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Back pain is a massive global public health problem with mulƟple contribuƟng factors including

obesity. Obesity is thought to be linked to back pain through mechanical factors. However, obesity

also causes a systemic low-grade inflammatory milieu. This would suggest a possible biochemical

link between obesity, intervertebral disc degeneraƟon, and back pain. Furthermore, the relaƟon-

ship between obesity and the clinical presentaƟon of spine paƟents is unclear. This thesis aims

to examine the effect of and relaƟonship between obesity, the intervertebral discs, and back pain

from biochemical, clinical, and epidemiological perspecƟves

In this thesis, an in vitro study assessed the effect of lepƟn, a fat-specific cytokine, upon the inter-

vertebral disc. The bovine intervertebral disc was used as a model in a cell culture system. An ex

vivo study examined lepƟn and pro-inflammatory cytokines produced by paraspinal adipose Ɵssue

taken during rouƟne surgical procedures from spinal paƟents. Plasma taken from paƟents present-

ing with low back pain was analysed by mass spectrometry and mulƟplex immunoassay to idenƟfy

possible protein biomarkers. At an epidemiological level, staƟsƟcal modelling of the Genodisc pa-



Ɵent populaƟon was conducted. This was a pan-European study of 2636 paƟents presenƟng to

terƟary spinal units. Analyses were performed to examine relaƟonships between obesity, quanƟ-

fied by body mass index (BMI), and pain, clinical diagnosis, and spinal degeneraƟon idenƟfied on

magneƟc resonance imaging (MRI).

LepƟn was shown to increase the producƟon of and expression of degradaƟve and pain-generaƟng

molecules by disc cells. A pro-inflammatory environment, especially IL-6, potenƟated this response.

LepƟn and pro-inflammatory cytokines produced by paraspinal fat were unrelated to clinical symp-

toms. However, levels of the pro-inflammatory cytokines, TNF-α and IL-6, were raised in the plasma

of paƟents with greater pain or those with spinal stenosis. Furthermore, clusterin and complement

were idenƟfied, by mass spectrometry, as potenƟal biomarkers for spine paƟents. Epidemiologi-

cal analyses revealed that obesity was associated with greater back pain, although the magnitude

of this associaƟon was small. Similarly, obesity was associated with a diagnosis of spinal steno-

sis. Finally, increased BMI was found to be an independent predictor of disc degeneraƟon, spinal

stenosis, and disc herniaƟon on MRI.

In summary, this thesis has furthered the clinical understanding of lumbar spine pathology and

back pain. It will provide clinicians with a beƩer framework to assess spine paƟents. These results

show that obesity is associated with lumbar spine degeneraƟon and pain. LepƟn could be a factor

mediaƟng this relaƟonship. Further studies should concentrate on clarifying the mechanism of

acƟon of lepƟn upon the intervertebral disc and assessing the longitudinal effect of obesity upon

the lumbar spine.
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Obesity and back pain are significant public health problems with substanƟal medical, personal,

and financial burden globally. There are mulƟple contribuƟng factors leading to back pain. Obesity

is one factor which has not been fully studied for its effects on the lumbar spine. Specifically, the

biochemical effects of obesity may contribute to pain and degeneraƟon. Furthermore, the rela-

Ɵonship between obesity and the clinical presentaƟon of spine paƟents is unclear. This chapter

is a focussed introducƟon consisƟng of background informaƟon, research hypotheses and thesis

aims.
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CHAPTER 1. INTRODUCTION 1.1. LOW BACK PAIN

1.1 Low Back Pain

1.1.1 Low Back Pain

Low back pain (LBP) is the leading worldwide cause of years lived with disability (Figure 1.1).1 It is

defined as acƟvity-limiƟng back pain, with or without pain referred into one or both lower limbs,

that lasts for at least one day.2 At any point in Ɵme, approximately 12% of the world’s populaƟon

suffers from LBP with a 1-month prevalence of up to 23%.3 Given this, it is not surprising that LBP

has an annual esƟmated total cost to the UK of £1.62 billion4 and to the USA of US$34 billion,5 with

the financial lossed aƩributed to healthcare spending, personal costs and producƟvity losses.

Institute for Health Metrics and Evaluation © 2013 University of Washington
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Figure 1.1: Worldwide leading cause of years lived with disability (YLDs). Causes are ordered by global
ranks with regional breakdown provided separately. Data obtained from the 2010 Global Bur-
den of Diseases study and graphic sourced from the InsƟtute of Health Metrics and EvaluaƟon
(hƩp://ihmeuw.org/347z)
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CHAPTER 1. INTRODUCTION 1.1. LOW BACK PAIN

1.1.2 Low Back Pain and Spinal Pathology

DegeneraƟon of the lumbar spine has been associated with back and leg pain, however the rela-

Ɵonship between pathology and symptoms is unclear. Many people with even severe disc degen-

eraƟon or spinal stenosis can be asymptomaƟc. Nevertheless, the only current intervenƟons are

aimed at correcƟng spinal pathologies. Hence, four of these pathologies are discussed below.

Intervertebral Disc DegeneraƟon

The intervertebral disc (IVD) is the primary joint of the spine. Many authors have linked disc de-

generaƟon (Figure 1.2) to LBP,6–9 however, this relaƟonship is unclear. AsymptomaƟc paƟents can

have disc degeneraƟon10–14 and certain paƟents with LBP may have no degeneraƟon.13 MulƟple

factors have been implicated in disc degeneraƟon including geneƟc factors, altered disc nutriƟon,

abnormal mechanical load and local inflammaƟon.15,16 In reality, it is unlikely that any single factor

is a lead culprit; rather it is a combinaƟon of factors. However, given the lack of a clear consensus

on the causes of disc degeneraƟon it is important to look for further pathological factors. The IVD

will be discussed in greater detail in secƟon 1.2.

The$Good$

Grade$I$

The$Bad$

Grade$III$

The$Ugly$

Grade$V$
a)#Normal b)#Moderate c)#Severe

Figure 1.2: Spectrum of disc degeneraƟon Gross anatomical specimens of human disc showing spectrum
of intervertebral disc degeneraƟon. a) Normal disc b) Moderate degeneraƟon and c) Severe
degeneraƟon (courtesy of Prof Sally Roberts and Dr Jude Meakin)

Lumbar Disc HerniaƟon

Anatomically, lumbar disc herniaƟon (LDH) is a focal displacement of the nucleus pulposus beyond

its normal confines. It is oŌen symptomaƟc and associated with a radiculopathy. It has a lifeƟme

prevalence of 1-2% (Figure 1.3a).17 Disc herniaƟon most commonly affects younger paƟents of

3



CHAPTER 1. INTRODUCTION 1.1. LOW BACK PAIN

working age. They present with radiaƟng or radicular leg pain termed sciaƟca, in combinaƟon with

varying degrees of back pain.18 Herniated discs usually have an element of pre-exisƟng degener-

aƟon, and the herniaƟon occurs when these discs are exposed to excessive mechanical forces.15

Recently authors have also proposed end plate juncƟon failure or sudden unexpected loading with

subsequent annular rupture as mechanisms leading to LDH.19,20

The pain associatedwith LDH is thought to arise fromcompressive pressure on the nerve root and

local inflammatory changes. The herniated IVD can produce matrix metalloproteinases (MMPs),

NO, interleukin (IL)-6 and prostaglandin E2.21,22 Systemic inflammaƟon has also been associated

with sciaƟc pain and monoclonal anƟ-inflammatory molecules have shown promising results for

the acute treatment of this pain.23–26

Lumbar Spine Stenosis

Lumbar spine stenosis (LSS) is defined as osteoligamentous narrowing of the vertebral canal with

compression of the dural sac (Figure 1.3b).27 It tends to affect an older populaƟon with neuro-

genic claudicaƟon typified by decreased walking distance, buƩock pain, and intermiƩent sciaƟca.28

LSS is a chronic problem with a large proporƟon of paƟents presenƟng with symptoms that have

lasted longer than a year.29 Like disc degeneraƟon, a proporƟon of paƟents with anatomic LSS are

asymptomaƟc.28 LiƩle is understood about the drivers of pain in symptomaƟc LSS but it is agreed

symptomaƟc paƟents experience considerable funcƟonal limitaƟon.30

DegeneraƟve Spondylolsithesis

DegeneraƟve spondylolisthesis (DS) is characterised by segmental spinal instability, usually at the

level of L4-L5 and is seen in an older cohort of paƟents (Figure 1.3c).29,31 There is a greater female

predisposiƟon with altered endocrine funcƟon and generalised ligamentous laxity aƩributed to

this relaƟonship.31,32 Anatomically, facet orientaƟon and arthriƟs has been implicated as another

contribuƟng factor. The pain associated with DS is primarily back pain due to instability, with as-

sociated neurogenic claudicaƟon and radicular leg pain as a result of nerve root compression.31 It

is not known if the degradaƟve or pain processes in DS are the same as those for the other spine

4



CHAPTER 1. INTRODUCTION 1.2. INTERVERTEBRAL DISC

b)#Stenosisa)#Hernia.on c)#Spondylolisthesis

Figure 1.3: MRI showing different lumbar spine condiƟons a) lumbar disc herniaƟon b) spinal stenosis c)
degeneraƟve spondylolisthesis (courtesy of the Genodisc Study Group)

condiƟons described above.

Non-Specific Back Pain

In addiƟon to the above factors, there are a group of paƟents with no obvious cause for their back

pain. Non-specific back pain (NSBP) can affect all age groups but imposes the greatest limitaƟon

upon adolescents and those of working age.33 The Global Burden of Diseases study has shown this

is a worldwide epidemic that afflicts people of all ethniciƟes and socioeconomic backgrounds (Fig-

ure 1.1).1 These paƟents present a difficult problem as they have a poorly defined clinical pheno-

type34 and the underlying pathology is unclear.33 This has led for urgent calls to understand beƩer

the predictors and clinical course of NSBP.2,3

1.2 Intervertebral Disc

The IVD is the primary joint of the lumbar spine and allows for normal spinal biomechanics.15 It is

made up of two structurally and cellularly heterogeneous components, the nucleus pulposus (NP)

and annulus fibrosus (AF) (Figure 1.4). The cells of the IVD primarily funcƟon tomaintain thematrix.

However, in human discs cell density is low and turnover of matrix macromolecules is slow. This
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CHAPTER 1. INTRODUCTION 1.2. INTERVERTEBRAL DISC

poses a problem of matrix preservaƟon in the seƫng of degeneraƟon.35

1.2.1 Nucleus Pulposus

Thenucleus pulposus (NP) is the central gelaƟnous component of the IVD. It consists of chondrocyte-

like cells producing a matrix similar to carƟlage.36 The two major components of this matrix are

proteoglycans and collagen.

