loading in the pain group compared to the
controls. T2WC of the nucleus was slightly more sensitive to the loading as it contains a higher

concentration of fluid compared to the fibrous part of the disc and thus may provide information
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about the response of the disc to acute loading. Changes in hydration, as well as collagen
anisotropy, have been reported to be early indicators of cartilage deterioration [112]. This likely
indicates that discs were more anisotropic in the pain group. These changes may also affect the
fluid distribution and thus hydrostatic pressure of the disc and lead to uneven load distribution on
the pain-sensitive endplates or annulus fibres. Trauma and inflammation may trigger the synthesis
of factors such as bradykinin and prostanoids within the disc [6]. With fluid redistribution under
loading, these factors may be able to sensitise silent nociceptors, which are usually unresponsive
to even maximal mechanical stimulation [6]. The sensitised nociceptors and usually active
nociceptive affected by the fluid redistribution could then respond to changes in intra-discal
pressure during movement and trigger pain [6]. This hypothesis would be consistent with our
results indicating that the fluid distribution responses to loading in the participants with LBP were

different from those without pain.

The GWC also demonstrated promise to improve the specificity of MRI for LBP. The
horizontal coordinate at all levels, except L1-2, was sensitive enough to capture a differential
response between pain groups or interactions between pain and response to loading. The response
to traction loading was different between two groups. While the pain group demonstrated a
posterior shift, controls demonstrated no change. This likely indicates more fluid was brought back
in the posterior region of the nucleus with traction in those with pain. The response of the nucleus
to loading varied depending on the level, which is also consistent with being a biomarker of pain,
as we would not expect all levels to show pain-relevant pathology at the same time. As the GWC
parameter reflects the spatial area occupied by the hyper-intense nucleus region, it also reflects
fluid distribution. For upper levels in the pain group and all levels in controls, the GWC either
moved anteriorly or did not change on compression compared to an unloaded condition. This might
be a result of the changes in pressure distribution as the motion segment angle of the relatively

healthy disc becomes more extended.

The disc height was the only traditional morphologic measurements that demonstrated
potential to detect differences between pain groupings using only the supine unloaded images as
we defined disc height as the disc area over the disc width, participants in the pain group might
had more concave endplates resulting in higher disc heights compared to healthy ones, which
would be consistent with Videman et al.’s findings with increasing degeneration [153]. The

inability to detect significant differences at most levels may reflect, experiencing different loading
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conditions at each level, and insufficient magnitude and/or duration of loading or a low statistical
power in this preliminary study. Most compression studies to date employed 50% BW [83, 90,
127, 130, 139, 154, 159, 160] for loading. In our review [222], we identified only one study that
applied 75% BW on both healthy participants and participants with symptomatic lumbar spinal
stenosis [153].

Both mean T, times and width of the nucleus were not sensitive enough to capture a
statistically significant change in response to loading or difference between pain groups (except at
L1-2 for the mean T> in traction) which might be due to limited power in this preliminary

investigation.
Clinical importance

In contrast to Pfirrmann and other ordinal rating algorithms that pool different degenerative
features to grade the degree of disc degeneration, and which are, therefore, inherently unable to
capture subtle and/or local changes, the proposed new quantitative method is sensitive to both
subtle and local changes in the disc morphology. The results also indicated that compression and
traction demonstrate more changes compared to the unloaded condition, thus to decrease scanning
time, one solution could be ignoring the unloaded stage. As in the present study, we did not
examine the effects of traction on an unloaded spine, examining this could help determine whether
the observed significant differences were due to using only traction or comparing two extreme
loading conditions. This would help evaluate the cost-effectiveness of compression-traction
loading scenario compared to the unloaded-traction scenario, which requires less time and effort,
by clinicians.

Results also indicated that both disc and nucleus should be considered for evaluation as the
response to loading at some levels was only significant for the disc and at other levels was only
significant for the nucleus, indicating that these measurements may be complementary. A future
diagnostic accuracy study could help determine whether the additional time and segmentation
efforts required for extracting measurements related to the hyper-intense nucleus area in addition

to the whole disc measurements are needed to optimise MRI specificity for LBP.

The results of the present dissertation indicated that the disc and nucleus T;WC, nucleus
GWC and disc height hold promise to improve the specificity of MR imaging for diagnosing the

possible underlying pathology of pain in patients with chronic LBP. Among traditional clinical



170

biomarkers employed to date, the disc height was the only biomarker that was different between
participants with and without persistent LBP on the unloaded supine scans. However, the
systematic differences in the position of the nucleus TWC and GWC as well as the disc TWC on
the supine unloaded scans between two groups suggest that MRI specificity for LBP may be
improved when the novel parameters are employed in addition to disc height. However, further
studies are needed to determine a cut-off point for normal and a symptomatic disc on the promising

measurements and if diagnostic accuracy would be sufficient.

The high significant correlations that were observed between horizontal and vertical
coordinates of the nucleus To'WC and GWC at L5-S1 indicated that these measures could be used
interchangeably and possibly provide redundant information. Given that ToWC provides
information on the spatial orientation of the ROI and the fluid distribution of each pixel, it may be
more informative than the GWC and likely more sensitive to minor changes. In particular, in discs
with severe degeneration grades, the differences between TWC and geometric centroid may be
the largest, and ToWC would likely capture the most changes in response to loading as it uses fluid
concentration in addition to geometric information. Our correlation estimates did not suggest that
both disc and nucleus TWC provide the same information as the coefficient of determination (R?)
was less than 50% for horizontal coordinates. This likely indicates that both points are needed for

evaluating the effect of degeneration.

Nevertheless, examining the response to loading would likely also offer improved
diagnostic accuracy provided the novel fluid distribution parameters were considered. However,
examining the response to loading requires a special loading apparatus, additional image
acquisition time, use of an image segmentation software (which will be made freely available soon)
and measurement extraction time. Given the resources involved and the worldwide efforts to limit
imaging cost for LBP [252], on the basis of our results, we only recommend the application of
stress imaging (compression/loading) for those people with chronic LBP once the benefits
associated with a meaningful classification for research and clinical application outweigh the
burden of additional time and cost. The higher cost of MR imaging under loading may be justified
if the uncertainty about MRI specificity is reduced, and if it helps inform better management
decisions. Larger studies, including replications, diagnostic accuracy, prognostic, treatment studies

shown effective for certain subgroups, defined based on our biomarkers response to loading, are
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however needed to investigate further the clinical value of the proposed biomarkers showing

promise to improve the specificity of MRI for LBP and the ability to detect the response to loading.
Study strengths

Systematic literature review. We conducted an extensive systematic literature review on
the effects of loading to identify candidate biomarkers and loading protocols. Our review followed
PRISMA reporting methodology. A thorough literature search informed by content experts and a
medical librarian helped find more than 4200 abstracts and 105 papers, which were fully reviewed
by at least two reviewers each. Twenty-one paper then underwent an extensive standard data
extraction. Quality appraisal combined criteria from various tools as no tools yet gather consensus
from the scientific community for this type of review. Reviewers received standard training and
achieved adequate reliability. Despite the literature presenting too much heterogeneity for meta-
analysis, a rigorous level of evidence summary statement formulation strategy was used to draw
conclusions. A gap in knowledge regarding the effects of loading on the imaging presentations of
the lumbar spine was detected, particularly, a lack of any high-quality research and specifically of
research on whether the response to loading could help increase the specificity of MRI for LBP.
This gap suggested that further high-quality studies, comparing responses in subjects with
symptoms of LBP to matched healthy subjects, are needed to establish a strong correlation between
imaging findings and patients’ symptoms. Our review also illustrated a gap about many
quantitative measurements. For example, no evidence was found on the effects of loading on the
disc fluid content by either measuring MR signal intensity, mean T> times or diffusion coefficients.
Although we identified works by Beattie et al. [102, 212, 253] on the disc diffusion, they were not
captured by our mesh terms, likely due to different keywords they chose. Further high-quality
studies are needed to quantify the effects of loading, identify additional quantitative MRI
measurements, to address the heterogeneity issues encountered in this review and to establish a

strong correlation between these measurement constructs and patients’ symptoms.

Computer-aided measurement. Most quantitative MRI studies of the lumbar spine have
used manual segmentation techniques. Manual segmentation is usually a tedious and time-
consuming process [245, 246], with limited reliability [247, 248]. We tested the solution of
developing a CAM to improve reliability in patients’ representative of our targeted population. We
developed an accurate and highly reliable CAM for quick measurements of discs and vertebrae for

extracting continuous quantitative measures of signal intensity changes, morphology, angulation
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and translation of the motion segments. Our reliability experiment followed standard design and
reporting guidelines, and our evaluators were blinded to participants information and their prior
measurements [254]. Of the few segmentation techniques employed for normal and scoliotic discs
[187, 245, 247, 250, 255], most have focused on the accuracy of the segmentation, with limited
consideration for specifically the related measures of clinical interest [187, 214, 245, 250]. This
gap was addressed by quantifying the reliability for all the following measurements later used in
the effect of loading studies: disc mean intensity, height, area and width, nucleus mean intensity,
area and width as well as motion segment angle. We also implemented new biomarkers in our
software, including T>-WC and GWC. By comparing the reliability of a wide array of disc height
measurement strategies in the same sample, we obtained objective comparison allowing an

informed choice on which was the most reliable approach.

Effects of loading. Novel image acquisition methods and quantitative biomarkers were
proposed and shown to have promise to advance meaningful classification of LBP and disc
degeneration. Our studies on the effect of loading addressed: 1) the need for measurements to
detect responses to loading which may help define clear phenotypes in genetic studies and
carefully monitor response to spine degeneration treatments, 2) the need for more specificity when
using MRI to identify pain relevant findings, 3) the need for evaluating the clinical value of the
traditional biomarkers, by matching participants with and without pain for characteristics known
to affect MRI findings and 4) the need to focus on participants with chronic low back pain for
which MR imaging may be more indicated than for acute back pain. Further, refining the
quantification of the vertebra and disc morphology, including area, height and fluid distribution

indicators under different loading conditions was shown to have value.

To our knowledge, this dissertation was the first study on the effects of compression and
traction on the motion segment fluid using quantitative To-mapping, a strategy that addresses the
limitation of measuring signal intensity on T>-weighted images. We employed a 3T MRI system
that compared to kinetic MRI system had a better signal to noise ratio (SNR) and thus resolution
to minimise pixel size and thus to minimise partial volume averaging artefacts. An MRI loading
apparatus was developed to load the lumbar spine during MR imaging within the confine of
existing systems normally used to image patient in relaxed supine position. Loading applied with
the device was well tolerated with no participants requesting interruption in the loading

application. We standardised the loading parameters used for all participants including loading
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order, pre-imaging loading durations and relative loading magnitude. We also proposed highly
reliable imaging biomarkers to capture fluid content, distribution and instability characteristics
with TWC and GWC of different ROIs. The traditional measurements, including disc height,
width and nucleus width, were selected based on the presence of a knowledge gap about their

clinical value to determine whether they hold promise for larger scale studies.
Study limitations
Nevertheless, limitations to the present dissertation should also be acknowledged.

Systematic literature review. Our systematic review solely included quantitative studies
published in English. We did not try to capture those studies that employed qualitative ordinal
ratings to evaluate the effects of loading. Although two people were bilingual in our team, they
could not act as a second reviewer for each other to include additional languages, which may
introduce a language bias [145]. We did not register our study in the PROSPERO, as we did not
conduct an intervention review. The heterogeneity of the methodological approaches adopted by
different authors made it difficult to draw meaningful conclusions and prevented conducting a
meta-analysis. We rely on authors’ reported results, which possibly introduces an outcome
reporting bias [145]. Indeed, outcomes reported by different studies differed significantly and
possibly not all measurements recorded by different authors were published. While some
recommend that systematic reviews be backed up with correspondence with the authors for
replication and/or reproduction of their results [256], this was not feasible due to resource

constraints.