Proteoglycan (PG) accounts for 80% of the dry weight of young discs. However, in ageing and

degeneraƟon, PG content falls.37,38 Aggrecan is the largest contributor to the ΡG network and it

maintains disc hydraƟon under load via its osmoƟc properƟes.38,39 In a hydrated environment,

aggrecan imbibes fluid through the Gibbs-Donnan swelling pressure developed by the negaƟvely

charged glycosaminoglycans (GAGs). A posiƟve Ɵssue pressure is created by the non-compliant

network, consisƟng mainly of collagen II fibrils, and by external loads imposed by muscle acƟvity

and body weight. A fall in this swelling pressure is a sign of disc degeneraƟon.35

As well as these major components, thematrix contains a rich complex of minor collagens, other

proteins such as fibronecƟon and thrombospondin, small proteoglycans such as lumican, decorin

and biglycan, cytokines, growth factors and also proteases and their inhibitors.15

1.2.2 Annulus Fibrosus

The AF forms the outer part of the IVD and is arranged in 15-25 concentric lamellae. It consists

mainly of collagen bundles running obliquely from one vertebral body to the next.40 This organisa-

Ɵon of collagen provides tensile strength and anchors the disc to the bone. Interspersed between

the lamellae is a network containing elasƟc fibres and other proteins which maintains the integrity

of the collagen network.41 The lamellae are most densely packed in the outer region. Aggrecan

concentraƟon rises and collagen content falls towards the centre. Along with these changes, the

cells of the outer annulus consist of fibroblasƟc spindle type cells which progress centrally to more

rounded chondrocyte-like cells as seen in the NP.42
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Nucleus 
Pulposus

Annulus 
Fibrosus

Figure 1.4: Photograph of the bovine intervertebral disc showing the central nucleus pulpous and periph-
eral annulus fibrosus

1.2.3 End Plate

The carƟlaginous end plate is a layer of hyaline carƟlage which lies immediately cranial and caudal

to the IVD.43 Resembling arƟcular carƟlage, the end plate is normally avascular (the adjacent bone

is, and devoid of sensory innervaƟon.15 A thin layer of calcified carƟlage joins the carƟlaginous end

plate to the vertebral body. End plate properƟes are criƟcally important for IVD nutriƟon as the

endplate is the main pathway for diffusion of nutrients and metabolites into the disc. It tends to

calcify in ageing and pathology,44 thus restricƟng passage of nutrients into the nucleus and inner

annulus.45

The IVD is also surrounded by adipose Ɵssue which is discussed further in secƟon 1.5

1.2.4 NutriƟon of the IVD

The disc is the largest avascular Ɵssue in the body and receives nutriƟon by diffusion from blood

vessels near the AF or through the end plate.46,47 The NP is especially reliant on end plate diffusion

given the distance from the peripheral AF blood supply. This diffusion pathway can be affected by
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end plate calcificaƟon48 or carƟlage damage,49 as observed in ageing.

Impaired nutriƟonal inflow is compounded by the inability to remove metabolites from the disc.

As the IVD is relaƟvely avascular, glucose metabolism follows glycolyƟc pathways with lactate, a

acidic molecule the main byproduct. As lactate builds up, the local pH of the IVD decreases result-

ing in decreased cell acƟvity,50 impaired matrix synthesis,51,52 pain,53 apoptosis,54 and disc degen-

eraƟon.15

1.3 Intervertebral Disc DegeneraƟon

In disc degeneraƟon (Figure 1.2), the matrix breaks down and loses integrity, the nucleus desic-

cates and cracks, and osteophytes form. Disc height decreases and there is vascular and neural

ingrowth.15 Disc degeneraƟon is graded morphologically according to these matrix changes with

Grade 1 being normal and Grade 4 or 5 very degenerate.55

1.3.1 Biochemistry of Disc DegeneraƟon

IVDmatrix turnover is a normal part of growth and adaptaƟon. Matrix macromolecules are synthe-

sised by disc cells. Matrix breakdown is mediated by two groups of proteases, MMPs and A Disin-

tegrin AndMetalloproteinase with Thrombospondin MoƟfs (ADAMTS), which are in turn regulated

by Ɵssue inhibitors of metalloproteinasess (TIMPs). Disc cells can also produce these proteases

and inhibitors. An imbalance between matrix producƟon and destrucƟon underlies disc degener-

aƟon. In degenerate discs, the acƟvity of MMPs and ADAMTS increases and expression of TIMP

decreases.56 Degenerate discs also produce pro-inflammatory cytokines such as interleukin-1β (IL-

1β) and tumour necrosis factor-α (TNF-α), which potenƟate degeneraƟon by upregulaƟng MMPs

and ADAMTS.57,58 Other proteases such as lysosomal cathepsins are also involved in disc degener-

aƟon .59
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Group MMP Main Substrate

Collagenases MMP-1, -8, -13 Collagens I, II, and III
GelaƟnases MMP-2, -9 GelaƟn (degraded form of collagen) and collagen
Stromelysins MMP-3, -10 Collagen IV and fibronecƟn
Matrilysins MMP-7, -26 FibronecƟn, aggrecan and laminin

Table 1.1: MMPs organised by substrate specificity60,63

Matrix Metalloproteinases (MMP)

MMPs are a group of calcium-dependent, zinc-containing Ɵssue proteases.60 Mammalian MMPs

share a conserved catalyƟc and auto-inhibitory pro-pepƟde domain. Cleavage of this pro-pepƟde is

required to confer proteolyƟc acƟvity.61,62 MMPs can be broadly grouped by their primary substrate

(Table 1.1).60,63 Within the IVD, MMP-1, -2, -3, -9 and -13 amongst others have been found to be

produced by degenerate disc cells and thus increased in degeneraƟon.63–65

A Disintegrin And Metalloproteinase with Thrombospondin MoƟfs (ADAMTS)

ADAMTS are a group of 19 secreted proteases which unlike the MMPs are released in an acƟve

form.59,66 Aggrecan, the primary component of the NP, is the main substrate for ADAMTS-1, -4, -5,

-9 and -15. These five aggrecanases have all been implicated in disc degeneraƟon35,56,59,65 but the

most acƟve are ADAMTS-4 and -5, also known as aggrecanase-1 and -2.35,67

Tissue Inhibitor of Metalloproteinase (TIMP)

The four TIMPs (1-4) are the main regulators of MMP and ADAMTS acƟvity.62 Hence, Ɵssue de-

strucƟon is further controlled by the relaƟve amounts of MMPs/ADAMTS to TIMPs. There is broad

overlap in inhibiƟon of MMPs with TIMPs-1 and -2 displaying slightly greater inhibiƟon potenƟal.59

TIMP-3 is a potent inhibitor of the aggrecanases, ADAMTS-4 and -5.59,66,68,69 In disc degeneraƟon ,

there is a downregulaƟon of TIMP gene expression and protein producƟon.63,65
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Pro-Inflammatory Cytokines

A variety of pro-inflammatory mediators have been implicated in disc degeneraƟon and LBP. Tumor

necrosis factor-alpha (TNF-α), IL-1α, IL-1β, IL-6 and IL-17 are all produced by degenerate AF and NP

cells. These cytokines are involved in shiŌing the disc to a degradaƟve phenotype by upregulaƟng

MMP and ADAMTS.16,70 Both IL-1β and TNF-α increase the expression ofMMP-3, -13 and ADAMTS-

4 while decreasing the producƟon of aggrecan, collagen-1 and -2.57,58,71 These cytokines can also

upregulate pain generaƟngmolecules such as substance P,72 influence IVD cell differenƟaƟon,70 and

recruit inflammatory cells by promoƟng chemokine release by disc cells.73 IL-6 is also secreted by

disc cells. It acts by directly promoƟng degeneraƟon and pain or by increasing local IL-1β and TNF-

α.16 Molecules such as TNF-α-sƟmulated gene-6 (TSG6) and its binding protein, inter-α-inhibitor

(IαI) are found in the disc and may act to regulate the inflammatory cascade.74 Finally, exogenous

administered anƟ-inflammatory molecules are gaining increasing exposure as a useful treatment

adjunct for paƟents with disc degeneraƟon and LBP.23–25,75

1.3.2 Causes of Disc DegeneraƟon

Although it has long been known that intervertebral discs degenerate earlier than any other Ɵssue

in the body, the exact causes are sƟll not known. Age is the biggest risk factor. Environmental

factors such as driving, occupaƟon and heavy labour are not as significant as previously thought.76

Twin studies have indicated a strong geneƟc link77 and it was hoped that geneƟcs would provide

clarity to the complexity of spine phenotypes. However, despitemany studies, no geneswith strong

effects have been idenƟfied.78

Obesity plays a significant role inmulƟple disorders, including degeneraƟvemusculoskeletal con-

diƟons. It appears to be a significant risk factor for LBP79,80 and disc degeneraƟon81–85 but mecha-

nismswhich lead to these problems are poorly understood.79,85 Altered biomechanics could be one

mechanism which contributes to the development of the disorder.86 However, it has been shown

that limb fat mass, which would not alter spine biomechanics, is independently associated with

LBP.79 This raises the possibility of a biochemical link which is influenced by the chronic low-grade

inflammatory state seen in the obese populaƟon.87
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1.4 Obesity

1.4.1 Epidemiology of Obesity

Obesity is another public health epidemic that has been described as one the most important con-

tributors to worldwide disease burden.88 Increased body weight affects 33% of the global popu-

laƟon89 (Figure 1.5) and has been esƟmated to account up to 2.8% of a country’s total healthcare

expenditure.90 This proporƟon will inevitably increase with the overweight and obese populaƟon

reaching 3.3 billion in 2030 with a large contribuƟon expected from developing countries.89

Figure 1.5: Worldwide prevalence of overweight and obesity for BMI≥25kg/m2in adults of
both genders over 20 years. Data obtained from the 2010 Global Burden of Dis-
eases study and graphic sourced from the InsƟtute of Health Metrics and EvaluaƟon
(hƩp://vizhub.healthdata.org/obesity/)

1.4.2 Obesity, DegeneraƟon, and Pain

UnƟl recently, the link between obesity and spine problems was thought to be mechanical.91–93

However, this hypothesis has been recently challenged by recent systemaƟc reviews showing no
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relaƟonship between LBP and occupaƟonalmechanical loading such as awkward postures,94 stand-

ing,95 pushing/pulling,96 bending/twisƟng,97 liŌing,98 or carrying.99

Obesity is known to cause a systemic low grade inflammatory milieu with growing evidence for

a biochemical link between obesity, degeneraƟon of musculoskeletal Ɵssues and pain.87 Obesity

is associated with an elevated C reacƟve protein (CRP), a common and sensiƟve marker of inflam-

maƟon.100 In other disease processes, it is clear that obesity has a humoral influence. Perivascular

adipose Ɵssue, which is increased in obesity, has a direct link with the pathogenesis of atheroscle-

rosis.101 These same biochemical effects have been implicated in angiogenesis, an important step

in tumour metastasis,102 encephalomyeliƟs,103 inflammatory bowel disease,104 and most impor-

tantly osteoarthriƟs (OA).105 These biochemical effects are not limited to inflammaƟon and de-

generaƟon. Obesity can also influence and increase pain in fibromyalgia,106 migraines,107,108 and

depression.109,110

1.5 Adipokines: A Biochemical Link?

1.5.1 Background

Adipose Ɵssue or fat was once thought to be benign, serving as a source of energy. However,

current understanding views fat as a metabolic and endocrine organ. It is now recognised that

adipose Ɵssue produces cytokines, termed adipokines. These include the specific fat cytokines;

lepƟn, adiponecƟn, resisƟn and visfaƟn, as well as other more recognisable cytokines; IL-1, IL-6

and TNF-α.22,105,111

1.5.2 LepƟn

The geneƟc control of body weight was noted in 1950 by Ingalls et al.112 It was not unƟl 1994, that

the obese (ob) gene and its product, lepƟn, a 16kDa pleiotropic cytokine was discovered.113 This

finding heralded a new era in the understanding of obesity and its related disorders.

LepƟn is primarily produced by adipocytes but is also produced by mulƟple other body Ɵssues
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such as the placenta,114 stomach,115 carƟlage,116 bone,117 muscle,118 and importantly the IVD.119,120

In metabolic homeostasis, lepƟn provides an appeƟte suppression signal via the hypothalamus.

SimplisƟcally, a larger fat mass and hence more lepƟn, indicates adequate nutriƟon and thus fur-

ther energy intake is not required. A state of central or hypothalamic lepƟn resistance is present

in obesity and the negaƟve feedback of adequate nutriƟon, provided by lepƟn is lost.121 In a com-

pensatory response, circulaƟng lepƟn levels parallel body fat with greater levels seen in obesity.122

LepƟn levels are also influenced by other factors such as pro-inflammatory cytokines,105 oestro-

gen,105 psychological stress,123 and corƟcosteroid intake.124

It has been suggested that lepƟn is the primary biochemical mediator of the inflammatory,

degradaƟve, and pain-related effects obesity described above. Looking to carƟlage as an exam-

ple, lepƟn is reported to increase the synthesis of pro-inflammatory cytokines, pain generators

and destrucƟvemediators in knee osteoarthriƟs.125,126 Here, the sources of lepƟn are mulƟple and

include distant fat stores, the infrapatellar fat pad,127–129 osteoarthriƟc carƟlage,130 and bony os-

teophytes.130 In chondrocytes, lepƟn has been shown to increase the synthesis of:

i pro-inflammatory cytokines: IL-1β,127 IL-6 and IL-8,125

ii pain generators: prostaglandin E2 (PGE-2) and cyclooxygenase-2 (COX-2)125 and

iii destrucƟve mediators: nitric oxide (NO),125 MMP-1,126,131 MMP-3,126 MMP-9127 and MMP-

13126,127,131 by cells of the synovial joint.

Moreover, lepƟn potenƟates the matrix-degrading acƟvity of pro-inflammatory cytokines.125,131

Taken together, adipose Ɵssue and obesity appear to mediate OA progression.

It is hypothesised that a similar relaƟonship could exist with respect to spinal degeneraƟon and

pain. The cells of the IVD produce both lepƟn and its receptor.119,120 LepƟn alters pain sensiƟsa-

Ɵon in a lumbar nerve root compression model.132 Although a relaƟonship between adipokines

and spinal degeneraƟon and pain has been hypothesised, no clinical study has directly invesƟgated

any such role.79,82,133 LepƟn can reach the IVD via systemic circulaƟon, via release by adjacent

retroperitoneal adipose deposits and via producƟon by the disc cells itself.
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1.6 Summary

The pathways leading to degeneraƟon and pain are unclear. Clinically, spinal degeneraƟon may

cause but is not always associated with back pain. There is also another group of paƟents with no

clear cause for their pain. Given this uncertain relaƟonship, further invesƟgaƟon into other, non-

anatomical, predictors of LBP is required. There are risk factors common to both disc degeneraƟon

and LBP. Obesity is one of these.9,80,134–136

1.7 Thesis Hypotheses

The hypothesis behind this thesis is that obesity is associated with back pain and disc degeneraƟon

with biochemical factors playing an important role. Specific hypotheses are that:

1. LepƟn, an adipokine, can induce inflammaƟon and degeneraƟon in the IVD. This effect is

potenƟated in a pro-inflammatory environment.

2. Paraspinal fat is a local source of adipokines and pro-inflammatory cytokines with levels cor-

relaƟng to paƟent-reported symptoms.

3. On a populaƟon level, increased BMI is associated with the experience of greater back and

leg pain.

4. Obesity is an independent predictor of certain diagnosƟc paƩerns in the lumbar spine.

5. Obesity is associated with greater degeneraƟon of the lumbar spine. DegeneraƟon is quan-

Ɵfied as disc degeneraƟon, disc herniaƟon, and lumbar stenosis.

1.8 Thesis Aims and ObjecƟves

The main objecƟve of this work is to understand beƩer the relaƟonship between obesity, lumbar

spine degeneraƟon and low back pain. To address these hypotheses, this thesis aims to:
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1. IdenƟfy the responseof both IVD cell types to lepƟn in isolaƟonandwithin a pro-inflammatory

context.

2. InvesƟgate whether fat taken from symptomaƟc paƟents is related to clinical presentaƟon

and symptoms.

3. IdenƟfy plasma proteins which may be novel predictors of back pain or disc degeneraƟon.

4. Establish associaƟons between obesity and back pain, clinical diagnosis and spinal degener-

aƟon in a large heterogeneous paƟent populaƟon.

1.9 Thesis Structure

This thesis is a biochemical, clinical and epidemiological approach to answer the quesƟon of how

obesity influences spinal degeneraƟon and pain.

The first experimental chapter (chapter 3) invesƟgates the role of lepƟn, the main adipokine, in

intervertebral disc degeneraƟon. This in vitro work aƩempts to idenƟfy a biochemical relaƟonship

between obesity and disc degeneraƟon, in a cell culture model. This is followed by a clinical inves-

ƟgaƟon of plasma and local adipose Ɵssue adipokine levels. Pro-inflammatory mediators and the

relaƟonship to pain and clinical presentaƟon are also analysed (chapter 4).

The next three chapters (chapters 6, 7 , and 8) are an epidemiological approach to define the

relaƟonship between obesity and back/leg pain; clinical diagnosis; and MRI defined spinal degen-

eraƟon. A final summary is presented in chapter 9 with ideas for future invesƟgaƟons and studies.
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Key Points

• Back pain and obesity are significant public health problems with considerable

disease burdens.

• The causes of low back pain and disc degeneraƟon are mulƟfactorial. There has

been an urgent call in the literature to understand both of these in greater detail.

• Obesity is a factor which has been relaƟvely ignored in the lumbar spine.

• It is hypothesised that obesity is an important mediator of disc degeneraƟon, back

pain, and the clinical presentaƟon of spine paƟents.
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This chapter describes the laboratory methods used in chapter 3 and chapter 4. Methods relaƟng

to clinical study design are included in chapter 4 and a descripƟon of the Genodisc populaƟon along

with the staƟsƟcal methods are detailed in chapter 5.
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2.1 In Vitro Study

This secƟon relates to the in vitro experimentaƟon described in chapter 3.

2.1.1 Materials

All chemicals and reagents used are listed in Appendix A. Buffers are described in detail in Ap-

pendix B. Bovine caudal tails were sourced from 18-24 month caƩle from a local abaƩoir (Mutch-

Meats Ltd, Oxfordshire, UK). Tails were dissected and the IVDs isolated within four hours of slaugh-

ter.

2.1.2 Methods

Disc Cell IsolaƟon and Culture

Intervertebral Disc DissecƟon Prior to dissecƟon, tails were washed in sodium hypochlorite so-

luƟon at a concentraƟon of 10000ppm for 1 hour, followed by a brief wash with disƟlled water. All

dissecƟon was carried out under asepƟc condiƟons in a laminar flow hood.

Only the proximal six IVDs were dissected and used for all experiments. Firstly, the disc was dis-

sected completely from the surrounding fat and muscle. This was followed by separaƟon of the

cranial porƟon of the IVD from the carƟlaginous end plate which allowed the disc to be visualised

end-on as shown in Figure 2.1. The NP was idenƟfied centrally and separated from the inner an-

nulus. The AF studied consisted only of the outer 3mm of the IVD. The remainder of the IVD was

discarded. The outer AF was used due to the variable cell populaƟon and morphology of the inner

annulus.137

Disc Cell IsolaƟon Cell isolaƟon was achieved by enzymaƟc digesƟon with the individual compo-

nents of the IVD digested separately. Tissue explants were suspended in a soluƟon of Dulbecco’s

Modified Eagle’s Medium (DMEM) supplemented with anƟbioƟc–anƟmycoƟc soluƟon (2% volume

percent concentraƟon (v/v)). The Ɵssue was then incubated for 4 hours at 37 ◦C with protease
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Figure 2.1: Photograph of the bovine intervertebral disc with surrounding soŌ Ɵssues aŌer separaƟon
from the cranial end plate.

type XIV at a concentraƟon of 0.5mg/ml for the NP and 1.5mg/ml for the AF. This was followed by

incubaƟon with collagenase type I at a the same concentraƟons for a further 18 hours.

The digests were then filtered through a 50μmmesh, washed three Ɵmes in DMEM by repeated

centrifugaƟon at 2500g. The cell pellet was then resuspended in 5ml of DMEM. A 50μL aliquot of

the suspension was mixed 1:3 with trypan blue and counted on a haemocytometer to quanƟfy cell

numbers and viability. The suspension was used immediately for culture if cell viability was greater

than 95%.

Disc Cell EncapsulaƟon To provide amore physiological environment, the cells were encapsulated

in alginate beads. This techniquewas iniƟally described, by Gou et al. as amethod for chondrocyte

culture as itmaintains the spherical phenotype of a chondrocyte.138 This technique has been shown

to have similar benefits in IVD culture.137

In a modificaƟon of the protocol by Hauselmann et al. the cells were suspended in a soluƟon of

1.2% alginate at a concentraƟon of 4 million cells/ml.139 This suspension was extruded through a

21G needle into 102mM CaCl2 where insoluble calcium alginate beads are formed, encapsulaƟng
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the cells. Excess CaCl2 was removed by washing the beads thrice with phosphate buffered saline

(PBS). This procedure resulted in spherical alginate beads each of 15μl volume, containing 40,000

cells per bead.

Disc Cell and Explant Culture Unless otherwise stated, the iniƟal culturemediumusedwasDMEM

(low glucose, pyruvate, HEPES) at 380mOsm supplemented with anƟbioƟc anƟmycoƟc soluƟon

(A/A) (2% v/v) and foetal bovine serum (FBS) (10% v/v). Beads were cultured at a density of 1

million cells per ml of media. All culture was carried out at 37 ◦C, 100% humidity in 21% O2 and 1%

CO2.

End of culture Upon compleƟon of the experiment, alginate beadswere dissolved by the addiƟon

of citrate buffer (Appendix A) and centrifuged for 5 minutes at 2500rpm. The supernatant was

removed and digested with 2μl of papain at 60 ◦C for 24 hours. The cells were washed carefully

with PBS to remove any carryover citrate buffer and the ribonucleic acid (RNA) was extracted as

described below.

Outcome Measures

Lactate Assay

Owing to the low in-vivo oxygen pressure, both cell types of the IVD uƟlise anaerobic glycolysis as

the primary adenosine triphosphate (ATP) generaƟng pathway, even in the presences of oxygen.

Lactate is the major end product of this reacƟon and as such such provides a good representaƟon

of the metabolic acƟvity of both the NP and AF cells.140,141

The assay was performed using a commercially available kit. This enzymaƟc reacƟon is based on

theprinciple that lacƟc acid is converted to pyruvate and subsequently hydrogenperoxide by lactate

oxidase. The hydrogen peroxide produced allows horseradish peroxidase to catalyse the oxidaƟve

condensaƟon of chromogen precursors to a coloured dye that is read at 540nm on a microplate

spectrophotometer. Lactate dissolved in DMEM was used as standards. Results were normalised

to cell number.
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Glycosaminoglycan Assay

Sulphated GAGs are a major component of the IVD matrix and were measured as a marker of the

syntheƟc funcƟon of the cells.