Reliability studies. Although our CAM was created to segment annulus and cartilaginous
endplates from adjacent tissues, our reliability estimates for these areas were suboptimal, possibly
due to difficulties in defining a clear boundary between neighbouring tissues using our largest
signal intensity difference segmentation strategy, particularly in severely degenerated discs. We
conducted the reliability study on T,-weighted images with a different scanner and a lower
resolution than the one used in later chapters. Better resolution and image quality could improve
our reliability estimates. Reliability was the lowest for the posterior annulus. In discs with high-
intensity zones [184—186], it is challenging to determine a clear boundary between the posterior
annulus and the cerebrospinal fluid. Further, in patients with severe degeneration with low annulus

intensity, but with contours occupying the spinal canal and displacing cerebrospinal fluid and
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nerve roots, it is difficult to contrast the annulus from the nerve tissue or canal because the signal
intensity in the canal is reduced. Employment of parabolic curve fitting techniques using more
neighbouring points to inform segmentation to detect annulus contours may help increase the
reliability of the segmentation. However, displaced materials (e.g. herniation) may be more likely
to be missed. Other segmenting solutions could include employing atlas-based segmentation

techniques or artificial intelligence tools [246].

Another limitation was that the semi-automated segmentation algorithm still relied
partially on user input. First, input was needed for drawing lines to begin the segmentation of the
upper and lower disc-vertebra boundaries for each disc, which increased the analysis time.
Although the program lets rater to amend outliers, this could introduce another source of inter-
rater variability, as the location of the corrected points would be subjective. However, our high
inter-rater reliability results indicated that this did not play a big role. Automating disc-vertebra
numbering may be a solution, but existing algorithms require determining image specific intensity
or still require manual selection of at least one ROI to begin segmentation. Therefore, these
algorithms also require user input/time which ultimately may also affect the segmentation results

[182]. To our knowledge, no fully automated algorithms are yet available.

MR imaging and image segmentation. In selecting loading conditions to compare, we
could not quantify the disc fluid content in the extended position. In addition, in comparing the
ability of our measurements to detect changes in the extension study we could not compare to the
supine relaxed position to data obtained in the extended position, as extension increases the
distance between the body and the spine coil and thus reduces the SNR. An additional limitation
in all studies was that we only measured the midsagittal slice of the IVDs, and it is possible that
changes in fluid content or distribution in other regions of the disc may have been missed or that
reliability would differ if assessed on other slices. Pathologically relevant disc measurements may
be observed in other planes. Nevertheless, our analysis of the midsagittal plane found pain relevant
findings and our measurements were able to detect changes in response to loading in this plane.
Unfortunately, it was not possible to distinguish the annulus from the adjacent ventral and dorsal
ligamentous structures with T based imaging techniques. Therefore, portions of the anterior and
posterior longitudinal ligaments were included in the disc measurements reported. Another
limitation was the pixel size. We were only able to capture changes within the midsagittal plane

equal to or greater than 0.4 mm. Because slice thickness was Smm, the ability to detect changes
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occurring laterally within the disc may have been limited and partial volume averaging issues may
have affected the quantitative T> times estimated for each pixel. Our samples included a very small
number of discs with Pfirrmann grade V degeneration where it may be difficult or impossible to
segment the nucleus hyper-intense areas. Generalizability should be investigated in highly
degenerated discs. The present study was explanatory and many variables were examined, there is
a chance that some of the statistically significant results were observed by chance. A replication
study, justified by the promising results, is needed to confirm which biomarkers are truly useful to

detect differences in degeneration levels and between subjects with and without pain.

Sample size. Two sets of images were used in the present dissertation. For the reliability
and extension loading study, the baseline mid-sagittal T>-weighted MR images from 22 volunteers
with LBP recruited for another study on extension exercise were used [179]. Our small sample
consisted of consecutive volunteers with low back pain and included mainly Pfirrmann’s grade
three and four degenerated discs with a limited number of normal or slightly degenerated discs
(Pfirrmann’s grade one and two) or severe degeneration (Pfirrmann’s grade five), which could
likely affect the disc response to loading. With a sample of 22 subjects, with repeated
measurements, an effect size of 0.49 in T;WC location could be detected with statistical

significance.

For the experimental studies, the mid-sagittal T>-weighted MR images from 35 volunteers
with and without chronic LBP were analysed. Our small sample consisted of consecutive
volunteers responding to a mass email invitation and included mainly slightly degenerated discs
(Pfirrmann’s grade two (65.7%) with limited number of discs with normal (Pfirrmann’s grade one
=1.7%) or severe degeneration (Pfirrmann’s grade four =11.4% and five =1.1%), which could
likely affect the disc response to loading. We did not have enough statistical power to evaluate the
effects of loading on discs within each of the different degeneration grades. In the pain chapter,
recruitment of participants continues to match all people with chronic LBP with asymptomatic
people. Therefore, we were not able to compare our candidate biomarkers among all people with
and without LBP with our targeted statistical power. Nevertheless, moderate and large effects sizes
were reported and statistical significance observed justifying further investigations of the proposed

biomarkers and loading conditions.
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Further Development Work Suggested

Systematic literature review. Systematic reviews are strong tools for identifying
knowledge gaps, highlighting methodological inconsistencies and weaknesses, enhancing and
promoting evidence-informed diagnosis and classification of the low back disorders, particularly
in areas with a strong and well-developed evidence base. Our systematic review can be expanded
by including more languages to minimise selection bias. A hand search of the references and
relevant publications may also help capture more studies. Finally, in the future, conducting a meta-
analysis of the data within the few categories where multiple studies become available may help

identify the most promising candidate biomarkers for future studies.

Reliability studies. Although our CAM was designed to segment annulus and cartilaginous
endplates from adjacent tissues, the reliability for these regions was suboptimal. There is mounting
evidence about the possible role of endplates in those with back pain, and also the posterior annulus
is subject to volume changes under loading due to herniation, which is common in people with
back pain. After refining segmentation strategies by using more robust edge detection algorithms,
conducting a new inter- and intra-rater reliability study on a sufficient sample size within each
category of degenerated discs may help estimate the reliability of these regions. Such reliability
studies would help understand if measurements present adequate reliability also for the extremes
of degeneration, which were underrepresented in the present study. Further, the reliability
generalizability could be tested by using new raters, likely from clinical settings. Another proposed
development is to minimise user input for drawing lines to begin the segmentation by fully
automating level identification, which could decrease the analysis time and likely further improve
reliability. Developing methods to avoid having to rely on user input to fix outlier contour points

would also be a good avenue for future research.

Loading studies. To address the limitation of using discrete scores to detect responses to
loading, developing additional quantitative imaging biomarkers beyond the promising ones
identified in the present study may be needed for meaningful classification of the disc and motion
segment degeneration. As the evidence is mounting about the possible role of cartilaginous
endplates on the development of disc degeneration and LBP [257], evaluating the effects of loading
on ToWC and GWC of the cartilaginous endplate may help determine the value of these biomarkers
for detecting clinically relevant endplate abnormalities. Likewise, as the posterior annulus can be

affected by herniation, loading could affect the location of GWC and T,WC of an annulus ROI,
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exploring these novel biomarkers may help identify the pathway of fluid redistribution with

loading non-invasively.

We did not try to capture para-sagittal images and other standard views as it could increase
our image acquisition time. However, patho-anatomically relevant information may be found in
other images. Parasagittal views can visualise the intervertebral foramen, and axial view can
visualise DCSA. Evaluating the effects of loading on the aforementioned planes may help evaluate
the clinical value of the suggested biomarkers and capture new pathological biomarkers.
Evaluating traction when going from unloaded could also help whether keep all loading conditions
or drop some, which are not very informative. Evaluating other loading magnitude or duration

could help determine the most informative loading magnitude and duration.

The promising results from this preliminary study suggesting that the candidate biomarkers
can detect response to loading and distinguish participants with and without low back pain justify
conducting a study with a bigger sample of both participants with and without back pain to help
determine the clinical value of the proposed biomarkers. A long-term follow-up study in both
participants with and without back pain could also help track changes in the candidate biomarkers

to investigate their prognostic value.
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Conclusion

From the literature review, 12 candidate biomarkers were investigated to improve the
specificity of MRI for degeneration and low back pain. All candidate biomarkers were shown to
provide reliable measurements. The novel biomarker (ToWC) reflecting disc fluid distribution had
equal of better ability to detect significant response from before and after extension exercise. The
experimental study indicated that disc height, width, mean T> time and To-WC, as well as, nucleus
mean T> time, GWC and T>-WC hold promise as sensitive biomarkers to capture the response of
the lumbar spine to different loading conditions and likely to monitor degenerative and
regenerative changes of the lumbar motion segments. Traction compared to compression was more

sensitive to capture the load-induced changes of the lumbar motion segments.

The most sensitive biomarkers for pain were the horizontal (large effect sizes) and vertical
coordinates (medium effect size) of the disc and nucleus ToWC, the horizontal and vertical
coordinates of the nucleus GWC (both medium effect size), and disc height (small effect size).
Different responses to loading between pain groups were most often observed at L5-S1. Among
these biomarkers, three (horizontal coordinates of the disc TWC and nucleus GWC and disc
height) showed potentials to detect differences between patients with and without pain using
traditional unloaded MR imaging, the rest. However, more studies are needed to quantify the cut-
off point between normal and problematic biomarker measurements and investigate the clinical
value of the proposed biomarkers showing promise to improve the specificity of MRI for LBP and

the ability to detect the response to loading.

Since collecting biomarkers requires a special loading apparatus and image segmentation
software, we recommend the application of stress imaging (compression/loading) for those people
with idiopathic chronic LBP only once the benefits associated with a meaningful classification for

research and clinical application outweigh the burden of additional time and cost.
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APPENDIX I. IMAGE SEGMENTATION

The semi-automatic segmentation using the mid-sagittal image begins by clicking on the
lumbar vertebrae starting with S1 to label the levels. A line is then drawn tangential to the superior
endplate (Figure 17a). The left endpoint of the line is used for initializing the segmentation of the
upper boundary of the disc. Twenty pixels below the point is then scanned (Figure 17a). The pixel
with maximum signal intensity difference (MSID) is determined and is selected as the initial left
endpoint of the disc-vertebra boundary (Figure 17b). Ten pixels above and below the next adjacent
pixel in the horizontal direction are then scanned and the pixel with MSID is determined and is
selected as the second point (Figure 17b). The same process continues for the rest of the points
until the right end of the superior tangent line is reached (Figure 17b). For segmentation of the
inferior boundary, similar to the superior border, a line is drawn tangential to the inferior endplate

and the same processes are used for determining the disc vertebra boundary (Figure 17¢).

To locate the anterior and posterior corners of the vertebrae, after the algorithm completes
finding the points on the center portion of the disc-vertebra boundary, 20 pixels adjacent to the
initial endpoints are scanned further anteriorly or posteriorly. The pixel with MSID in the superior-
inferior direction is then determined and is selected as the vertebra endpoint on each side. A
Gaussian operator using a 3x3 kernel for six pixels above and below the pixel with MSID is
employed for spatial smoothing of the borders and to eliminate outlier points, which could be due
to noise. Users are also able to modify the location of individual disc boundary pixels in the case

of outlier errors (Figure 17).

After determining the slope of the best-fit lines passing through the points of the upper and
lower boundaries, a line with the slope corresponding to the average of these two lines is then
automatically generated in the middle, dividing the disc into superior and inferior halves (Figure
17¢). Each pixel of the superior line is automatically connected to a corresponding pixel on the

inferior line by following a line perpendicular to the third line bisecting the disc.

The midpoints of the line connecting the anterior endpoints of the disc vertebrae boundaries
and of the corresponding line dorsally are connected using a disc bisector line (DBL). The bisector
line is then extended 20 pixels at each end (Figure 17¢). Multiple lines parallel to the extended
line, with the same length, are then generated superiorly and inferiorly at one pixel interval, until

the lines fully lie in the vertebral bones (Figure 17f). Adjacent pixels with MSID along those lines
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parallel to the line bisecting the disc are selected as the ventral and dorsal boundaries of the disc
(Figure 17g). A Gaussian operator is used in a manner similar to the smoothing strategy used for
the disc-vertebra boundary. Users are also able to modify the location of individual boundary

pixels in case there are outliers.

Figure 17 Disc segmentation process a:) drawing the first tangential line to the upper disc-
vertebra boundary of the disc of interest and scanning 20 pixels below the left endpoint of the
line, b:) determining the first point of the disc-bone boundary, c:) determining the upper
boundary of disc pixel by pixel along the upper disc-vertebra boundary, d:) generating the disc
bisector line (DBL) between the upper and lower boundary of the disc and determining the real
vertebra endpoint, e:) determining anterior and posterior endpoint of disc along the DBL, f:
determining the anterior boundary of disc pixel by pixel along the anterior contour, g:) anterior

boundary of disc, h:) a fully segmented disc
Intradiscal segmentation

A similar algorithm identifying adjacent pixels with the greatest difference in signal
intensity along lines parallel to the DBL is used to automatically segment the higher intensity
nucleus region from the anterior and posterior annulus regions (Figure 6a&b). To segment the

nucleus from adjacent structures above and below it, each pixel of the superior border of the disc
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is connected to its equivalent pixel on the inferior border of the disc using a line perpendicular to
the DBL, and pixels with MSID along those vertical lines are selected as the superior and inferior

border of the nucleus (Figure 6¢&d).

For segmentation of the anterior annulus, the initial first seven points of the superior and
inferior boundary of the nucleus are scanned and the most anterior points to the straight regression
lines passing through the superior and inferior boundary of the nucleus are determined. These
points are considered the endpoints of the anterior annulus superiorly and inferiorly. The points
are then connected to the corresponding points on the upper and lower boundary of the disc using
lines perpendicular to the DBL. These two lines as well as points lying before endpoints are used
for defining the posterior boundary of the anterior annulus (Figure 6¢). The same strategies are
used for determining the anterior boundary of the posterior annulus. Each disc is thus segmented

into four ROIs: nucleus region, anterior and posterior annulus regions, and whole disc (Figure 6f).
Disc height measurements

The distance between the anterior-inferior corner of the vertebrae above the disc and the
anterior-superior corner of the vertebra below, identified by the segmentation approach,
represented the anterior disc height (Ht,,,:) (Figure 19a). Likewise, the distance between posterior
inferior corner of the vertebra above and the posterior-superior corner of the vertebra below the
disc represented the posterior disc height (H tpost) (Figure 19a). The distance between the mid-
point of the disc-vertebra boundaries above and below the disc (endplate bisectris) was quantified

as the middle disc height (Ht,;4) (Figure 19a).

Disc height measurements were obtained by first dividing the disc area by the length of the
DBL (anterior-posterior disc dimension) located between the anterior and posterior disc
boundaries identified by the segmentation process (Figure 19b) [255]. The disc area was then
computed using 80% (figure 3c) and 60% (Figure 19d) of the length of the DBL centered between
the disc boundaries, and the disc heights were computed as the ratio of the area and A-P dimension

of the disc corresponding to this proportion (Figure 19).
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Figure 18 Segmentation of the regions of interest within the disc a:) generating disc bisector line,
b:) determining the anterior and posterior endpoint of the nucleus, c:) determining the upper and
lower boundary of the nucleus, d:) segmented nucleus, e:) segmenting anterior and posterior

annulus f: a fully segmented disc

Figure 19 a:) Measuring disc height using Dabbs’ (average of anterior (Htant) and posterior
(Htpost) disc heights, Hurxtal’s (Htmia) and combined method (average of all three), 3b:) area-
based method using 100% disc width, 3c:) 80% disc width used, 3d:) 60% disc width used
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The disc height is then quantified based on Dabbs’ (mean of the anterior and posterior
height of the disc) [191], Hurxthal’s 2™, height measured at the midpoint of the disc (Ht,n;q)
[195], and a combination of both methods (the mean of anterior, posterior and height measured at

the midpoint of the disc) [196].
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APPENDIX II. SEARCH STRATEGIES
MEDLINE

1. Intervertebral Disc/me [Metabolism]

\9)

. exp Intervertebral Disc Degeneration/me [Metabolism]

(98]

. exp Intervertebral Disc Displacement/me [Metabolism]

I

.lor2or3

w

. exp Intervertebral Disc/

(o)

. ((disc or discs or disk or disks) adj2 (intervertebral or lumbar or low back)).ti,ab.
7. lumbar vertebrae/

8. ((lumbar or low back) and (vertebra or vertebrae or vertebral or spine or spinal)).mp. [mp=title,
abstract, original title, name of substance word, subject heading word, keyword heading word,

protocol supplementary concept word, rare disease supplementary concept word, unique identifier]
9.50r60r7o0r8

10. metabolism/ or absorption/ or biological transport/ or biological transport, active/ or facilitated
diffusion/ or energy metabolism/ or glycolysis/ or osmoregulation/ or water-electrolyte balance/

or water loss, insensible/ or oxygen consumption/

11. (metaboli* or absorption or transport or diffusion or glycolysis or solute* or osmoregulation

or water or oxygen or nutrient® or nutrition* or glucose).ti,ab.

12. magnetic resonance imaging/ or exp diffusion magnetic resonance imaging/
13. exp Magnetic Resonance Spectroscopy/

14. (signal intensity or mri or magnetic resonance or (fluid* ad;3 flow*)).ti,ab.
15. finite element analysis/ or (strain or stress or finite element).mp.

16.10or 11 or12 or 13 or 14 or 15

17.9 and 16

18.40r 17

19. Traction/
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20. (traction or compression or decompression or load* or unload* or weight bearing or bending

or flexion or extension or rotation).ti,ab.

21. exp Weight-Bearing/

22.19 or20 or 21

23. 18 and 22

24. limit 23 to (editorial or interview or letter or news)
25.23 not 24

26. (cervical not (lumbar or thoracic or thorax or low back)).mp.
27. fracture®.mp.

28. tuberculosis.mp.

29.26 or 27 or 28

30. 25 not 29

31. limit 30 to english

32. limit 31 to humans

33. limit 31 to animals

34.320r33

35.31 not 34

36. limit 35 to ("in data review" or in process or "pubmed not medline")
37.34 or 36

38. limit 37 to case reports

39. case series.mp.

40. 38 and 39

41. 37 not 38

42.40 or 41

43. exp Materials Testing/
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44. (hematoma or angiography or viscoelastic or surg* or implant* or leg*1 or lower extremit* or
osteoporosis or cadaver® or scoliosis or kyphosis or postoperative or post surg* or postsurg* or

failure test* or decompress* or spinal cord or trauma*).ti.

45. exp Rodentia/ or rat.mp. or rats.mp. or sheep.mp. or ovine.mp. or mouse.mp. or mice.mp. or
gerbil*.mp. or guinea pig*.mp. or pig*l.mp. or swine.mp. or porcine.mp. or bovine*.mp. or
cow*1.mp. or cattle.mp. or dog*1.mp. or canine*.mp. [mp=title, abstract, original title, name of
substance word, subject heading word, keyword heading word, protocol supplementary concept

word, rare disease supplementary concept word, unique identifier]
46. 43 or 44 or 45

47. 42 not 46

48. (proceeding™® or Symposi*).m _titl.

49. 47 not 48

50. Cadaver®.mp. or exp Cadaver/

51. In vivo.mp.

52.50 and 51

53.50 not 52

54. 49 not 53

55. 54 not Proceeding.mp. [mp=title, abstract, original title, name of substance word, subject
heading word, keyword heading word, protocol supplementary concept word, rare disease

supplementary concept word, unique identifier]

56. 55 and Titanium.mp. [mp=title, abstract, original title, name of substance word, subject
heading word, keyword heading word, protocol supplementary concept word, rare disease

supplementary concept word, unique identifier|
57. 55 not 56
58. 57 and cage.mp. [mp=title, abstract, original title, name of substance word, subject heading

word, keyword heading word, protocol supplementary concept word, rare disease supplementary

concept word, unique identifier]

59. 57 not 58
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60. 59 and screw.mp. [mp=title, abstract, original title, name of substance word, subject heading
word, keyword heading word, protocol supplementary concept word, rare disease supplementary

concept word, unique identifier]
61. 59 not 60
62. Microsurgery.mp. and 61 [mp=title, abstract, original title, name of substance word, subject

heading word, keyword heading word, protocol supplementary concept word, rare disease

supplementary concept word, unique identifier]
63. 61 not 62

64. 63 and Laminectomy.mp. [mp=title, abstract, original title, name of substance word, subject
heading word, keyword heading word, protocol supplementary concept word, rare disease

supplementary concept word, unique identifier]
65. 63 not 64

66. 65 and cat.mp. [mp=title, abstract, original title, name of substance word, subject heading
word, keyword heading word, protocol supplementary concept word, rare disease supplementary

concept word, unique identifier]
67. 65 not 66

68. 67 and cancer.mp. [mp=title, abstract, original title, name of substance word, subject heading
word, keyword heading word, protocol supplementary concept word, rare disease supplementary

concept word, unique identifier]
69. 67 not 68

70. 69 and Malignant.mp. [mp=title, abstract, original title, name of substance word, subject
heading word, keyword heading word, protocol supplementary concept word, rare disease

supplementary concept word, unique identifier]
71. 69 not 70

EMBASE

1. exp *Intervertebral Disk/

2. exp *intervertebral disk hernia/

3. exp *intervertebral disk degeneration/
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4. ((disc or discs or disk or disks) adj2 (intervertebral or lumbar or low back)).ti,ab.
5. lumbar vertebrae/

6. ((lumbar or low back) and (vertebra or vertebrae or vertebral or spine or spinal)).mp. [mp=title,
abstract, subject headings, heading word, drug trade name, original title, device manufacturer, drug

manufacturer, device trade name, keyword]
7. or/1-6

8. *disk diffusion/ or *diffusion coefficient/ or *gas diffusion/ or *gas exchange/ or *oxygen
diffusion/ or exp *metabolism/ or *absorption/ or *water absorption/ or *energy absorption/ or exp
*transport at the cellular level/ or *energy metabolism/ or *glycolysis/ or *osmoregulation/ or exp

*electrolyte balance/ or *oxygen consumption/

9. (metaboli* or absorption or transport or diffusion or glycolysis or solute* or osmoregulation or

water or oxygen or nutrient* or nutrition® or glucose).ti,ab.

10. *nuclear magnetic resonance imaging/ or *diffusion tensor imaging/ or *diffusion weighted
imaging/ or *echo planar imaging/ or *functional magnetic resonance imaging/ or *susceptibility

weighted imaging/

11. *nuclear magnetic resonance spectroscopy/

12. (signal intensity or mri or magnetic resonance or (fluid* ad;3 flow*)).ti,ab.
13. *finite element analysis/ or (strain or stress or finite element).ti,ab.
14.80r9o0r10or 11 or 12 or 13

15.7 and 14

16. *Traction therapy/

17. (traction or compression or decompression or load* or unload* or weight bearing or bending

or flexion or extension or rotation).ti,ab.

18. exp *Weight-Bearing/

19.16 0r 17 or 18

20. 15 and 19

21. (cervical not (lumbar or thoracic or thorax or low back)).mp.

22. fracture®.mp.
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23. tuberculosis.mp.
24. case series.mp.
25. exp Materials Testing/

26. (hematoma or angiography or viscoelastic or surg* or implant® or leg*1 or lower extremit* or
osteoporosis or cadaver® or scoliosis or kyphosis or postoperative or post surg* or postsurg* or

failure test* or decompress™* or spinal cord or trauma*).ti.

27. or/21-27

28. limit 29 to english

29. exp *Intervertebral Disk/

30. exp *intervertebral disk hernia/

31. exp *intervertebral disk degeneration/

32. ((disc or discs or disk or disks) adj2 (intervertebral or lumbar or low back)).ti,ab.
33. lumbar vertebrae/

34. ((lumbar or low back) and (vertebra or vertebrae or vertebral or spine or spinal)).mp. [mp=title,
abstract, subject headings, heading word, drug trade name, original title, device manufacturer, drug

manufacturer, device trade name, keyword]

35. or/29-34

36. *disk diffusion/ or *diffusion coefficient/ or *gas diffusion/ or *gas exchange/ or *oxygen
diffusion/ or exp *metabolism/ or *absorption/ or *water absorption/ or *energy absorption/ or exp

*transport at the cellular level/ or *energy metabolism/ or *glycolysis/ or *osmoregulation/ or exp

*electrolyte balance/ or *oxygen consumption/

37. (metaboli* or absorption or transport or diffusion or glycolysis or solute* or osmoregulation

or water or oxygen or nutrient® or nutrition® or glucose).ti,ab.

38. *nuclear magnetic resonance imaging/ or *diffusion tensor imaging/ or *diffusion weighted
imaging/ or *echo planar imaging/ or *functional magnetic resonance imaging/ or *susceptibility

weighted imaging/
39. *nuclear magnetic resonance spectroscopy/

40. (signal intensity or mri or magnetic resonance or (fluid* adj3 flow*)).ti,ab.
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41. *finite element analysis/ or (strain or stress or finite element).ti,ab.
42.36 or 37 or 38 or 39 or 40 or 41

43. 35 and 42

44. *Traction therapy/

45. (traction or compression or decompression or load* or unload* or weight bearing or bending

or flexion or extension or rotation).ti,ab.