This assay uƟlised is a modificaƟon of the technique described by Farndale and relies on the

colour change associatedwith the 1,9-dimethylmethylene blue (DMMB) dye at pH 6.8.142 This reac-

Ɵon was measured on a microplate spectrophotometer at 525nm. ChondroiƟn sulphate dissolved

in the papain buffer was used as a standard.

This analysis comes with two caveats. Firstly, this reacƟon is unstable as the GAG-DMMB com-

plexes precipitate rapidly leading to a decrease in absorbance.142 Hence, this reacƟon was read

within the first minute of iniƟaƟon. Secondly, the linear range for this assay is narrow and the su-

pernatant frequently requires diluƟon. Furthermore, alginate interferes with the GAG assay but

this was overcome by lowering the pH to 3.0.143 Results were normalised to cell number when

cultured in alginate beads.

Matrix Metalloproteinase QuanƟficaƟon

The acƟvity and relaƟve concentraƟons of MMPs were measured in the culture supernatant at

various Ɵme points.

Protein Assay Soluble protein was quanƟfied in the supernatant using the DC Protein Assay,

This is a modificaƟon of the calorimetric Lowry Folin-phenol assay144 with the advantage of rapid

colour development and temporal stability. Colour is developed in two stages. First, the reacƟon

between protein and copper sulphate occurs in an alkali environment. The copper-protein com-

plex subsequently reduces the Folin reagent producing molybdenum/tungsten blue which exhibits

maximum absorbance at 750nm.144 Serially diluted bovine serum albumin was used as standards.

QuanƟfying protein ensured equal loading in each well in the subsequent gel analysis.

GelaƟn Zymography Zymography is an electrophoreƟc techniques that allows for substrate de-

pendent idenƟficaƟon of specific MMPs at the picogram level.60 Specifically, gelaƟn zymography

idenƟfies MMP-2 (gelaƟnase-A) and -9 (gelaƟnase-B) in both the latent and acƟve forms.
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The technique used was a modificaƟon of that described by Hu et al.145 Briefly, 10μg of protein

from each sample was separated in 10% gelaƟn polyacrylamide gel under denaturing non-reducing

condiƟons. Sodium dodecyl sulfate (SDS) in the sample and running buffer denatured and thus

deacƟvated theMMPs. To allow for inter-gel comparison, 10ηg of recombinant humanMMP-2 was

used as a posiƟve control. The gel was run at a constant 125volts (Vs) for 75 minutes. Kaleidoscope

pre-stained standards was used as a molecular weight marker.

This was followed by twowashes with 2.5% v/v Triton X-100 to remove the SDS, reacƟvaƟng both

the pro-MMPs (without cleavage) and acƟveMMPs.60 The gels were subsequently incubated in the

zymogram renaturing buffer for 16 hours at 30 ◦C under gentle agitaƟon. This allowed the MMPs

Ɵme to digest the gelaƟn in the gel. AŌer incubaƟon, the gels were stainedwith 10ml of SimplyBlue

SafeStain, a colloidal Coomassie G-250 stain, and destained with 100ml disƟlled water.

The proteolyƟc enzymes are detecƟble as clear bands against a blue background. Bands were

quanƟfied using densitometry on ImageJ. All results were normalised to the posiƟve control, a 10ηg

band of MMP-2.

Western Bloƫng Western bloƫng allowed for visualisaƟon ofMMP-1, -3 and -13. The protocol

used was based on that provided by the manufacturer. (Amersham ECLWestern Bloƫng DetecƟon

Reagent InstrucƟons 28-9829-42)

To improve sensiƟvity, 100μg of protein was concentrated using StrataClean resin, a solid phase

silica-based resin. The samples were then mixed with 10μl of 2x Laemmli sample buffer with 2-

mercaptoethanol (2-ME) and boiled at 95 ◦C for 10 minutes. The samples were separated using

a 12% Mini-PROTEAN TGX Gel at a constant 200Vs for 35 minutes. Recombinant human MMP-

1, -3 and -13 western blot standards were used as posiƟve control and Kaleidoscope prestained

standards as a molecular weight marker.

Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane using the iBlot Gel

Transfer Device and iBlot Regular PVDF Transfer Stack. AŌer protein transfer, the membrane was

the blocked with 5% mass concentraƟon (w/v) ECL blocking soluƟon in 0.1% v/v PBS-Tween 20 (T)

for 1 hour at room temperature. This was followed by incubaƟon with diluted, bovine reacƟve,
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primary anƟ-MMP-1 , -3 and -13 anƟbodies in PBS-T at 4 ◦C overnight. AnƟbiody diluƟons used

were 1:1000, 1:1000 and 1:5000 respecƟvely. The membrane was rinsed three Ɵmes with PBS-

T for 10 minutes at room temperature followed by 1 hour incubaƟon in diluted (1:5000) donkey

anƟ-rabbit IgG ECL anƟbody.

Amersham ECL Plus Western Bloƫng DetecƟon reagent was pipeƩed on the membrane and in-

cubated at room temperature for 1 hour. Chemiluminescence was detected on Amersham ECL

Hyperfilm. Protein bands were quanƟfied by densitometry on ImageJ and normalised to the rele-

vant posiƟve standard.

MMP Fluorometric Assay The SensoLyte 520 Generic MMP Assay Kit was used to quaƟfy total

MMPs produced by IVD cells exposed to experimental condiƟons. Like zymography, this is a sub-

strate dependant reacƟon and uses a fluorescence resonance energy transfer pepƟde as a MMP

substrate.146 Both a fluorescent molecule, 5-FAM and a quencher, QXL520, is bound to this pep-

Ɵde. When intact, the fluorescence is suppressed by QXL520. Exposure to MMPs leads to cleavage

of the pepƟde and liberaƟon of fluorescence which is detected at 490nm excitaƟon and 520nm

emission wavelengths in relaƟve fluorescence units. The assay is able to detect the presence of

MMP-1, -2, -3, -7, -8, -9, -12, -13, and -14 down to nanogram concentraƟons. All MMPs were ac-

Ɵvated using amino-phenyl mercuric acetate (APMA) immediately prior to the measurement and

the manufacturer’s technical protocol was followed.

QuanƟficaƟon of Gene Expression

At the compleƟon of the experiments, cells were isolated and gene expression quanƟfied to com-

pare relaƟve differences between controls and treated condiƟons.

RNA ExtracƟon and PurificaƟon RNA was isolated using the Qiagen RNeasy Mini Kit. Cells

were lysed using the provided RLT buffer with 2-ME, inacƟvaƟng RNases and releasing the RNA.

HomogenisaƟon, to reduce sample viscosity, was achieved with the QIAshredder. The remainder

of the RNA extracƟon followed the followed the PurificaƟon of Total RNA from Animal Cells Un-

sing Spin Technology Protocol provided by Qiagen. In short, the homogenate was combined with
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70% ethanol and applied to a silica membrane, to which RNA binds. Repeated washing and cen-

trifugaƟon with the provided buffers purifies the RNA, which is finally eluted in RNase/DNase free

water.

RNA concentraƟon andpuritywas assessed using aNanoDrop 1000 spectrophotometer. Samples

were only used if the 260:280 raƟo was greater than 1.75. Genomic deoxyribonucleic acid (DNA)

was eliminated from the RNA by adding Precision DNase and heaƟng to 55 ◦C. This DNAse enzyme

has no acƟvity against RNA.

Complementary DNA Synthesis Complementary DNA (cDNA) was synthesised from the RNA

samples using the nanoScript reverse transcripƟon premix (PrimerDesign RT-premix-48), which in-

cludes oligodT and random primers. This reacƟon accommodates up to 2μg of RNA and yields a

volume of 10μl.

NormalisaƟon Gene SelecƟon The normalisaƟon gene (NG), also known as the housekeeping

gene or internal control gene, is an essenƟal part of evaluaƟng qPCR data. Strict normalisaƟon of

data is needed to control for a variety of factors, which include the total amount of template cDNA,

the cell type, and primer efficiencies.147 A NG used for one experimentaƟon protocol may not be

suitable for another.148 Given this, expression profiling under the experimental condiƟon of interest

is required to select a suitable number of NGs to ensure valid results.147

Commonly used NGs for qPCR involving the bovine IVD are glyceraldehyde-3-phosphate de-

hydrogenase (GAPDH),149–151 hypoxanthine guanine phosphoribosyltransferase (HPRT)152 and the

18s ribosomal subunit (18s rRNA).153,154 There are no published reports of a NG expression stability

assessment for the bovine IVD. Using IVD cells and chondrocytes from other species as a guide, the

18s rRNA155–158 and GAPDH155,157 appear some of the least stably expressed NGs tested, although

commonly used.

The genes listed in Table 2.1 were selected to examine expression stability in the system tested.

A bovine primer for GAPDH was unavailable for this tesƟng.

Samples from both NP and AF cells, treated with lepƟn, were used in this qPCR experiment
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Symbol Name Accession Number FuncƟon

EIF2B2 eukaryoƟc translaƟon iniƟa-
Ɵon factor 2B

NM_001015593.1 Protein synthesis

ACTB β-acƟn NM_173979.3 Cell structure and integrity
SDHA succinate dehydrogenase

complex A
NM_174178.2 Electron transport chain

PP1A protein phosphatase 1, α
isozyme

NM_001035316.2 Cell division, protein sythesis

HPRT1 hypoxanthine phosphoribo-
syltransferase 1

NM_001034035.2 Purine synthesis via the
purine salvage pathway

18s ribosomal protein S18 NM_001033614.2 18s ribosomal subunit

Table 2.1: Genes assessed for expression stability under experimental condiƟons described in subsubsec-
Ɵon 2.1.2

with the primers from the six genes in Table 2.1. Data analysis was conducted using the validated

GeNorm algorithm designed by Vandesompele et al.147 The algorithm relies on the principle that

the expression raƟo of two ideal NGs is constant in all samples. Any variaƟon in this raƟo would

suggest that either one of the genes is variably expressed.

TheM (Figure 2.2) value gives a measure of the average stability of a selected NG based on the

pairwise variaƟon of the selected NGwith all the other NGs in the experiment. NGs with the lowest

M value have themost stable expression. In this system, the twomost stably expressed genes were

EIF2B2 and ACTB (Figure 2.2). InteresƟngly, two commonly used NGs as cited in the literature, 18S

and HPRT1, were the least stable in this experiment. If either of these NGs had been chosen, based

on the literature or previous experience, interpretaƟon of results may have been compromised.

The GeNorm algorithm also calculates a normalisaƟon factor (NF) for each gene based on the

geometric mean of its expression profile. The geometric mean is preferred to the arithmeƟc mean

as it less suscepƟble to outliers.147 To determine the ideal number of NGs to use, another pairwise

variaƟon calculaƟon V is made and is defined as n/(n+1), where n is the number of genes assessed

(Figure 2.3). It measures the effect of adding further NGs (n+1) on the NF obtained from n NGs.