46. exp *Weight-Bearing/

47. 44 or 45 or 46

48. 43 and 47

49. (cervical not (lumbar or thoracic or thorax or low back)).mp.
50. fracture®.mp.

51. tuberculosis.mp.

52. case series.mp.

53. exp Materials Testing/

54. (hematoma or angiography or viscoelastic or surg® or implant* or leg*1 or lower extremit* or
osteoporosis or cadaver® or scoliosis or kyphosis or postoperative or post surg* or postsurg™ or
failure test* or decompress* or spinal cord or trauma*).ti.

55. exp Rodentia/ or rat.mp. or rats.mp. or sheep.mp. or ovine.mp. or mouse.mp. or mice.mp. or
gerbil*.mp. or guinea pig*.mp. or pig*l.mp. or swine.mp. or porcine.mp. or bovine*.mp. or
cow*1l.mp. or cattle.mp. or dog*l.mp. or canine*.mp. [mp=title, abstract, subject headings,
heading word, drug trade name, original title, device manufacturer, drug manufacturer, device

trade name, keyword]
56. or/49-55

57. 48 not 56

58. limit 57 to english

59. 58 not cat.mp. [mp=title, abstract, subject headings, heading word, drug trade name, original

title, device manufacturer, drug manufacturer, device trade name, keyword]
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60. 59 not Proceeding.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]

61. 60 not Symposium.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]

62. 61 and titanium.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]
63. 61 not 62

64. 63 and stent.mp. [mp=title, abstract, subject headings, heading word, drug trade name, original

title, device manufacturer, drug manufacturer, device trade name, keyword]
65. 63 not 64

66. 65 and screw.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]
67. 65 not 66

68. 67 and cage.mp. [mp=title, abstract, subject headings, heading word, drug trade name, original

title, device manufacturer, drug manufacturer, device trade name, keyword]
69. 67 not 68

70. 69 not Microsurgery.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]

71. 70 not Laminectomy.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]

72. 71 and Cancer.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]
73.71 not 72

74. 73 and Malignant.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]
75.73 not 74
76. cadaver®.mp. or exp cadaver/

77.76 and 75
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78. 77 not invivo.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]

79. 77 not in vivo.mp. [mp=title, abstract, subject headings, heading word, drug trade name,

original title, device manufacturer, drug manufacturer, device trade name, keyword]
80. 75 not 79
Scopus

TiTLE-ABS-KEY("intervertebral disc*" or "intervertebral disk*"or "lumbar disc*" or "lumbar
disk*" or "lumbar vertebra*" or "lumbar spine" or ("low back" w/2 disc*) or ("low back*" w/2

disk*) or ("low back" w/2 vertebra*))

AND TITLE-ABS-KEY (metaboli* or absorption or transport or diffusion or glycolysis or solute*
or osmoregulation or water or oxygen or nutrient® or nutrition* or glucose or "signal intensity" or

mri or "magnetic resonance" or (fluid* pre/3 flow*) or strain or stress or "finite element")

AND TITLE-ABS-KEY (traction or compression or decompression or load* or unload* or "weight

bearing" or bending or flexion or extension or rotation)

AND NOT TITLE-ABS-KEY/(cervical or fracture* or tuberculosis or rodent* or rat or rats or
mouse or mice or gerbil* or "guinea pig*" or bovine or pig or pigs or porcine or cattle or cow or
cows or hematoma or angiography or viscoelastic or surg* or implant* or leg or legs or "lower

extremit*" or osteoporosis or cadaver* or scoliosis or kyphosis)
CINAHL

( (MH "Intervertebral Disk/ME" or MH "Intervertebral Disk Displacement/ME" or MH "Lumbar
Vertebrae/ME") OR (( MH "Intervertrebral Disk" or MH "Lumbar Vertebrae") OR (disc or discs
or disk or disks) w2 (intervertebral or lumbar or low back) OR (lumbar or low back) w2 (vertebra

or vertebrae or vertebral or spine or spinal)

AND ( MH "Metabolism+" OR MH "Absorption" OR MH "Biological Transport+" OR (metaboli*
or absorption or transport or diffusion or glycolysis or solute* or osmoregulation or water or
oxygen or nutrient® or nutrition* or glucose OR MH "Magnetic Resonance Imaging+" OR MH
"Magnetic Resonance Spectroscopy" OR MH "Finite Element Analysis" OR "signal intensity" or

mri or "magnetic resonance" or fluid* w3 flow* OR strain or stress or "finite element" )))



209

AND ( MH "Traction" OR MH "Weight-Bearing" OR traction or compression or decompression

or load* or unload* or "weight bearing" or bending or flexion or extension or rotation ) )

NOT ( fracture* or tuberculosis OR rodent* orodent* or rat or rats or mouse or mice or gerbil* or
"guinea pig*" or bovine or pig or pigs or porcine or cattle or cow or cows OR hematoma or
angiography or viscoelastic or surg* or implant* or leg or legs or "lower extremit*" or osteoporosis

or cadaver™® or scoliosis or kyphosis )
Web of Science Core Collection

TS=("intervertebral disc*" or "intervertebral disk*"or "lumbar disc*" or "lumbar disk*" or "lumbar
vertebra*" or "lumbar spine" or ("low back" near2 disc*) or ("low back*" near2 disk*) or ("low

back" near2 vertebra*))

AND TS=(metaboli* or absorption or transport or diffusion or glycolysis or solute* or
osmoregulation or water or oxygen or nutrient®* or nutrition* or glucose or "signal intensity" or

mri or "magnetic resonance" or (fluid* near/3 flow*) or strain or stress or "finite element")

AND TS=(raction or compression or decompression or load* or unload* or "weight bearing" or

bending or flexion or extension or rotation)

NOT TS=(cervical or fracture* or tuberculosis or rodent* or rat or rats or mouse or mice or gerbil*
or "guinea pig*" or bovine or pig or pigs or porcine or cattle or cow or cows or hematoma or
angiography or viscoelastic or surg* or implant* or leg or legs or "lower extremit*" or osteoporosis

or cadaver™® or scoliosis or kyphosis)
Biosis Previews

TS=("intervertebral disc*" or "intervertebral disk*"or "lumbar disc*" or "lumbar disk*" or "lumbar
vertebra*" or "lumbar spine" or ("low back" near2 disc*) or ("low back*" near2 disk*) or ("low

back" near2 vertebra*))

AND TS=(metaboli* or absorption or transport or diffusion or glycolysis or solute* or
osmoregulation or water or oxygen or nutrient® or nutrition* or glucose or "signal intensity" or

mri or "magnetic resonance" or (fluid* near/3 flow*) or strain or stress or "finite element")

AND TS=(traction or compression or decompression or load* or unload* or "weight bearing" or

bending or flexion or extension or rotation)

AND TA=(Hominidae)
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NOT TS=(cervical or fracture* or tuberculosis or hematoma or angiography or viscoelastic or
. o N " sen . " .
surg® or implant* or leg or legs or "lower extremit*" or osteoporosis or cadaver® or scoliosis or

kyphosis)
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APPENDIX III: SYSTEMATIC LITERATURE REVIEW DATA EXTRACTION FORM
Click here to choose a reviewer

Click here to enter a date.

Study description
ID No.
STUDY SELECTION CRITERIA
Inclusion Exclusion
[ English L] Other languages
[1 Focused on effects of loading L1 NOT focused on effects of loading
[ Original study L] Narrative review

L] Disc or Vertebra outcomes measured for specific

[0 Animal Studies
segment

[1 Imaging, mechanical loading or EMG\ (] Cadaveric Studies

0] Un-validated FEM model
[ Surgical technique

L1 Whole spine

L] Occupational loading
DECISION: [ Included 0] Excluded 0] Unclear




Study type information extraction

212

Goal of the study
Type of the study Click here to choose the study type
Timeline of study Click to select the timeline of the study

Subject selection criteria.

Inclusion Criteria?

L1 Not reported L1 Unclear [1 Yes, Specify:

Exclusion Criteria?

L1 Not reported L1 Unclear [1 Yes, Specify:

Subject recruitment [0 Random [ Consecutive [ Volunteers L1 Purposeful.

Groups (definition) or define reported group and subgroups

Group name:

No of participants

Age

Diagnosis

Pain duration

Pain intensity

Pain location

Height

Weight

Gender # of male: # of male: # of male:
# of female: # of female: # of female:

Loading information (copy as needed, if multiple methods were employed)

Type of loading

Click here to choose type of loading

Describe mode of application

Duration of loading

Click here to choose duration of loading

Magnitude of loading (if applicable )

Click here to choose the magnitude of loading

Time of loading

Click here to choose time of loading

duration and  magnitude
preconditioning)

Precondition of loading (type,

of

Method
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Which method was employed? Click here to choose which method was used

Which level was measured (specify)? | [0 Disc [0 Vertebra (1 Paraspinal muscles

When the measurements were
acquired relative to loading, specify

Measurement outcomes

List of measurements outcomes (for every subgroup/time-point/measure)
Mean:

SD:

SE:

Range:

Min:

Max:

Other, specify:

Results of statistical test of differences within (effect of loading) and between groups (effect

of loading):

Name of the test used:

Variables compared:

Groups or times compared:

P-value (for each comparison of interest):

Report of the mean difference and variability for each pairwise comparison:

Results of statistical test of correlations between effects of loading and other variables of

interest:

Name of the association test used:

Variables tested:

Group tested:

Association estimate (correlation coefficient, regression equations)
P-values:

Results of statistical test for diagnostic accuracy



Name of the diagnostic statistical test used:

Name of the gold standard test:
Name of the loading variable of interest:
Diagnostic test estimate:

P-value or confidence interval:
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Criterion

| Yes [No |NA | Comments

Subjects recruitment

Are the characteristics of the participants included in the study clearly described?

* [n cohort studies and trials, inclusion and/or exclusion criteria should be
given. In case-control studies, a case-definition and the source for controls
should be given. Single case studies must state source of patient

Were the demographic characteristics of the sample reported for each group
analyzed?

Were the subjects asked to participate in the study representative of the entire

population from which they were recruited?

*  The study must identify the source population for participants and describe
how the participants were selected.

Were those subjects who were prepared to participate representative of the entire
population from which they were recruited?
*  The proportion of those asked who agreed should be stated.

Was an attempt made to blind study subjects to the intervention (loading condition)

they received?

*  For studies where the participants would have no way of knowing which
intervention they received, this should be answered yes. Retrospective, single
group = NO; not described (UTD) if > 1 group and blinding not explicitly
stated.

Were study subjects randomized to intervention groups?
@ Studies which state that subjects were randomized should be answered yes
except where method of randomization would not ensure random allocation.

Were participants’ characteristics stable during research (on the effect of loading)?

Examiners

Were the training and qualifications of the rater(s) reported?

Was/were the rater(s) blinded to the results of the comparator test when comparing
different test measurements?

Was/were the rater(s) blinded to the results of previous measurements performed
by the same or different rater(s) (e.g. blinded to pre-loading condition)?
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Criterion

Yes

No

NA

Comments

Was the randomized intervention assignment concealed from health care staff until

recruitment was complete and irrevocable?

* All non-randomized studies should be answered no. If assignment was
concealed from participants but not from staff, it should be answered no.

Methodology

Are the exposures/interventions of interest clearly described?
*  Treatments (Loading conditions) and placebo (where relevant) that are to be
compared should be clearly described.

Was the sample size included in the analysis adequate?

Is replication of the assessment procedure possible? (description sufficiently
detailed)

Are the distributions of principal confounders in each group of subjects to be
compared clearly described?
* A list of principal confounders is provided. YES = age, severity

Was there adequate adjustment for confounding in the analyses from which the

main findings were drawn?

* In nonrandomized studies if the effect of the main confounders was not
investigated or no adjustment was made in the final analyses the question
should be answered as no. If no significant difference between groups shown
then YES

Outcomes

Is the hypothesis/aim/objective of the study clearly described? Must be explicit
(Only focus on objective related to the study of the effect of loading).