AddiƟonal NGs are added unƟl there is no significant variaƟon in the calculated NF. Vandesompele

et al. defined a cut-off level of variaƟon as 0.15, below which no further NGs are required.147
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Figure 2.2: Ranking of the stability of six potenƟal normalisaƟon genes. Expression stability (M) of nor-
malisaƟon genes in both cell types (NP and AF) under lepƟn sƟmulaƟon. The lower the (M)
value, the more stable the NG.
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Figure 2.3: Pairwise variaƟon (V) to determine the opƟmal number of control genes for an accurate nor-
malisaƟon factor (Vn/(n+1)). The variaƟon between two consecuƟve normalisaƟon factors with
n and n+1 genes. Red line represents the cut-off level of variaƟon below which no further NGs
are required. * represents opƟmal number of control genes for normalisaƟon.
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It is generally accepted that more than one NG should be employed in qPCR experiments.159

Figure 2.3 shows that with two NGs, the addiƟon of a third (V2/3) has no significant effect on NF

variaƟon. VariaƟon is increased further with the addiƟon of more NGs. In this situaƟon, two NGs

provide the ideal normalisaƟon strategy. Finally, given ACTB and EIF2B2 are the most stably ex-

pressed (lowestM value in Figure 2.2) these genes were chosen for qPCR normalisaƟon.

Real-Time QuanƟtaƟve PCR (RT-qPCR) OligonucleoƟde primers, listed in Appendix C were de-

signed and validated by PrimerDesign. All PCR reacƟons uƟlised the 2x Precision Mastermix with

SYBR green dye according using the protocol supplied by PrimerDesign. Each reacƟon volume was

20μl that consisted of 12.5μg of cDNA and primers at a 300nM concentraƟon.

The amplificaƟon protocol consisted of a hot start with 10minutes at 95 ◦C followed by 40 cycles

of 15 seconds denaturaƟon at 95 ◦C and 60 seconds data collecƟon at 60 ◦C. The reacƟon was

read on the ABI Prism 7000 (Applied Biosystems). MelƟng curves were performed at the end of

40 cycles to ensure a single amplificaƟon product. All data were analysed using the 2-∆∆Ct method

with staƟsƟcal analysis performed using Student’s t-test as described by SchmiƩgen and Livak.160

StaƟsƟcal Analysis

All data is presented as the mean ± standard error of the mean (SEM) of at least three biological

replicates (n≥3). StaƟsƟcal analysis was performed using GraphPad Prism version 6.0. Comparison

across mulƟple groups was achieved using the two way analysis of variance (ANOVA) with Bonfer-

roni correcƟon for mulƟple comparisons. A P value ≤ 0.05 was considered staƟsƟcally significant.

2.2 Ex Vivo Study

The general methods relaƟng to this observaƟonal study are detailed in the secƟon below with

specific study design methods detailed in chapter 4. At the Ɵme of surgery, paraspinal adipose

Ɵssue, serum and plasma was obtained from spinal paƟents and processed as described below.
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2.2.1 Materials

The materials used for the analysis of biological samples obtained from paƟents, along with the

suppliers, are listed in Appendix A.

2.2.2 Methods

Adipose Tissue Explant Culture

Adipose Ɵssuewas acquired at the commencement of surgery near the locaƟon of the skin incision.

Approximately 500 to 1500mgwas received from each paƟent. Each sample had amaximumwarm

ischemia Ɵme of 15 minutes prior to stabilisaƟon at 4 ◦C in DMEM-Ham’s F12 nutrient mixture

(F12).

The adipose Ɵssue was processed according to the modified protocol described by Fain et al.161

The explants were iniƟally morcellised into to approximate 1-2mm3 pieces. These were the resus-

pended in DMEM and centrifuged at 350rpm for 1 minute thus separaƟng adipose Ɵssue, which

floated, from connecƟve Ɵssue and blood, which formed a pellet. The adipose Ɵssue was removed,

dried with sterile gauze and weighed into approximately 500mg fracƟons.

FracƟons were then cultured for 48 hours in 2.5ml of DMEMper 500mg of Ɵssue. Themedia was

supplemented with 2% v/v A/A and DMEM-F12. Culture was performed in duplicate if the iniƟal

Ɵssue volume allowed. Media was changed at 24 hours and this was analysed.

Serum and Plasma PreparaƟon

Venous blood samples were obtained at the Ɵme of anaestheƟc inducƟon. As the paƟents were

presenƟng for surgery, they had been fasƟng for at least eight hours. Serum was collected in a

serum separaƟon tube and allowed to clot for one hour. Plasma was collected with ethylenedi-

aminetetraaceƟc acid (EDTA), an anƟcoagulant. Both samples were centrifuged at 5000rpm for 10

minutes, separated into aliquots and stored at -80 ◦C unƟl analysis as described below.
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Single and MulƟplex Immunoassay

LepƟn, adiponecƟn and 10 pro-inflammatory cytokines in the adipose explant culture supernatant

and plasma, were measured using the Meso Scale Discovery Assay System. LepƟn and adiponecƟn

weremeasured in singleplex, one protein target per well, where as the pro-inflammatory cytokines

were measured in mulƟplex, 10 targets per well (Figure 2.4). The benefits of this system over a

tradiƟonal enzyme-linked immunosorbent assay is the large dynamic range of detecƟon and the

ability to examine mulƟple proteins within a single well.

18094-v2-2014Mar | 7 

Principle of the Assay 
MSD cytokine assays provide a rapid and convenient method for measuring the levels of protein targets within a single, small-
volume sample. The assays in the Proinflammatory Panel 1 (human) are sandwich immunoassays. MSD provides a plate pre-
coated with capture antibodies on independent and well-defined spots, as shown in the layout below. Multiplex assays are provided 
on 10-spot MULTI-SPOT® plates (Figure 1); individual assays are provided on Small Spot plates (Figure 2). The user adds the 
sample and a solution containing detection antibodies conjugated with electrochemiluminescent labels (MSD SULFO-TAGTM) over 
the course of one or more incubation periods. Analytes in the sample bind to capture antibodies immobilized on the working 
electrode surface; recruitment of the detection antibodies by the bound analytes completes the sandwich. The user adds an MSD 
buffer that creates the appropriate chemical environment for electrochemiluminescence and loads the plate into an MSD instrument 
where a voltage applied to the plate electrodes causes the captured labels to emit light. The instrument measures the intensity of 
emitted light to provide a quantitative measure of analytes in the sample. V-PLEX assay kits have been validated according to the 
principles outlined in “Fit-for-Purpose Method Development and Validation for Successful Biomarker Measurement” by J. W. Lee, 
et al.39 

 
1. IFN-J 
2. IL-1E 
3. IL-2 
4. IL-4 
5. IL-6 
6. IL-8 
7. IL-10 
8. IL-12p70 
9. IL-13 
10. TNF-D 

 
Figure 1. Multiplex plate spot diagram showing placement of analyte capture antibodies. The numbering convention for the different spots is 
maintained in the software visualization tools, on the plate packaging, and in the data files. 

 

Figure 2. Small Spot plate diagram showing placement of analyte capture antibodies. 

  

Figure 2.4: SchemaƟc depicƟng the mulƟplex sandwich immunoassay principle.(© MesoScale DiagnosƟcs
LLC)

The assay is principally an electro-chemiluminescent sandwich immunoassay. Briefly, a capture

anƟbody is pre-coated to an electrode within a 96-well plate. When sample is added, the protein

of interest binds to the capture anƟbody. A chemiluminescent labelled detecƟon anƟbody is then

added, this also binds to the protein thus compleƟng the ’sandwich’. A voltage is then passed

through the plate causing the labelled anƟbody to emit light, the intensity of which correlates the

quanƟty of protein (Figure 2.4).

Liquid Chromatography–Mass Spectrometry

Liquid chromatography (LC) with mass spectrometry (MS) is a powerful exploratory proteomic an-

alyƟcal tool which provides an unbiased assessment of the proteins present in a biological sample.

In its broadest formMS can detect, idenƟfy, quanƟfy proteins and their associatedmodificaƟons by

measuring the masses of pepƟdes and using a protein sequence database to idenƟfy the proteins

present.162 MS is also very sensiƟve with a detecƟon range into the femtomole range.163 Plasma
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samples from paƟents were analysed by LC-MS to idenƟfy novel proteins. The LC-MS workflow is

described below.

Abundant Protein DepleƟon

Due to the large dynamic range of proteins in plasma, proteome analysis is complex with trace pro-

teinMS signal suppressed by highly abundant proteins.164–167 It has been esƟmated that only a few

abundant proteins, such as albumin and immunoglobulin (Ig)G make up 90% of total plasma pro-

teins.168 For example, the concentraƟon of albumin, the most abundant plasma protein is approx-

imately 10 orders of magnitude greater than that of ”more interesƟng” proteins such as cytokines

and chemokines (Figure 2.5).165

marker recovery efficiency of about 5%). A protein such as
troponin-T, of which only 8% is cytosolic (104), is released at
a 300-fold lower level (!10 ng/ml following reperfusion ther-
apy for myocardial infarction (108)), indicating a much lower
marker recovery efficiency. In the future, all tissue proteins will
be candidate damage markers, and they will be sought at
even lower abundance levels, raising important questions
about the normal background levels of tissue destruction and
remodeling in healthy individuals.

Cytokines, which in general act locally (at the site of infec-
tion or inflammation), are probably not active at their normal
plasma concentrations (or even at the higher levels after a
major local release) because they are diluted from microliter or
milliliter volumes of tissue into 17 liters of interstitial fluid.
Hence they are in a sense leakage markers as well, although
their presence in plasma does not indicate cell breakage.

The question of sensitivity ultimately required for plasma
proteome measurement is not easy to answer. The theoretical
limit is clearly calculable as a single protein molecule (of e.g.
60 kDa) in a practically analyzable plasma sample (e.g. !1 ml):
this is 10"7 pg/ml (!1 zeptomolar), or 7–8 orders of magni-
tude more sensitive than current immunoassay technologies.
A technology to make such measurements would require a

dynamic range of more than 1017 (between the analyte and
albumin), exceeding even the capabilities of accelerator mass
spectrometry (109) and approaching some hard physical lim-
its. Nevertheless it is clear that sub-pg/ml sensitivities (low
femtomolar concentrations and below) will be needed to allow
measurement of many of the tissue proteins that might leak
into the plasma. Whether this is compatible with a simultane-
ous capability to measure many proteins remains to be seen.

PLASMA PROTEIN THERAPEUTICS

Although in this review we focus on the measurement and
diagnostic potential of the plasma proteome, it is important to
realize that plasma is collected, handled, and used on a larger
scale than any other material arising in human biology, a scale
approaching that of agriculture or brewing. Over 22 million
liters of plasma are used worldwide by plasma fractionators
each year to generate human therapeutic proteins.6 The major
products prepared, in terms of amount, are human serum
albumin and intravenous immunoglobulin, of which, respec-
tively, !50,000 and 25,000 kg are distributed in the United

6 Plasma Protein Therapeutics Association, Industry Facts at
www.plasmatherapeutics.org/ppta_worldwide/wo_industry_facts.htm.

FIG. 3. Reference intervals for 70 protein analytes in plasma. Abundance is plotted on a log scale spanning 12 orders of magnitude.
Where only an upper limit is quoted, the lower end of the interval line shows an arrowhead. The classical plasma proteins are clustered to the
left (high abundance), the tissue leakage markers (e.g. enzymes and troponins) are clustered in the center, and cytokines are clustered to the
right (low abundance). Hemoglobin is included (far left) for comparison. Data were obtained from the Specialty Laboratories publications (154).
TPA, tissue plasminogen activator; GCSF, granulocyte colony-stimulating factor; TNF, tumor necrosis factor.

The Human Plasma Proteome

856 Molecular & Cellular Proteomics 1.11

Figure 2.5: Graph showing the dynamic range of proteins in normal human plasma. This research was
originally published in Molecular & Cellular Pharamcology. Anderson & Andreson. The Human
Plasma Proteome. Molecular & Cellular. 2002; 1:847-867.165 © The American Society for Bio-
chemistry and Molecular Biology.”

In an effort to overcome sampling issues, methods have been developed to deplete abundant

proteins while retaining potenƟal proteins of interest. In this study, two methods were trialled in

an aƩempt to idenƟfy the opƟmal technique for improvement of protein discovery.

ImmunoaffinityHighAbundant ProteinDepleƟon This immunoprecipitaƟon techniqueuƟlises

resin-immobilised anƟ-protein anƟbodies which bind to and subsequently deplete abundant pro-
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teins. The Pierce Top 12 Abundant Protein DepleƟon spin columns removes greater than 95% of

the 12 most abundant plasma proteins (albumin, Ig G, α1-acid glycoprotein, α1-anƟtrypsin, α2-

macroglobulin, apolipoprotein A-I, apolipoprotein A-II, fibrinogen, haptoglobin, IgA, IgM, and trans-

ferrin) thus improving the number of ”interesƟng” proteins idenƟfiable.

The procedure for abundant protein removal involves loading 10μl of plasma into a pre-loaded

spin column. The columns are incubated at room temperature for 60 minutes with gentle mix-

ing allowing the proteins Ɵme to bind to their corresponding anƟbodies. Subsequent centrifuga-

Ɵon elutes the unbound proteins in a buffer (10mM PBS, 0.15M NaCl, 0.02% azide, pH 7.4) that is

suitable for downstream LC-MS analysis. Bound proteins remain aƩached to the resin in the spin

column which is then discarded. The proteins in eluate were then digested.

A diverse range of abundant proteins can be depleted using this technique. However, complete

depleƟon will lead to a loss important protein complexes. Analysis of co-depleƟon proteins has

shown that more than 80% of plasma proteins detected on MS are bound to albumin or IgG.169,170

Low Abundant Protein Enrichment using Solid Phase Combinatorial HexapepƟde Ligand Li-

braries This technique is based on the principle of affinity chromatography. Porous chromato-

graphic beads (solid phase) are divided into equal batches and aƩached to hexapepƟde/amino

acid sequence. The same sequence is bound to each bead batch which then binds to a unique

and reciprocal sequence of proteins in the plasma sample.168 The ProteoMiner Protein Enrichment

kit contains a library of 64 million unique pepƟde sequences. It is suggested that this vast library is

likely to capture nearly any possible protein.171 The Small-Capacity ProteoMiner spin columnswere

used in experimentaƟon.

AŌer equilibraƟon, columns were washed thrice with PBS by centrifugaƟon at 1000rpm for 60

seconds. At least 200μl of plasma was loaded into each column and incubated for two hours under

gentle agitaƟon allowing proteins to bind to the hexapepƟdes. Following this, the columns were

centrifuged and the flow through discarded. Highly abundant proteins, such as albumin, quickly

saturate their ligands (blue and yellow in Figure 2.6), remain in soluƟon and are washed out. Con-

versely, low abundance proteins (green and grey in Figure 2.6) are concentrated on their beads.

AŌer three more washes with PBS, the bound proteins were eluted from the beads using the elu-

31



CHAPTER 2. GENERAL MATERIALS AND METHODS 2.2. EX VIVO STUDY

Ɵon reagent (8 M urea with 2% CHAPS) and digested for mass spectometry.

for the preparation of the library. All amino acids are used except
those that generate secondary reactions, such as cysteine and
methionine. Each bead subreaction batch receives a different
amino acid, which is chemically attached to the beads. Then all
the sub-batches are mixed together, extensively washed and split
again into the same number of subreaction batches as before. After
that, a second amino-acid-grafting reaction follows on the model of
the first reaction and the cycle continues until reaching the
hexapeptide ligand length. The library thus obtained comprises
millions of affinity baits. Single baits are
attached to different beads at an approx-
imate density of 50 mmol ml!1 of settled
bed. The library achieves statistically the
task of partnering with each single protein
present in a biological fluid, thus concen-
trating low-abundance proteins while redu-
cing the levels of the high-abundance ones,
when used under large overloading condi-
tions. Although theoretically there is a single
ligand for a single protein, in reality there are
numerous situations where a given protein
could interact with various hexapeptides,
especially when they are structurally similar
to one amino acid differently located
or replaced by another similar amino acid.
Various examples are reported in the litera-
ture for the identification of affinity peptides
for several proteins23–28, such as the human
alpha-1-proteinase inhibitor25 and the altered
conformation of prion protein28. Table 1
summarizes some described proteins specific
for hexapeptides discovered with combina-
torial libraries. A large number of affinity
situations are created when mixing such
ligand libraries and proteins, thus rendering
the method applicable to many situations of

protein extracts even from different species, which is not the case with
antibodies. This novel sample treatment for the detection of low-
abundance proteins is detailed in this protocol.

Basis of the technology
Schematically the technology works on the principle of affinity
chromatography where the sample is loaded under large over-
loading conditions and is added to a very large number of affinity
solid-phase sorbents mixed together (the peptide ligand library).
The entire process is illustrated in Figure 1. An extremely large
number of specific sorbents, each of them carrying a given
hexapeptide ligand, are mixed together and then loaded with a
biological sample. Proteins are captured by their respective specific
ligand under physiological conditions, until saturation is reached,
whereas the excess, unbound proteins are washed away from the
mixed bed. Proteins present at a high concentration rapidly saturate
their specific bead ligands so that the vast majority of the same
protein remains unbound. Conversely, low-abundance proteins
concentrate on their ligand up to saturation, depending on both
their concentration in the initial sample solution and the loading
volume. Thus, on the basis of the saturation-overloading chroma-
tographic principle, a solid-phase ligand library enriches trace
proteins while concomitantly reducing the concentration of abun-
dant species. This principle is valid if dissociation constants are
compatible with the concentration of very dilute proteins and if the
variety of ligands from the library covers at least all necessary
affinity interactions to capture all proteins present in the sample.
The structure diversity represented by millions of hexapeptide
ligands used in the present protocol is large enough to ensure
high probability of formation of an affinity complex with each
protein from the sample. At the end of the loading phase, a washing
step ensures that all non-captured proteins are eliminated from

  p uor
G  gn ih si lbu

P eru ta
N 800 2

©
na

tu
re

pr
ot

oc
ol

s
/

moc.erut an.
w

w
w//:ptth

TABLE 1 | Identified hexapeptide partners for known targeted
proteins.

Protein
Selected peptide
partner Reference

Coagulation factor IX YANKGY 23

Von Willebrand factor RLRSFY 24
RVRSFY

Alpha-1-proteinase inhibitor VIWLVR 25
RYRIFI
RAFWYI
RFIYYT

Fibrinogen FLLVPL 26

Anti-insulin antibodies FDWNSG 27
EFDWNH
YAFDWS
RWEDWM

Prion protein GLERPE 28

a

b c e

d

f

Figure 1 | Schematic representation of the process for reduction of the dynamic concentration range of
proteins constituting a mixture. The sample (a), comprising various proteins (different colors), each of
them present at different concentrations, is put in contact with the ligand library (b) where each bead
captures the corresponding partner up to saturation (c). Excess of proteins (namely yellow and blue
proteins) (d) are washed out and from the saturated library, proteins (e) are desorbed and collected (f).
The collected sample contains the same proteins as present initially, but the proportions are very
different, thus allowing the detection of many more proteins.
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PROTOCOL

Figure 2.6: SchemaƟc describing the protein enrichment process using combinatorial hexapepƟde lig-
and libraries. Various plasma proteins a) are incubated with hexapepƟde ligand library b) unƟl
each bead binds its corresponding protein unƟl saturaƟon c). The unbound protein d) is washed
and discarded while the bound fracƟon e) is eluted f) and used in downstream MS.(Copyright
License Number 3458220406196 provided by Nature Publishing Group)172

This technique effecƟvely depletes highly abundant proteins while enriching trace proteins thus

reducing the dynamic range of the sample and retaining protein complexes which may be lost dur-

ing immunoaffinity depleƟon. A concern with hexapepƟde ligand enrichment is that the relaƟve

protein concentraƟons may be altered thus making results difficult to quanƟfy.172 However, it has

been found that the iniƟal protein proporƟons remained unchanged for serum spiked with var-

ious concentraƟons of complex protein samples and subsequently processed with Proteominer,

suggesƟng the MS results are sƟll quanƟfiable.168

Protein DigesƟon

To generate pepƟdes suitable for LC-MS analysis, the proteins obtained above were digested with

trypsin either in-gel or in-soluƟon.
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In-Gel DigesƟon The proteinswere run onto the top of a 12%Mini-Protean TGXGel and stained

with InstantBlue, a Coomassie based stain. The protein band was cut into 1-2mm3 pieces and

washed twice for a total of 18 hours in a wash soluƟon (1ml, 50% methanol, 5% aceƟc acid). The

supernatant was removed and the gel pieces dehydrated in acetonitrile under gentle agitaƟon.

Disulphide bonds were reduced using 10mM dithiothreitol (DTT) followed by alkylaƟon with

100mM iodoacetamide. Following this, gel pieces werewashed by repeated dehydraƟon, with ace-

tonitrile, and rehydraƟon with 100mM ammonium bicarbonate. The gel pieces were dehydrated,

dried and rehydrated with freshly prepared trypsin soluƟon (150μl, 10ηg/μl MS grade trypsin in

50mMammoniumbicarbonate). AŌer rehydraƟon, excess trypsin soluƟonwas removed and 200uL

of 50mM ammonium bicarbonate was added to prevent dehydraƟon. DigesƟon was carried out at

37 ◦C for 18 hours.

PepƟdes from the gel pieces were extracted sequenƟally using 50mM ammonium bicarbonate,

followed by 50% acetonitrile with 5% formic acid and finally with 85% acetonitrile and 5% formic

acid.

In-SoluƟon DigesƟon The proteins in suspension were dehydrated in a vacuum centrifuge fol-

lowedby resuspension in 7.2Murea and 100mMammoniumbicarbonate. ReducƟon and alkylaƟon

was achieved with 45mM DTT and 100mM iodoacetamide respecƟvely. The urea was then diluted

to 1M with ultra-pure water and 10mM ammonium bicarbonate. Freshly prepared 10ηg/μl MS

grade trypsin was added in a raƟon of 1:25 trypsin to protein. DigesƟon was carried out overnight

at 37 ◦C. The reacƟon was the quenched with 10μl of glacial aceƟc acid. PepƟdes were extracted

from soluƟon using Isolute-PH solid phase extracƟon columns and eluted into 80% acetonitrile and

0.1% formic acid.

The final step of sample preparaƟon was the same for both in-gel and in-soluƟon digesƟon. The

extracts were then concentrated in a vacuum centrifuge, resuspended in 20μl of 5% acetonitrile,

0.1% formic acid in an ultrasonic bath and transferred to a LC-MS vial.

LC-MS Equipment

Samples were analysed by UlƟmate 3000 nano-HPLC system (Dionex, Sunnyvale, CA, USA) which
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was coupled by an electrospray ionisaƟon (ESI) interface to a 3D high capacity ion trap mass spec-

trometer (amaZon; Bruker Daltonics).