Validity reported for main outcome measure

Handling Missing Data (Concurrent and Criterion Validity)

Compliance acceptable in all groups (80% acceptable)

Was the percentage of missing items given (Only for the analysis of the effect of
loading)?

Withdrawal/dropouts rate described and acceptable
* Maximum 20% drop out rate (Only for the analysis of the effect of loading)
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Criterion Yes | No | NA | Comments
Have the characteristics of participants lost to follow-up been described?
* [fnotexplicit = NO. RETROSPECTIVE —if not described = UTD; if not explicit = O O
re: numbers agreeing to participate = NO. Needs to be >85% (only for
analysis of the effect of loading).
Was compliance with the intervention/s reliable?
*  Where there was non-compliance with the allocated treatment or where there | L1 0 0
was contamination of one group, the question should be answered no.
Was there a description of how missing items were handled? O O O
Were hypotheses regarding correlations or mean differences formulated a priori = N N
(i.e. before data collection)?
Was the expected direction of correlations or mean differences included in the = N N
hypotheses?
Statistical Analysis
Have actual probability values been reported (e.g. 0.035 rather than <0.05) for the
main outcomes except where the probability value is less than 0.001? (On effect | [ 0 0
of loading.
Sample size described for each group O O O
Were design and statistical methods adequate for the hypotheses to be tested? O O O
Has confidence interval for PRE Post loading or change in outcomes from before . N N
to after loading been reported?
Have effect sizes for outcomes been reported or can be computed by reviewer? O O O
Results
Are the main findings of the study clearly described?
* Simple outcome data (including denominators and numerators) should be . N N
reported for all major findings so that the reader can check the major analyses
and conclusions. (Only related to the effect of loading.)
Have all important adverse events that may be a consequence of the intervention ] ] ]

been reported?
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Criterion

Yes

No

NA

Comments

*  This should be answered yes if the study demonstrates that there was a
comprehensive attempt to measure adverse events (complications but not an
increase in pain). (Only related to the effect of loading).
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APPENDIX IV: LEVELS OF EVIDENCE SUMMARY STATEMENTS GROUPED BY QUANTITATIVE

MEASUREMENTS OF THE EFFECT OF LOADING

L(?vel of N Changes Loading conditions
evidence | (Healthy; LBP)
Anterior disc height
Conflicting 3G 1)12(])’ 16, Any change Unloaded vs. loading
No evidence Any change Unloaded vs postural
No evidence Any change Unloaded vs compression device
No evidence Any change Unloaded vs end range movements
Limited 1 (1;0)[162] l Among end range movements
Limited 2 (2;0)[90, 167] | No difference Among postural or device loading
Cumulative disc height
Limited 1 (0;1)[83] l Unloaded vs. loading
No evidence Any change Unloaded vs postural
Conflicting 1 (0;1) [83] Any change Unloaded vs compression device
No evidence Any change Unloaded vs end range movements
Limited 1 (0;1)[83] No difference Among end range movements
No evidence Any change Among postural or device loading
Posterior disc height
Conflicting 32,1 Any change Unloaded vs loading
Conflicting 32,1 Any change Unloaded vs postural
Limited 1(1,0) ! Unloaded vs compression device
No evidence Any change Unloaded vs end range movements

Limited

1(1,0)[162]

No difference

Among end range movements
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Limited 2(2,0)[90, 167] | No difference Among postural or device loading
Anterior distance of the nucleus position
Limited 1(1,0)[167] 1 Unloaded vs loading (sitting or standing)
Limited 1(1,0)[167] 1 Unloaded vs postural (Sitting or standing)
No evidence Any change Unloaded vs compression device
No evidence Any change Unloaded vs end range movements
Limited 1(1,0)[162] ! Among end range movements (extension vs flexion)
No evidence Any change Among postural or device loading

Anterior-posterior diameter of the nucleus

Conflicting 1(1,0)[167] Any change Unloaded vs loading
Conflicting 1(1,0) [167] Any change Unloaded vs postural
No evidence Any change Unloaded vs compression device
No evidence Any change Unloaded vs end range movements
No evidence Any change Among end range movements (extension vs flexion)
No evidence Any change Among postural or device loading

Change in position of location of peak signal intensity mid coronal NP profile vs supine unloaded
No evidence Any change Unloaded vs loading
No evidence Any change Unloaded vs postural
No evidence Any change Unloaded vs compression device

T
Limited 1(1,0)[163] Towards Unloaded vs end range movements
contralateral
side to SB

No evidence Any change Among end range movements (extension vs flexion)

No evidence

Any change

Among postural or device loading
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Post distance of the nucleus

Conflicting 1(1,0)[167] Any change Unloaded vs loading

Conflicting 1(1,0)[167] Any change Unloaded vs postural

No evidence Any change Unloaded vs compression device

No evidence Any change Unloaded vs end range movements

No evidence Any change Among end range movements (extension vs flexion)
No evidence Any change Among postural or device loading

AP diameter of the disc

Limited 1(1,0)[167] 1 Unloaded vs loading

Limited 1(1,0)[167] 1 Unloaded vs postural (sitting or standing)
No evidence Any change Unloaded vs compression device
No evidence Any change Unloaded vs end range movements

Limited

1(1,00)[161]

No difference

Among end range movements (Neutral, flexion,
extension, L and R Rotation )

No evidence

Any change

Among postural or device loading

Left parasagittal, right parasagittal, mid coronal disc diameters

No evidence Any change Unloaded vs loading

No evidence Any change Unloaded vs postural (sitting or standing)
No evidence Any change Unloaded vs compression device

No evidence Any change Unloaded vs end range movements

Limited

1 (1;0)[161]

No difference

Among end range movements (Neutral, flexion,
extension, L and R Rotation )

No evidence

Any change

Among postural or device loading

Change in Posterior

bulging vs unloaded supine

Limited

1(1,0)[90]

No difference

Unloaded vs loading

Limited

1(1,0)[90]

No difference

Unloaded vs postural
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Limited 1(1,0)[90] No difference Unloaded vs compression device
No evidence Any change Unloaded vs end range movements
No evidence Any change Among end range movements (extension vs flexion)
Limited 1(1,0)[90] No difference Among postural or device loading
Dural sac cross-sectional area
8(3,5) [83, 88,
Conflicting 130, 139, 154, Any change Unloaded vs loading
159, 160, 165]
Conflicting 3G, 1)1[68 58]’ 139, Any change Unloaded vs postural
Conflicting 51(51‘;?)1[58 93,’ 11 63 (;)], Any change Unloaded vs compression device
No evidence Any change Unloaded vs end range movements
Conflicting 1(1,0)[161] Any change Among end range movements (extension vs flexion)
No evidence Any change Among postural or device loading

Range of motion

Limited

2(0,2)[153, 164]

No difference

Any Loading (combining end range, postural and device
loading

Limited

1(0,1)[153]

No difference

Unloaded vs loading

No evidence Any change Unloaded vs postural
Limited 1(0,1) [153] No difference Unloaded vs compression device
No evidence Any change Unloaded vs end range movements
Limited 1(0,1)[164] No difference Among end range movements (extension vs flexion)

No evidence

Any change

Among postural or device loading

Abnormal tilting movement/ Translatory instability/ Rotatory instability
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No evidence Any change Unloaded vs loading
No evidence Any change Unloaded vs postural
No evidence Any change Unloaded vs compression device

Limited 1(0,1)[164] No difference Unloaded vs end range movements
No evidence Any change Among end range movements (extension vs flexion)
No evidence Any change Among postural or device loading

Lumbar lordosis

Limited 3(2,1) No difference Unloaded vs loading

Limited 3(2,1) No difference Unloaded vs postural

Limited 1(1,0)[83] No difference Unloaded vs compression device

Limited 2(1,1)[83, 165] | No difference Unloaded vs end range movements

Limited 1(1,0)[165] No difference Among end range movements (extension vs flexion)
Limited 1(0,1)[83] No difference Among postural or device loading
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APPENDIX V: PRISMA 2009 CHECKLIST

Reported
Section/topic Checklist item on page
#
TITLE
Title 1 Identify the report as a systematic review, meta-analysis, or both. 1
ABSTRACT
Provide a structured summary including, as applicable: background; objectives; data
sources; study eligibility criteria, participants, and interventions; study appraisal and
Structured summary 2 synthesis methods; results; limitations; conclusions and implications of key findings; 2
systematic review registration number.
INTRODUCTION
Rationale 3 Describe the rationale for the review in the context of what is already known. 3
Obicctives 4 Provide an explicit statement of questions being addressed with reference to participants, 5
4 interventions, comparisons, outcomes, and study design (PICOS).
METHODS
Protocol and 5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address),
registration and, if available, provide registration information including registration number.
Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics
Eligibility criteria 6 | (e.g., years considered, language, publication status) used as criteria for eligibility, giving 5
rationale.
Information sources 7 Describe all information sources (e.g., databases with dates of coverage, contact with study 5
authors to identify additional studies) in the search and date last searched.
Present full electronic search strategy for at least one database, including any limits used,
Search 8 . 6
such that it could be repeated.
Study selection 9 State the process fpr selecthg stud}es (1.e.., screening, eligibility, 1ncly1ded in systematic 6
review, and, if applicable, included in the meta-analysis).
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Reported

Section/topic Checklist item on page

Describe method of data extraction from reports (e.g., piloted forms, independently, in

Data collection process | 10 duplicate) and any processes for obtaining and confirming data from investigators. 7
. List and define all variables for which data were sought (e.g., PICOS, funding sources) and
Data items 11 . . ) 8
any assumptions and simplifications made.
) . Describe methods used for assessing risk of bias of individual studies (including
Risk of bias in

12 specification of whether this was done at the study or outcome level), and how this 7

individual studies information is to be used in any data synthesis.

Summary measures 13 State the principal summary measures (e.g., risk ratio, difference in means). 8

Describe the methods of handling data and combining results of studies, if done, including

Synthesis of results 14 measures of consistency (e.g., I?) for each meta-analysis.




Section/topic

ChecKklist item
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Reported

on page #

Risk of bias across | 15 | Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., | 7

studies publication bias, selective reporting within studies).

Additional analyses 16 | Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta- | NA
regression), if done, indicating which were pre-specified.

RESULTS

Study selection 17 | Give numbers of studies screened, assessed for eligibility, and included in the review, with | 9
reasons for exclusions at each stage, ideally with a flow diagram.

Study characteristics 18 | For each study, present characteristics for which data were extracted (e.g., study size, | 9
PICOS, follow-up period) and provide the citations.

Risk of bias within | 19 | Present data on risk of bias of each study and, if available, any outcome level assessment | 27

studies (see item 12).

Results of individual | 20 | For all outcomes considered (benefits or harms), present, for each study: (a) simple | 30

studies summary data for each intervention group (b) effect estimates and confidence intervals,
ideally with a forest plot.

Synthesis of results 21 | Present results of each meta-analysis done, including confidence intervals and measures of | 42
consistency.

Risk of bias across | 22 | Present results of any assessment of risk of bias across studies (see Item 15).

studies

Additional analysis 23 | Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-
regression [see Item 16]).

DISCUSSION

Summary of evidence | 24 | Summarize the main findings including the strength of evidence for each main outcome; | 42
consider their relevance to key groups (e.g., healthcare providers, users, and policy makers).

Limitations 25 | Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., | 47
incomplete retrieval of identified research, reporting bias).

Conclusions 26 | Provide a general interpretation of the results in the context of other evidence, and | 48
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Section/topic Checklist item Reported
on page #
implications for future research.
FUNDING
Funding 27 | Describe sources of funding for the systematic review and other support (e.g., supply of | NA

data); role of funders for the systematic review.
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APPENDIX VI: ADDENDUM: THE IMMEDIATE EFFECTS OF LOADING ON
LUMBAR IMAGING FINDINGS: UPDATE OF A SYSTEMATIC REVIEW

Vahid Abdollah; Eric C Parent; Steffen Adria; Michele C Battié
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Objective

The objective of this addendum was provide an update of the systematic review presented
in chapter 3. This was deemed necessary since a number of relevant papers had been published
since the review had been conducted to inform the planning of the experimental studies of this

Ph.D.
Methods

Literature search and study selection. The search was updated by adding to the original search
results from a search from August 10 2014 until December 22, 2016, from Medline (Ovid),
EMBASE (Ovid), Scopus, Web of Science Core Collection, BIOSIS Previews and CINAHL
(EBSCO). The rest of the methodology for this update was the same as what has been presented
in Chapter 3.

Results

To illustrate the impact of the newly published evidence, changes resulting from the

updating of the literature review in the result section are presented in italic and underlined.

Studies included. After the update, overall the search identified 4768 references after

removing duplicates. After titles and abstracts screening, 4589 were excluded and 179 papers were
included for full-text screening (Figure 20). After screening, a total of 30 papers met selection

criteria (9 more than presented in Chapter 3). The major reasons for exclusion were not focusing

on loading (n=71), employing less than 10 subjects (n=15) narrative reviews (n=14), and

descriptive studies without statistical analysis (15) (Figure 20).

Demographic information. Prospective case series studies were the most frequent study
type. Two were prospective case-control study [153, 258], and two were retrospective case-series
studies [154, 155] (table 23). Most reported age varying between 20 and 77 years. Fifteen studies
included participants with LBP [83, 87, 124, 127, 130, 140, 154, 156-160, 173, 259-261], and
three studies included both participants with and without pain [153, 157, 258]. Only six reported
on the chronicity [154, 156, 157], or duration of pain [87, 139, 258] (table 23). Only one study
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reported the intensity of pain [139], and five reported the location of the pain [139, 154—156, 160]

for subjects with LBP.

z

Identification J

l

)

Eligibility Screening

Included

BIOSIS: 470
CINHAL:899
Embase: 2301
Medline: 1893
Scopus: 1558
WOSCC: 974

¥

Records identified throu
searching
(n=8095)

oh database

Additional records identified
through other sources
(n=10)

Records after duplicates removed
(n=4768)

Figure 20 PRISMA flow diagram

¥

Records screened

(n =4768)

¥

Full-text articles assessed

Records excluded
(n=4589)

for eligibility
(n=179)

L 4

Studies included in
qualitative synthesis
n=31)

¥

Studies included in
quantitative synthesis
(meta-analysis)
n=0)

¥

Full-text articles excluded, with

reasons (n =148)

Not focused on loading: 73
Less than 10 subjects: 15
Descriptive studies without

stafistical analysis 14
Narrafive review. 14
Other levels: 11
Surgical techniques: 9
Cadaver studies: 5

Invalidated FEM models: 4

Letter to editors: 2
Other languages: 1




Table 23 Description of study type and study participants in the newly included studies.
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Number of Descriptive Pain
Recruitment Strategy Subjects . | (Duration,
Authors Study Type . o Age Height Weight | Diagnosis .
and Selection Criteria and Intensity,
(years) (cm) (kg) :
Groups Location)
Consecutive, diagnosis
of lumbar disk
. herniation after CT or
Chung et al. | Prospective 48 39.5 62.7
‘ MR without LBP
[173] Case-series (133,359) | (22-64) (44-90)
contraindications for
MRI, surgery, or
hypertension.
Volunteer, exclusion ‘ Non-pain .
o Non-pain Non-pain
criteria were any developer
' ' developer develope
previous history of LBP Male (4):
Male (4): r
that required medical 1.82
22.0(2.2) Male (4):
Gallagher et | Prospective | intervention or time off 17 (0.10)
‘ ‘ Female 88.9 Healthy
al. [262] Case-series | work >3 days, previous (93, 89) Female
, (4):21.5 (12.7)
lumbar or hip surgery, (4): 1.68
| o (0.6) 0.07) Female
employment requirin .
Py 1 s Pain (4): 62.0
prolonged static Pain
developer (12.4)

standing during the past

developer
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Number of Descriptive Pain
Recruitment Strategy Subjects ' _ . | (Duration,
Authors Study Type ) o Age Height Weight | Diagnosis )
and Selection Criteria and Intensity,
(years) (cm) (kg) :
Groups Location)
12 months, jand Male (5): | Male (5): Pain
inability to stand for >2 22.8 1.82 (0.09) | develope
hours, had a (1.9) Female r
radiographic Female (4): 1.65 | Male (5):
investigation within the (4):22.3 (0.05) 77.6
past year or were (1.5) (6.9)
exposed to radiation in Female
their occupation, (4): 56.3
pregnancy (7.7)
Volunteer, recurrent Recurrent
LBP with >2 episodes LBP (at
lasting >6 weeks least 2
Espinoza without prior surgery episodes
Prospective _ LBP _
Orias et al. for back pain, age >60 81 38.3+£9.2 lasting
Case-control ' Healthy
[258] years, claustrophobia or more than
other contraindication to 6 weeks.

MRI and CT, severe

osteoporosis, severe
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Number of Descriptive Pain
Recruitment Strategy Subjects ' _ . | (Duration,
Authors Study Type ) o Age Height Weight | Diagnosis )
and Selection Criteria and Intensity,
(vears) |  (cm) (kg) |
Groups Location)
disc collapse at multiple

levels, severe central or
spinal stenosis,
destructive process
involving the spine,
litigation, or
compensation
proceedings, extreme
obesity, congenital
spine defects, and
previous spinal injury
Asymptomatic: no LBP
or previous spinal
surgery, younger than
60 years, without
claustrophobia or other
contraindication to MRI

and CT
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Number of Descriptive Pain
Recruitment Strategy Subjects ' _ . | (Duration,
Authors Study Type ) o Age Height Weight | Diagnosis )
and Selection Criteria and Intensity,
(years) (cm) (kg) :
Groups Location)
Consecutive, inclusion:
neurogenic intermittent
claudication and leg
pain or numbness with
neurologic signs,
radiographically
confirmed lumbar spinal
canal narrowing on
Kanno et al. | Prospective | cross-sectional imaging 93
68+10 160+9 64+11 LSCS
[263] Case-series Exclusion: previous (604, 339)

lumbar spine surgery,
spondylolysis, disc
herniation, severe
osteoporosis, scoliosis,
polyneuropathy, arterial
insufficiency, and

inflammatory/crystalline

arthropathies, congenital
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Authors

Study Type

Recruitment Strategy

and Selection Criteria

Number of
Subjects
and

Groups

Descriptive

Age
(years)

Height

(cm)

Weight
(kg)

Diagnosis

Pain
(Duration,
Intensity,

Location)

spinal anomalies and
spinal deformities due
to spinal trauma,

infection, or tumor

Kubosch et
al. [260]

Prospective

Case-series

Inclusion: scheduled for
transforaminal lumbar
interbody fusion L5/S1
diagnosed with
degenerative
spondylolisthesis L5/S1
via conventional X-ray,
segment infiltration, and
probatory corset
Exclusion: previous
surgical interventions

and malignancies

15

LBP

Liu et al

[261]

Prospective

Case-series

Consecutive, Exclusion:

previous thoracolumbar

68
(243, 449)

61
(20-85)

Lumbar

spondyloli
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Authors

Study Type

Recruitment Strategy

and Selection Criteria

Number of
Subjects
and

Groups

Descriptive

Age
(years)

Height

(cm)

Weight
(kg)

Diagnosis

Pain
(Duration,
Intensity,

Location)

surgery, spinal trauma,
tumor, ankylosing

spondylitis, multilevel

spondylolisthesis and

retrolisthesis

sthesis

instability

Nilsson et

al. [127]

Prospective

Case-series

Inclusion: spine surgery
candidates referred from
unit
Exclusion: any radicular
nerve symptoms,
previous disc surgery or
contraindications for

MRI

11
(73, 4%)

341
(25-51)
Q44
(25-69)

LBP

Takasaki
[264]

Prospective

Case-series

Volunteers, inclusion:
no LBP history and no
contraindication for

MRI

20
(103, 109)

24.8 (4.0)

Healthy
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Number of Descriptive Pain
Recruitment Strategy Subjects ' _ . | (Duration,
Authors Study Type ) o Age Height Weight | Diagnosis )
and Selection Criteria and Intensity,
(years) (cm) (kg) :
Groups Location)
Exclusion: movement
loss of the back or
lateral deformity of the
spine, lumbar disc
degeneration (Grades
1-V)
Volunteers, exclusion:
Zhong et al. | Prospective current or prior LBP, 10
‘ ‘ . 40-60 Healthy
[265] Case-series | anatomic abnormalities (54,59)
or any spinal disorders

Abbreviations and symbols: LBP=Low back pain; MRI=Magnetic Resonance Imaging; J=males; $=females; LSCS= lumbar spinal
canal stenosis; wks=weeks; mths= months; yrs= years
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Table 24 Description of the imaging methods and loading strategies tested in the newly included studies

Time of
Imaging Mode of Duration of | Magnitude Precondition
Studies Type of Loading Day of
Modalities Application Loading of Loading of Loading
Loading
Chung et al. Custom made | 30 min during
MRI Traction ‘ 30 kg
[173] device MRI
Gallagher et .
X-ray Standing Postural ?
al. [262]
Espinoza ‘ _ ‘
Rotation to right During
Orias et al. MRI/CT _ _ Positional o
in supine imaging
[258]
Kanno et al. ‘ ‘ 5 min. before
MRI Compression DynaWell During MRI 50% BW )
[263] loading
Kubosch et
MRI Standing/lying Postural During MRI
al. [260]
Standing/flexion-
Liu et al extension in During
MRI/X-ray Positional
[261] standing/lying imaging
supine
20 min. lyin
Nilsson et al. ‘ ‘ e
MRI Compression DynaWell During MRI 50% BW 11-13 before

[127]

imaging
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Time of
Imaging Mode of Duration of | Magnitude Precondition
Studies Type of Loading Day of
Modalities Application Loading of Loading of Loading
Loading
30 min. lying
Takasaki Supine/supine
MRI . . Positional During MRI between
[264] side bending .
images
_ Active ‘
Zhongetal. | X-ray video During
flexion/extension Positional
[265] fluoroscopy _ ‘ fluoroscopy
in standing

Abbreviations: MRI= Magnetic resonance imaging, Min.= minutes, hrs=hours
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Imaging and loading modalities used. MRI was employed alone in 23 studies. X-ray
fluoroscopy was used in three studies [157, 166, 265] and_three studies employed plain x-ray

imaging [87, 164, 262], two studies employed MRI with CT-scans [258] or X-ray [261] (table 24).

Thirteen studies employed positional loading in the form of end range positions of the lumbar
spine during imaging including: flexion/extension [83, 87, 124, 140, 157, 161, 165, 166, 261, 265],
side-bending [163, 264] or rotation [161, 166, 262]. The DynaWell® compression device was
employed to load the lumbar spine with 40 to 50% compression body weight (BW) in eight studies
[87, 90, 127, 130, 139, 154, 160, 263], while a mechanical bracing device to load with 75% BW
compression load [153], one nonmagnetic compression device (50% BW) [159], and one
nonmagnetic traction device [173] were used in three other studies. Postural loading was used in

eight studies (standing/sitting/lying [88, 155, 156, 167, 260, 262] or kneeling [90]). In all but 6 of

31 included studies, loading was applied only during the imaging. These five studies applied
loading before and during imaging with pre-imaging loading durations of >5min [154, 263], and
<20min [127, 130, 153]. Only three studies described standardised preconditioning before imaging

[88, 90, 167] with one more specifying time of examination to control the loading history [165].