Database Searching and Data Analysis

Using the UniProt_SwissProt database with human restricƟon, searches were performed using the

Mascot (version 2.4) algorithm,173 a probability based scoring system. The following parameters

were applied: 2+, 3+ and 4+ ions, pepƟde mass tolerance 0.3 Da, 13C = 2, fragment mass toler-

ance 0.6 Da, number of missed cleavages: two, instrument type: ESI-TRAP, fixed modificaƟons:

CarbamidomethylaƟon (Cys), variable modificaƟons: OxidaƟon (Met).

OperaƟon of the LC-MS equipment and database searching was performed in conjuncƟon with

Dr Holger Kramer, OXION, Oxford University.
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This chapter invesƟgates the hypothesis that fat-specific cytokines can induce and influence inter-

vertebral disc degeneraƟon. A bovine IVD model was exposed to varying concentraƟons of lepƟn,

alone or in combinaƟon with other pro-inflammatory cytokines, TNF-α, IL-1β or IL-6. It was found

that lepƟn in isolaƟon can induce degeneraƟon of the IVD. These effects are potenƟated in a pro-

inflammatory environment. Taken together, this suggests lepƟn could be an important mediator

of disc degeneraƟon and a biochemical link between obesity and disc degeneraƟon.
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3.1 IntroducƟon

Adipokines are fat-specific cytokines which have deleterious effects on musculoskeletal Ɵssues.

LepƟn and its receptor have been localised in the IVD but apart from this liƩle about the possible

role of lepƟn in the disc is known.119,120 More is known about the effect of lepƟn on arƟcular carƟ-

lage. MulƟple authors have shown that lepƟn can upregulate degradaƟve enzymes126,131 and lead

to local expression of pro-inflammatory cytokines in OA.125 Given the similariƟes between carƟlage

and the IVD, it was thought lepƟn couldmediate similar degradaƟve processes in the IVD and prove

to be a biochemical link between obesity and disc degeneraƟon .

3.2 Hypothesis

That lepƟn, an adipokine, can induce inflammaƟon and degeneraƟon in the IVD. This effect is po-

tenƟated in a pro-inflammatory environment.

3.3 Experimental Plan

The experimental process is summarised in Figure 3.1. AŌer isolaƟon, described in chapter 2, cells

were placed inmedia supplementedwith 10% FBS for 24 hours, followed bymediawith no FBS for a

further 24 hours, to allow the cells to equilibrate to the condiƟons. LepƟn alone, at a concentraƟon

of 5, 10 or 25μg/ml, was then added to the cells in serum-free medium for 48 hours. The concen-

traƟons used are in keeping with those used on chondrocytes.131 At the end of the experiment, the

media and alginate were stored for later analysis while RNAwas extracted from the cells. Following

a similar protocol, cells were also exposed to the pro-inflammatory cytokine (TNF-α, IL-1β or IL-6)

alone, at concentraƟons of 0.1, 1.0, 10 or 100ηg/ml, or in combinaƟon with lepƟn at 25μg/ml. This

combinaƟon of cytokines and lepƟn aimed to mimic the pro-inflammatory environment described

in disc degeneraƟon16 and herniaƟon.21 The concentraƟon of 25μg/ml for lepƟn was chosen for

the pro-inflammatory experiments as this showed the greatest effect in isolated culture.

Lactate producƟon rates were measured as a marker of cell metabolism. GAG and MMP pro-
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ducƟon were quanƟfied to assess the respecƟve anabolic and catabolic funcƟons of the AF and NP

cells. Finally, real Ɵme quanƟtaƟve polymerase chain reacƟon (RT-qPCR) was used to assess the

changes in gene expression in response to changes in experimental condiƟons.

AF#and#NP#isola-on#
from#bovine#IVD#

24#hr#with#FBS,#24#hr#without#FBS#

Lactate#Produc-on

Culture

Analysis

±TNFDα,#ILD1β#or#ILD6#
Lep/n0

48#hr#without#FBS#

Culture

Nitric#Oxide#
Produc-on

GAG##
Produc-on

MMP##
Produc-on

Quan-ta-ve##
RTDPCR

Figure 3.1: In Vitro Experimental Plan

3.4 Results

3.4.1 LepƟn In IsolaƟon

Lactate ProducƟon Rate LepƟn alone had minimal effect on cellular metabolism. In the AF, there

was no discernible change in lactate producƟon with increasing lepƟn concentraƟon. The NP how-

ever showed a trend for a fall in metabolism with increase in lepƟn concentraƟon, but this did

not reach staƟsƟcal significance (Figure 3.2A). Lactate producƟon per cell was significantly greater

under all condiƟons for NP than for AF cells.

Glycosaminoglycan ProducƟon Rate Figure 3.2B shows the GAG producƟon by both cells types.

With increasing lepƟn, there was a trend for a fall in rates of producƟon but this was not significant.

Compared to the control, AF and NP cells exposed to 25μg/ml of lepƟn produced 14% and 19% less
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GAGs respecƟvely.
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Figure 3.2: Lactate (A) and GAG (B) producƟon by AF and NP cells upon exposure to 3 concentraƟons of
lepƟn.. Assays performed aŌer 48 hours of culture and exposure to lepƟn. Data represented as
mean ± SEM.

Matrix Metalloproteinases at the Protein Level There was a clear dose-dependent increase in

MMP-3 and MMP-9 producƟon, by both AF and NP cells, with increases in lepƟn concentraƟons

(Figure 3.3). MMP-1 and MMP-2 did not follow this paƩern in the AF and these levels were not

detectable in the NP. MMP-13 was not detectable for either cell type at any lepƟn concentraƟon.

Importantly, total MMP producƟon, shown in Figure 3.7, was markedly increased with the addiƟon

of 25μg/ml of lepƟn by both AF and NP cells.

RT-qPCR As lepƟn at 25μg/ml had the greatest effect on cell metabolism and protein producƟon,

gene expression was quanƟfied in both cell types exposed to this concentraƟon. Figure 3.4A shows

that for the AF, MMP-7, MMP-11 and TNF-α were all markedly increased relaƟve to the control. For

the NP, there was an increase in expression of the ADAMTS-4, ADAMTS-5, IL-6 and TNF-α. There

were no changes in the expression of the anabolic genes, aggrecan and collagen, and the TIMPs.

3.4.2 LepƟn within a Pro-Inflammatory Environment

Given the up-regulaƟon of the pro-inflammatory cytokines, it was hypothesised that lepƟn and

these cytokines may act synergisƟcally thus, potenƟaƟng further degradaƟon within an already

degenerate environment. Three cytokines, TNF-α, IL-1β or IL-6, were individually added to the

culture system described above along with lepƟn at 25μg/ml.
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Figure 3.3: MaƟx metalloproteinase producƟon by annulus fibrosus and nucleus pulposus cells. MMP-2
and -9 measured by gelaƟn zymography and MMP-1 and-3 quanƟfied by western bloƫng. At
three concentraƟons of lepƟn (5, 10 and 25μg/ml). Intensity normalised and represented as
fold change relaƟve to control. MMP-13 was not detected from either NP or AF cells, MMP-
1 and -9 not detected from NP cells. Data represented as mean ± SEM. *p<0.05 **<p<0.01
***p<0.001
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Figure 3.4: Gene expression by both annulus fibrosus and nucleus pulposus cells in response to lepƟn.
Normalised to ACTB and EIF2B2 and shown as fold change (2-∆∆Ct) to control. Data represented
as mean ± SEM of three independent experiments. *p<0.05
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Lactate ProducƟon Rates Figure 3.5A and B shows the combined effect of lepƟn and TNF-α. For

the AF, there was a trend for increased energy requirement as TNF-α concentraƟon increased with

a small synergisƟc effect of lepƟn. Conversely, in the NP, TNF-α was the primary driver of lactate

producƟon with no effect of lepƟn evident. The combinaƟon of lepƟn and IL-1β had very liƩle

effect on lactate producƟon in either cell type (Figure 3.5C and D) with the difference to the control

driven mostly by IL-1β. Lactate producƟon rates with IL-6 were increased by the addiƟon of lepƟn

at lower concentraƟons (0.1 and 1.0ηg/ml) in the AF.
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Figure 3.5: Lactate producƟon by annulus fibrosus and nucleus pulposus cells in response to lepƟn and
pro-inflammatory cytokines. Four concentraƟons (0.1, 1.0, 10 and 100ηg/ml) of either TNF-
α, IL-1β or IL-6 with or without 25μg/ml of lepƟn. Data represented as mean ± SEM of three
independent experiments. *p<0.05 **<p<0.01 ***p<0.001

Nitric Oxide ProducƟon Rates LepƟn alone significantly increased nitric oxide (NO) producƟon

rates in NP cells (Figure 3.6). There was a synergisƟc increase with both TNF-α and IL-6 which was

more marked at the lower concentraƟons of TNF-α and at higher concentraƟons of IL-6. Similar to

the results seen with lactate, IL-1β was the primary driver of NO producƟon with most of the effect

seen at lower concentraƟons. NO was not detected in AF cells.

MMPProducƟon Figure 3.7A and B shows the totalMMPproducƟon, asmeasured by fluorescent

assay by both cell types in response to lepƟn alone, pro-inflammatory cytokines (0.1 or 100ηg/ml)
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Figure 3.6: Nitrate producƟon of nucleus pulposus cells in response to lepƟn and pro-inflammatory cy-
tokines.. Four concentraƟons (0.1, 1.0, 10 and 100ηg/ml) of either TNF-α, IL-1β or IL-6 with or
without 25μg/ml of lepƟn. Nitrate producƟon was only detected by annulus fibrosus cells at
a concentraƟon of 100ηg/ml of TNF-α (not shown). Data represented as mean ± SEM of three
independent experiments. *p<0.05 **<p<0.01 ***p<0.001

alone or the combinaƟon of the two. For both the AF and NP, lepƟn alone increased the producƟon

of total MMPs significantly. Although the fold changes are larger than that seen in Figure 3.3, the

assay used here is sensiƟve to a spectrum of MMPs and prior to quanƟficaƟon, pro-MMPs were

acƟvated.

For TNF-α and IL-1β, the majority of MMP producƟon was driven by the pro-inflammatory cy-

tokines and only marginal synergy with lepƟn was evident. IL-6 showed synergism with lepƟn in

the NP with total MMP producƟon increasing by 25-30% compared to lepƟn addiƟon, at both IL-6

concentraƟons.

RT-qPCR As the greatest synergisƟc effect was seen with lepƟn and 0.1ηg/ml IL-6, RNA was iso-

lated from cells exposed to this combinaƟon of factors and gene expression assayed by RT-qPCR.

The only important differences in AF gene expression was with IL-6. In isolaƟon, exposure to IL-6

led to downregualƟon of IL-6 gene expression but with the addiƟon of lepƟn there was a small in-

crease in expression. There was a similar trend in the NP with a two fold increase in IL-6 expression

aŌer lepƟn addiƟon (Figure 3.8B).