Methodological quality. None of the included studies met the 70% high-quality threshold
(table 25). Six studies scored between 60% and 65% [127, 231, 261-264], three scored between
50% and 60% [87, 164, 258], and the rest scored less than 50% [87, 88, 130, 139, 140, 155, 156,

165, 260, 265]. Lack of a well-defined subject’s recruitment (selection bias) and examiners’
training strategy were the most common sources of bias. Only 7/3/3/ studies reported the
qualification of the examiners [87, 88, 127, 130, 140, 154, 155, 159, 160, 163, 231, 263, 264].
Eleven studies employed a consecutive recruitment strategy to recruit subjects with back pain [83,
130, 139, 140, 154, 155, 164, 173, 261, 263] and without back pain [166]. The rest employed
volunteers with pain [90, 127, 156, 160, 260], with sciatic or neurogenic claudication [159, 263],
or without pain [88, 153, 157, 161-163, 165, 167, 262, 264, 265] or both with and without pain
[153, 157,258]. Study hypothesis or objective and validity of the outcome measured were reported
in all studies, except two with unclear outcomes reporting strategy [161, 164]. Only two studies
met all requirements for handling missing data [160, 262]. A possible common source of bias was
the majority of studies failing to formulate correlation and mean difference-testing hypotheses a

priori. Only one study had a well-defined statistical analysis strategy [165], and five met 80% of
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the statistical analysis requirements [83, 88, 156, 165, 264]. No study met all the requirements for

reporting results because none reported on important adverse events related to loading.
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Table 25 Quality appraisal of the studies included

Subl ects Examiners | Methodology | Outcomes Missing Statlstlgal Results Overall | Overall
Authors Recruitment 4% /s P Data Analysis n Score Score
/T* /8 /5 /33% (%)*
Chung et al
[231] 4 1 3 2 6 3 2 21 64
Gallagher et al.
[262] 3 2 3 2 8 3 1 20 61
Espinoza Orias
et al. [258] 2 0 4 2 5 3 2 18 54
Kanno et al.
[263] 4 3 3 2 6 2 1 21 63
Kubosch et al.
[260] 2 0 1 2 0 3 1 9 27
Liu et al [261] 4 0 5 2 6 3 1 21 63
Nilsson et al.
[127] 4 3 2 2 6 3 1 21 64
Takasaki [264] 4 1 3 2 6 4 1 21 64
Zhong et al.
[265] 3 0 2 2 6 1 1 15 45

Overall score: sum of all scores

*One question from the subject domain and two from the examiner domain could be scored “not relevant” and excluded from score
calculations. The affected scores were calculated as the ratio of the number of relevant criteria met to the total number of relevant criteria

and reported out of the original number of questions for the score.
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Measurement outcomes. Twenty-seven quantitative measurements of the effect of loading
on the lumbar spine were identified and level evidence summary statements were formulated for
each measure and loading conditions (table 26). As no study reached the high-quality threshold,
the highest possible level of evidence was limited (table 26).

Unloaded vs. any type of postural or axial loading. When formulating summary statement

combining the evidence of both postural and axial loading, there was limited evidence of a
statistically significant increase of the anterior distance of the nucleus positions from the anterior
limit of the disc [167], anterior-posterior diameter of the disc [167], and T> time [127] in response

to compression loading, and of an increased spine length in response to traction [173] (table 26).

There was also [imited evidence of decrease of the diameter of the intervertebral foramen in

response to compression loading (table 26) [260]. There was also limited evidence of no change

in posterior disc bulge [90], range of motion [153], and lumbar lordosis angle in response to
loading (table 26). The evidence was conflicting on the effects of loading on the cumulative [83],
anterior and posterior disc heights [90, 156, 167], anterior-posterior diameter of the nucleus [167],
posterior distance of the nucleus position [167], DCSA [83, 88, 130, 139, 154, 159, 160, 165],
area of the intervertebral foramen [260], and volume of the spinal canal [260], and spine length

(between 20 and 30 minutes of traction) [173]_(table 26).

Unloaded vs. axially loaded spine using any devices. When focusing only on axial loading

using compression device compared to the supine unloaded position, there was limited evidence

of a statistically significant increase in the T> time [127], and a decrease in the posterior disc height

in response to compression loading (table 26) [90]. There was also limited evidence of increased

spine length in response to traction [173]. There was limited evidence of no change in response to

compression loading for the cumulative disc height [83], posterior disc bulging [4], range of
motion [153], and lumbar lordosis angle [83] (table 26). The evidence was conflicting on the

effects of loading on the DSCA [83, 130, 154, 159, 160].



Table 26 Levels of evidence for summary statements for each quantitative measurement of the effect of lumbar loading.

Level of

From n studies

Loading conditions

evidence (n healthy; n LBP) Changes Measurement Construct compared
Unloaded vs. any type of loading (axial loading/postural loading)

o Anterior distance of the nucleus positions Standing; sitting;
Limited 1(1,0){167] ! from the anterior limit of the disc lying supine
Limited 1(1,0)[167] 1 Anterior-posterior diameter of the disc Standmg; sit tng;

lying supine

. . Supine with 50% BW
Limited 1(0,1)[127] 1 1> time compression
Limited 1(0.1)[173] 1 Spine length Sup ”’;fat;”;j 0 kg
Limited 1(0,1)[260] 1 Diameter of the intervertebral foramen Supine; standing

. . . . . Kneeling; 50% BW
Limited 1(1,0)[90] No difference Change in the posterior bulging axial loading

. - 5
Limited 1(0,1)[153] No difference Range of motion Supine with 7.5 7o BW
compression
Standing;
supine with 40% and
Limited Qﬁltfé[g%ogg%lﬁ% No difference Lumbar lordosis angle 50% BW
’ ’ compression;
sitting
Any Difference between 0,
- . 10, 20 and 30 mins. of
Conflicting 1(0.1)[173] La:gww Spine length supine traction with
cadnge 30 kg traction
Any
Conflicting 1(0,1)[260] changeAny Area of the intervertebral foramen Supine; standing
change
Any
Conflicting 1(0,1)[260] changeAny Volume of the spinal canal Supine; standing

change
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i _ . : Supine with 40% and
Conflicting 1 (0;1)[83] Any change Cumulative disc height 50% BW compression
Sitting;
kneeling; supine with
Conflicting | 3(2;1)[90, 156, 167] | Any change Anterior disc height 50% BW
compression;
standing/sitting
Sitting;
kneeling; supine with
Conflicting | 3(2,1)[90, 156, 167] Any change Posterior disc height 50% BW
compression;
standing/sitting
Conflicting 1(1,0)[167] Any change Anterior-posterior diameter of the nucleus Standmg; sitting;
lying supine
- Posterior distance of the nucleus positions Standing; sitting;
Conflicting 1(1,0)[167] Any change from the posterior limit of the disc lying supine
50% BW compression
8(3,5)[83, 88, 130, standing; supine with
Conflicting 139, 154, 159, 160, Any change Dural sac cross-sectional area 40% and 50% BW
165, 263] compression
standing/sitting
Unloaded vs Axial Loading with Devices
. . Supine with 50% BW
Limited 1(0.[127] il T> time Compression
Limited 10.1)[173] 1 Spine length Nyt i
traction
. . 5
Limited 1 (1,0)[90] l Posterior disc height Supine with 5(.) 0 BW
compression
.. . . . . Supine with 40% and
Limited 1(0,0)[83] No difference Cumulative disc height 50% BW compression
. . 5
Limited 1(1,0)[90] No difference Change in the posterior bulging Supine with 30% BW

compression
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. - 5
Limited 1(0,1) [153] No difference Range of motion Supine with 7.5 /o BW
compression
. . . Supine with 40% and
Limited 1(1,0)[83] No difference Lumbar lordosis angle 50% BW compression
. . . Supine with 40% and
Limited 3(2,1)[83, 88, 165] | No difference Lumbar lordosis angle 50% BW compression
. 5(1,4)[83, 130, 154, . Supine with 40% and
Conflicting 159, 160] Any change Dural sac cross-sectional area 50% BW compression
Unloaded vs. Postural Loading
. Anterior distance of the nucleus positions o
Limited 1(1,O)[167] ! from the anterior limit of the disc Standing; sitting
Limited 1(1,0)[167] 1 Anterior-posterior diameter of the disc Standing; sitting
Limited 1 (0;1)[83] l Cumulative disc height Standing
Limited 1(0,1)[260] L Diameter of the intervertebral foramen Supine; standing
Limited 2(2;0)[90, 167] No difference Anterior disc height erehr%g.
standing; sitting
Limited 1(1,0)[90] No difference Change in the posterior bulging Kneeling
_ 3(2,2)[83, 88, 165, . . Kneeling
Limited 262] No difference Lumbar lordosis angle standing: sitting
Conflicting 1(0,1)[260] Any change Area of the intervertebral foramen Supine; standing
Conflicting 1(0,1)[260] Any change Volume of the spinal canal Supine; standing
Standing; sitting;
Conflicting | 3(2,1)[90, 156, 167] Any change Posterior disc height kneeling
Conflicting 1(1,0) [167] Any change Anterior-posterior diameter of the nucleus Standing; sitting
- Posterior distance of the nucleus positions .
Conflicting 1(1,0)[167] Any change from the posterior limit of the disc Standing; sitting
Conflicting | 3(2,1)[88, 139, 165] Any change Dural sac cross-sectional area Standing; sitting
Among postural or axial loading
. ) . o . Supine with 40% and
Limited 1(0;1)[83] No difference Cumulative disc height 50% BW compression
3 . o
Limited 2(2,0)[90, 167] No difference Posterior disc height Kneeling; 30% BW

axial loading
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Standing; sitting

Kneeling; 50% BW

Limited 1(1,0)[90] No difference Change in the posterior bulging .
compression
- - 5
Limited 1(0,1)[83] No difference Lumbar lordosis angle Ssogzlgi;vltgrggrﬁssirzi
difference between
Conflicting 1(0,1)[173] Any change Spine length 12111)21?1:3\1(11 tflO?;r(;nl?gS‘
traction
Unloaded vs end range movements
Passive
Limited 1(1;0)[162] ! Anterior disc height flexion/extension,
rotation in supine
f Change in the location of peak signal o .
Limited 1(1,0)[163] Towards in‘[ensit}%r of the nucleus in thle) mid—c%)ronal ACUV? s1de—'bend1ng
contralateral : in supine
side to SB plane
Supine; active
Limited 1(1,1) [261] 1 Motion segment instability flexion/extension in
standing
o : . Supine; passive
Limited 1(1.1) [258] 1 Disc height supine rotation
o Active
Limited 1(0,1)[164] No difference | APnormal tilting movement/ translatory | g oo/ ioncion in
instability/ rotatory instability 1 :
ateral decubitus
Active
flexion/extension in
. . . sitting
Limited 2(1,1)[83, 165] No difference Lumbar lordosis angle Dassive extension in
supine with 50% BW
compression
. . . . Passive supine
Conflicting 1(1,1) [258] Any change Height of different zones of the disc

rotation
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Conflicting 1(1,0)[264] Any change Lateral flexion angle Supine side bending
Conflicting 1(1,0)[264] Any change Segmental rotation angle Supine side bending
Maximum active
Conflicting 1(1,0)[262] Any change Intervertebral angle lumbar extension
positions
Among end range movements
Passive
Limited 1(1;0)[162] l Anterior disc height flexion/extension in
supine
. .. Passive
Limited 1(1,0)[162] l Antefﬂ)oéliﬁéaﬁzrﬁ;}l}fnﬁ??; ?;epé)isslzlons flexion/ ex‘Fension in
supine
Active
Limited 1(1,0)[265] 1l Area of the intervertebral foramen flexion/extension in
standing
Active
Limited 1(1,0)[265] L Width of the intervertebral foramen flexion/extension in
standing
Passive
Limited 1(1,0)[162] No difference Posterior disc height flexion/extension in
supine
Passive
Limited 1(1,00)[161] No difference Anterior-posterior diameter of the disc flexion/extension in
supine
. . . . Passive
Limited 1 (1;0)[161] No difference Left and right pargsaglttal, mid coronal disc flexion/extension in
diameters .
supine
Active
Limited 1(0,1)[164] No difference Range of motion flexion/extension in
lateral decubitus
Active
Limited 1(1,0)[165] No difference Lumbar lordosis angle flexion/extension in

sitting
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Passive
Conflicting 1(1,0)[161] Any change Dural sac cross-sectional area flexion/extension in

supine

Active
Conflicting 1(1,0)[265] Any change Height of the intervertebral foramen flexion/extension in

standing
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Unloaded vs. postural loading (sitting/standing). When focusing only on axial compression using

postural loading, there was limited evidence of a statistically significant decrease in the cumulative

disc height [83] and diameter of the intervertebral foramen [260] in response to loading (table 26).
There was also limited evidence of a statistically significant increase in the anterior distance of the
nucleus positions from the anterior limit of the disc and anterior-posterior diameter of the disc in
response to loading (table 26) [167]. There was limited evidence of no difference in anterior disc
height [90, 167], changes in the posterior disc bulging [90] and lumbar lordosis angle [83, 88,
165]( table 26). The evidence was conflicting about the posterior disc height [90, 156, 167], the
anterior-posterior diameter of the nucleus [167], the posterior distance of the nucleus positions

from the posterior limit of the disc [167], DSCA [88, 139, 165], area of the intervertebral foramen

and volume of the spinal canal [260].

Comparison _among different postural and axial loading conditions. Few studies

compared multiple loaded conditions [90]. There was limited evidence of no difference of the
cumulative (Passive flexion/extension in supine; 40% BW, 50% BW compression) [83] and
posterior disc heights (Kneeling; 50% BW axial loading; standing; sitting; lying supine) [90, 167],
change in the posterior bulging (kneeling; 50% BW axial loading) [90] and lumbar lordosis angle

(passive flexion/extension in supine; 40% and 50% BW on compression) [83].

Unloaded vs. end range movements. Only eight studies compared unloaded spine images

with end-range movement conditions. There was limited evidence of a statistically significant
decrease of the anterior disc height in response to going from lumbar flexion to extension in the

supine position (table 26) [162]. There was also limited evidence of a statistically significant

increase motion segment instability in response to flexion-extension in standing [261] and disc

height in response to supine rotational loading [258]. There was also limited evidence of a

statistically significant shift of the location of the nucleus peak signal intensity toward the
contralateral side in the mid-coronal plane during side bending [163]. There was also limited
evidence of no difference in abnormal tilting movement, translatory and rotatory instability

measurements [164] as well as in lumbar lordosis angle [83, 165]. The evidence was conflicting

about the height of different zones of the disc with supine rotation [258], as well as for the lateral

flexion angle [264], segmental rotation angle [264], and the intervertebral angle [262] in response

to side-bending movements in table 26.
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Among end range movements. Only six studies compared measurements among different

end-range movements. There was limited evidence of a statistically significant increase in the
anterior disc height and the anterior distance of the nucleus positions from the anterior limit of the

disc going from a flexed position to an extended position [162]. There was also limited evidence

of a statistically significant decrease in the area and width of the intervertebral foramen going

from a flexed position to an extended position [265]. There was limited evidence of no change for

the posterior disc height (supine extension vs. flexion) [162], anterior-posterior, left and right
parasagittal, mid-coronal diameter of the disc (among supine neutral, flexion, extension, rotation
to the right and left) [161], range of segmental motion (standing flexion vs. extension) [164], and
lumbar lordosis angle (among supine unloaded, normal sitting, sitting flexed, sitting extended and
standing) [165]. The evidence was conflicting on the DSCA changes on neutral, extension and

rotation to the right and left compared to the flexion position [161], and height of the intervertebral

foramen comparing active flexion and extension in standing [265]

Among participants with and without pain. There was limited evidence of no difference in

the disc height changes in response to rotation in supine between participants with and without

LBP [258)]. There was limited evidence of no difference in the lumbosacral lordosis angle, lumbar

lordosis angle, L1-2 and L5-S1 intervertebral joint angle in response to different standing

positions (standing on level ground, sloped surface, one leg elevated, and maximum lumbar spine

extension) between participants with and without LBP [262].

Discussion

The present systematic review identified important research gaps. Interestingly, for
numerous quantitative measurements of the effect of loading on the lumbar spine, no evidence
could be found suggesting further research is needed. Indeed, depending on the loading conditions

compared, only I to 12 of the 27 measurements were used in at least one study. This review found

no moderate or strong evidence about the effect of loading or of end-range movement positions on
lumbar imaging quantitative findings due to the insufficient quality of the included studies.
Further, only four studies included both healthy and participants with LBP [153, 157, 258, 261,

2621, but only two studies reported the statistical significance of the comparisons of the effects of

loading between groups [258,262]. Therefore, the clinical value of some of the proposed measures
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still remains unclear and more high-quality studies among matched patients, and asymptomatic

participants are needed to determine the clinical value of these measurement constructs. We can

therefore, for most measurements, only rely on comparing studies conducted with only one type
of participants to understand the difference in response to loading of participants with and without

pain.

A number of conflicting (/ to 8 measurements) and limited (2 to 8§ measurements) evidence

summary statements concerning the effects of loading and movements on the lumbar spine were
observed depending on the loading conditions compared. This conflicting evidence could be due
to heterogeneity in the studies in terms of the population studied (e.g. with or without pain,
different ages) or because of other heterogeneous methodological considerations. The limited
evidence summary statements often showed no effect of the loading conditions compared (4 o 6
measurements depending on the loadings compared). Overall, the observation of conflicting results
and the small number of measurement constructs that detected limited evidence of consistent
effects of loading may suggest that loading has a relatively small effect on the quantitative

measurements examined on the lumbar spine to date.

Eight measurement constructs were compared among studies where both studies focused
only on either healthy or LBP participants were available (table 23). For those comparisons, the

results of two measurement constructs were consistent showing no effect of loading in both

participants with and without pain from different studies and two showing an increase in both
groups. For the remaining four other instances, results were conflicting when combining results
from participants with and without pain. When trying to formulate levels of evidence summary
statements separately for participants with and without pain, a statement on two outcomes
remained conflicting in both types of patients. For the DSCA, there was limited evidence of a
decrease in postural loading in those with LBP and the results remained conflicting in healthy
participants. For DSCA, there was limited evidence of a decrease in healthy with combined loading
studies and with device compression while evidence remained conflicting in those with LBP. For
posterior disc height comparing unloaded to any loading there was limited evidence of no
difference with loading in LBP and the evidence remained conflicting in healthy participants.
Other measurement constructs were evaluated only on participants with back pain or asymptomatic

participants, and not both (table 23).
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The studies compared were heterogeneous, which may have contributed to the frequent
conflicting evidence summary statements and limiting our ability to observe consistent effects of
loading. Twenty-seven different measurement constructs were observed. The sample size and age
varied widely. Twelve studies only included healthy participants, /5 only LBP participants, and
three both, with and without pain (table 23). More than /7 different loading conditions (table 24)
and three imaging modalities were inventoried. Only three studies employed preloading of the
spine before imaging. A few studies conducted manually digitised measurements using OSIRIX
[83, 156, 165, 167, 263], while the rest employed other software or did not report software details.
Three studies employed automatic measurements [140, 155, 158], one study employed semi-

automatic measurements [153], and the rest employed manual measurements.

Difficulty in formulating stronger levels of evidence summary statements is partially due
to the lack of quality research on this topic. Most of the studies reviewed did not report the degree
to which assessors were trained before conducting measurements or whether the measurements
extracted presented adequate reliability. Further, 12 of the 30 included studies included samples
with fewer than 30 participants suggesting that a limited power may have limited the authors’

ability to observe statistically significant results.

It is unclear if compression devices are limited regarding the maximum load that can be
applied to the spine safely. In the present review, only one study applied a compression load equal
to 75% BW [153], others employed compression loads less than or equal to 50% BW, with only
five studies controlling for how long before the imaging the loads were applied. The relatively
small number of consistent effects of loading observed with supine compression devices (only

decreased posterior disc height and increased T> time) versus when using postural loads (increased

anterior distance of nucleus, A-P diameter of disc and decreased cumulative disc height and

diameter of the intervertebral foramen) may be due to the employing less than 80% BW for supine
compression. Overall, for most measurements, the results of this review, were not in favour of the
hypothesis that axial loading using postural or device compression could induce significant
morphologic changes in the lumbar spine. Further research using a wide array of quantitative
measurements and loading conditions is needed to determine if loading during imaging may

increase the specificity for clinically relevant lumbar pathology.
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The evidence was conflicting about the effects of loading on the imaging presentations of
DSCA. Clinically, imaging is not always correlated with the severity of LSCS symptoms [168,
169]. Subjects with significant narrowing of the spinal canal, may not demonstrate any symptoms,
while subjects with severe symptoms may not demonstrate any significant narrowing of the LSCS
[139]. Identifying imaging findings correlating with clinical symptoms in LSCS would thus be
beneficial to achieve a more accurate diagnosis and help plan a more appropriate treatment. Our
review yielded conflicting results on the effects of loading on the LSCS, and only one study was
identified evaluating the effects of loading specifically on LSCS symptoms [139]. The results
indicated a statistically significant negative correlations between the DCSA in axially loaded MRI
with both walking distance and the Japanese Orthopedic Association score [139]. Our review did
not yield any evidence on the possible effects of extension motion compared to an unloaded supine
position on the LSCS. Although some researchers have suggested that the extension could trigger
LSCS symptoms by a reduction of the dural sac size [170, 171]. Further high-quality studies are
therefore needed to figure out the possible correlation between the change in the DCSA caused by

the loading and the severity of the symptoms in patients with LSCS.

Although imaging the lumbar spine while it is loaded using sensitive quantitative
measurements may help capture abnormal vertebral motion, and thus increase the sensitivity of
imaging for diagnosis of LSI, there were no studies included in this review examining the effect
of compression on LSI measurements. Further, only two studies of on participants with LBP
examined the effect of end-range movements on quantitative LSI measurements [164, 261].

Therefore, there is still insufficient evidence to formulate strong level of evidence summary

statements related to the correlation between LSI imaging findings in response to loading and

patients’ symptoms (table 23). Only one study evaluated the difference between those with and

without pain [261]. The results indicated that the percentage of patients with back pain was twice

as _high in the group with higher mobility in flexion-extension compared to asymptomatic

participants [261]. The lack of pain likely facilitates higher mobility in flexion-extension [261]

Further, despite encountering /9 loading conditions, our review yielded only one study that

evaluated the effects of traction [173]. The results indicated that spine length increased after 10

and 30 minute of traction compared to unloaded stage, but the evidence was conflicting when

difference among different time-points examined [173]. Traction has been employed traditionally
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to reduce pain and discomfort among participants with LBP and sciatica [47], affect the fluid
content, promote molecular transport in the IVDs [172], and reduce the size of herniated material
[173]. Therefore, traction theoretically could be a loading condition useful to identify biomarkers
of relevant low back pathology. Recently, Chung et al. study found a significant elongation of the
lumbar spine and a decrease of the size of disc herniation after 30 minutes of traction loading
[173]. As no studies about the in-vivo effects of traction on other measurements or comparing

participants with and without pain have been conducted, the gap of knowledge still exists.

Although few studies have employed MR imaging to quantify effects of loading on the

disc fluid content [22, 127], our review only yielded one study that evaluated the effects of

compression loading on the disc mean T> time in participants with LBP using T>-mapping [127]

The results found a significant increase in 1> values of the whole disc and subsections [127]. The

1VDs are expected to lose or not change fluid content when undergoing compression [32]. The

intended uniaxial compression load may not be equal to overcome osmotic pressure or have

resulted in a complex loading condition throughout the spine. Tr-value changes were correlated

with degeneration grade, changes in disc angle and lumbar level [127]. As there are no studies

about the in-vivo effects of all other forms of loading on the disc fluid content, the gap of

knowledge related to disc fluid distribution in response to loading still exists.

Study limitations. This review solely included studies published in English, and no search
was conducted of the grey literature. These two factors might have caused a potential bias in
selecting relevant studies. As discussed earlier, the results were very heterogeneous which
prevented meta-analysis. Unfortunately, the literature is not sufficiently rich to limit the review to
studies involving head-to-head comparisons of patients with and without low back pain. This
review focused only on quantitative measurements of the effect of loading on the lumbar spine.
Studies using discrete subjective ratings have been published to describe the effect of loading on
the lumbar spine with some studies suggesting that loading helps identify relevant clinical findings
[174]. However, discrete subjective ratings have routinely been criticised for their lack of

reliability justifying excluding such measurements from this review.
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Conclusion

The heterogeneous results highlighted inconsistent evidence regarding the effects of
loading on the lumbar spine. The review did not yield any moderate or strong evidence because of
the insufficient quality scores of the included studies. For many measurement constructs, no
evidence was identified to draw a solid conclusion regarding their possible effects of loading on
the lumbar spine. More than half of the limited evidence observed on cumulative, anterior and
posterior disc height, the anterior distance of the nucleus positions from the anterior limit of the
disc, change in the posterior bulging, abnormal tilting movement, translatory and rotatory
instability, range of motion, and lumbar lordosis was of no effect of loading. The results
highlighted that the gap of knowledge regarding the effects of loading on the imaging presentations
of the lumbar spine still exists. Particularly, there is a lack of research on whether the response to
loading could help increase the specificity of imaging for LBP. Therefore, further high-quality
studies, comparing responses in subjects with symptoms of LBP and LSCS to matched healthy
subjects, are needed to establish a strong correlation between imaging findings and patients’
symptoms. Our review also identified a lack of research on many quantitative measurements such
as the effects of loading on the disc fluid content. Further, high-quality studies are needed to
quantify the effects of loading on additional quantitative imaging measurements and to establish a

strong correlation between these measurement constructs and patients’ symptoms.