Furthermore, in the NP, therewas a significant synergisƟc up-regulaƟon in the expression of TNF-

α, IL-6, and ADAMTS-4, by lepƟn. No change was seen with MMP-2 and -9 and there was a slight

non-significant decrease in the expression of TIMP-3.
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Figure 3.7: Total MMP producƟon by annulus fibrosus and nucleus pulposus cells in response to lepƟn
and pro-inflammatory cytokines. Two concentraƟons (0.1 and 100ηg/ml) of either TNF-α, IL-1β
or IL-6 with or without 25μg/ml of lepƟn. Assay detects the cumulaƟve acƟvity of MMP-1, 2,
3, 7, 8, 9, 12, 13, and 14. Data represented as mean ± SEM of two independent experiments.
*p<0.05 **<p<0.01 ***p<0.001
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Figure 3.8: Gene expression changes in both annulus fibrosus and nucleus pulposus cells in response to
lepƟn and 0.1ηg/ml of IL-6. Normalised to ACTB and shown as fold change (2-∆∆Ct) to control.
Data represented as mean ± SEM of three independent experiments. *p<0.05
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3.5 Discussion

LepƟn is the prototypical adipokine; a group of cytokines primarily but not exclusively produced by

adipocytes.87 IniƟally discovered in 1994 from adipose Ɵssue, lepƟn is now known to be produced

by mulƟple Ɵssues including carƟlage and intervertebral disc.105,119,120 There is a growing body

of both biological and clinical evidence implicaƟng lepƟn in the pathogenesis of musculoskeletal

degeneraƟon.87,131

The results presented above suggest that lepƟn alone is able to induce a degeneraƟve and inflam-

matory cascade within the IVD (Figures 3.3 and 3.4) by upregulaƟng producƟon of some but not

all MMPs, nitric oxide and also by increasing expression of inflammatory cytokines. Furthermore,

in a simulated pro-inflammatory environment, parƟcularly in the presence of IL-6 and TNF-α, the

effects of lepƟn are magnified (Figures 3.6, 3.7, and 3.8) with possibly deleterious consequences.

There are few studies looking at the effects of adipokines upon the intervertebral disc. The pres-

ence of lepƟn and its receptor in NP cells was first described by Zhao.119 Using human herniated

disc samples, the authors showed that lepƟn was associated with cell clusters and proliferaƟng fi-

brocarƟlaginous areas, common markers of degeneraƟon.174 This was supported by finding that

lepƟn sƟmulated the proliferaƟon of rat NP cells in vitro; given that disc cell proliferaƟon leads

to cell cluster formaƟon, lepƟn could be involved in formaƟon of the clusters seen in degenerate

discs. Clinically, Zhao et al. also showed a moderate correlaƟon between increase in age and a

larger proporƟon of both lepƟn and lepƟn-receptor posiƟve cells.119

Using similar Ɵssue samples, Li et al.175 confirmed these findings and showed this process was

sƟmulated by the upregulaƟon of cyclins, important controllers of cell-cycle progression which are

also involved in TGF-β induced NP mitogenesis.176 LepƟn has been shown to be pathologically

mitogenic in other Ɵssues such as vascular smooth muscle,177 an important contributor to coro-

nary artery disease as well as in mulƟple tumours including colorectal, endometrial, breast and

prostate.178

AF cells also express the lepƟn receptor and produce lepƟn.120,179 Gruber et al. showed that

lepƟn was produced in discs throughout the spectrum of degeneraƟon, viz. from healthy discs to

45



CHAPTER 3. LEPTIN AND THE INTERVERTEBRAL DISC: AN IN VITRO STUDY 3.5. DISCUSSION

those severely degenerated.120 These lepƟn-immunoposiƟve cells were more common in normal

compared to degenerated discs but similar quanƟƟes of lepƟn was produced by all discs. This dis-

crepancy is possibly due to age-related changes which are present in the stained Ɵssue specimens

in which lepƟn-immunoposiƟve cells were idenƟfied. LepƟn producƟon was measured in cells that

were expanded in culture, possibly there losing any differences in phenotype. Gruber et al. also

found lepƟn localised adjacent to AF cells and was contained by the pericellular encapsulaƟng ma-

trix. This capsule has previously been shown to be primarily collagen-6, which is upregulated by

lepƟn (Figure 3.4).180 However, firm conclusions from these experiments are limited by the small

sample size examined.

LepƟn has also been shown to have effects on disc matrix. Aggrecan is themajor proteoglycan of

the discmatrix and criƟcal formaintaining discmorphology and hydraƟon.15 It is degraded primarily

by ADAMTS, specifically ADAMTS-4 and -5.35,67 The disc matrix is dynamic and some degradaƟon is

seen as part of normal remodelling. However, as shown by Li et al.181 and this study (Figure 3.2 and

Figure 3.4), lepƟn can Ɵp the balance towards a greater degradaƟon by downregulaƟng aggrecan

while increasing the expression of important ADAMTS.59

Collagen, specifically collagen-1 and -2, is the other important macromolecule of the interverte-

bral discwith breakdown controlledmostly byMMPs.63–65 To date, no authors have invesƟgated the

role of lepƟn upon collagen matrix turnover in the disc. This study showed that MMPs, parƟcularly

the collagenases (MMP-1), gelaƟnases (MMP-2 and -9) and stromelysin (MMP-3) are upregulated

by lepƟn at the protein and gene level (Figure 3.4). In vivo, these proteases have the potenƟal to

degrade the discmatrix and lead to degeneraƟon. These findings are similar to the effect that lepƟn

has upon chondrocyteswhere various authors have shown an increase producƟon ofMMP-1,126,131

-3,126 -9127 and -13.126,127,131

Pro-inflammatory cytokines are also important mediators of disc degeneraƟon. IL-1β, -6 and

TNF-α are all produced by the IVD, increased in degeneraƟon and in isolaƟon increase the pro-

ducƟon of degradaƟve mediators shiŌing the disc to a more catabolic phenotype.16 This study has

shown that in the presence of lepƟn, both the AF and NP express greater levels of IL-6 and TNF-α

but not IL-1β. This in itself could be devastaƟng for the disc. When cultured together, the po-

tenƟaƟng effect of lepƟn has downstream consequences with increased producƟon of lactate, NO
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and MMPs. Vuolteenaho et al. described a similar phenomenon in osteoarthriƟc carƟlage with

lepƟn increasing the producƟon of IL-6, -8 and NO.125 Furthermore, increased lepƟn producƟon

has been localised to parts of the IVD which exhibit increased IL-6 and TNF-α levels, suggesƟng a

degeneraƟve link.179

Given the relaƟve avascular nature of the IVD, the cells are specialised at anaerobic metabolism,

converƟng glucose to ATPwith lactate the primary by-product. Lactate is produced as lacƟc acid, an

acidic molecule and with pH one of the primary regulators of disc cell acƟvity, increases in lactate

marks an increase in acidity with potenƟally deleterious consequences upon these cells.50 Glycol-

ysis falls with increase in acidity, resulƟng in lower ATP producƟon. Furthermore, lower disc pH

leads to reduced matrix synthesis,51,52 fall in producƟon of TIMPs52 and ulƟmately cell death.54

LacƟc acid also acƟvates acid sensing ion channels which are implicated in the pathogenesis of

pain.53 Pain fibre acƟvaƟon is most important for the outer AF which is the only innervated region

in normal discs. In isolaƟon, lepƟn had no significant effect on lactate producƟon, however, in

combinaƟon with the pro-inflammatory mediators lactate was greatly increased.

Nitric oxide, as quanƟfied by nitrate and nitrite, has also been implicated in spine-related pain,182

disc herniaƟon,21 and reduced disc matrix synthesis.183 This study showed that lepƟn alone and

in combinaƟon with inflammatory mediators resulted in greater rates of NO producƟon than in

controls. Within the IVD, previous authors have shown that pro-inflammatory cytokines are criƟcal

to the regulaƟon of inducible nitric oxide synthase (iNOS), the main pathway for NO synthesis in

disc degeneraƟon.16,184 LepƟn could increase NO producƟon by direct upregulaƟon of iNOS, as it

does in chondrocytes,185,186 or indirectly via pro-inflammatory mechanisms.

To the disc, the most devastaƟng synergy would be between lepƟn and IL-6. A combinaƟon

of lepƟn and this cytokine increased cellular metabolism, NO, MMPs, and IL-6 itself in disc cells

(Figures 3.7, 3.5, 3.6, and 3.8). IL-6 is a cytokine which has both pro- and anƟ-inflammatory ac-

Ɵons.187 Within the disc, IL-6 has been associated with pain and degeneraƟon.16 Both IL-6 and

lepƟn signal through a class I cytokine receptor and certain authors believe that it is through this

homology that lepƟn mediates its cytokine like effects.16,188 These results could be seen indirectly

to support such a hypothesis especially given the effects of lepƟn and IL-6 upon MMP producƟon

(Figure 3.7). However, trying to dissect the exact signalling pathways of lepƟn is complex with mul-
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Ɵple pathways implicated including mitogen-acƟvated protein kinases,125,175,181,189 protein kinase

B,175,190,191 protein kinase C,125 nuclear factor kappa B,125,191 JAK-STAT,175,189 cyclins,175 NO,175 and

phosphoinosiƟde 3-kinase.190

AddiƟonally, lepƟn and IL-6 have been co-localised within degenerated IVDs.179 LepƟn can also

upregulate IL-6 directly via the IL-6 specific receptor as has been shown in synovial fibroblasts,190 B-

cells,189 and microglia.191 On the other hand, IL-6 can control lepƟn release centrally.192 Clinically,

both lepƟn and IL-6 have been implicated in hip osteoarthriƟs, and the effect of lepƟn on OA is

modulated by IL-6.193

An important consideraƟon of an in vitro study is the extent to which physiological condiƟons are

reproduced. In this study, three concentraƟons of lepƟn (5, 10 and 25μg/ml) were invesƟgatedwith

the greatest effect seen at 25μg/ml. Given the relaƟve paucity of data regarding the IVD and lepƟn,

these concentraƟons were drawn from the carƟlage literature.125,131 Although, circulaƟng lepƟn is

found at higher levels in obesity and in women, it is usually in the range of 10 to 50ηg/ml, an order

of magnitude less than used experimentally.87,122,128,194–196 Importantly, Hui et al. showed that de-

spite using a higher concentraƟon of lepƟn (25μg/ml) comparable levels of MMP producƟon were

obtained from using pathological intra-arƟcular fat condiƟoned media, suggesƟng that carƟlage

may be exposed to local lepƟn concentraƟons at much greater levels than those found in serum.

Indeed, other authors have shown that synovial lepƟn, producedmostly by local fat, is greater than

serum lepƟn.128 This topic, with respect to spinal adipose Ɵssue is explored in chapter 4.

IVD cells, like chondrocytes, can produce lepƟn119,120,175 and thus could increase local lepƟn

concentraƟons. It is hypothesised that this local lepƟn could act in a paracrine or autocrine fashion

exerƟng acƟons upon nearby cells. SupporƟng this, Gruber et al. showed lepƟn to be encapsu-

lated in a matrix surrounding AF cells,120 possibly explaining why higher concentraƟons of lepƟn

are required to sƟmulate effects in IVD cells. Zhao et al. also found that NP cells from older discs

produced greater concentraƟons of lepƟn,119 which is in keeping with the clinical findings shown in

chapter 8. Unfortunately, neither author described the relaƟve concentraƟon of lepƟn produced

by or found within the disc.

Others could argue that lepƟn has no influence on IVD cells in vivo and only when exposed to
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supra-physiological concentraƟons is an effect seen. There are two counters to this argument.

Firstly, as explained above, local lepƟn concentraƟons are likely to be greater than those seen in

serum; whether the concentraƟons used in this and other studies are super-physiological is not

known at present. Secondly, Li et al. have shown that human NP cells can respond to recombi-

nant human lepƟn at a concentraƟon of 10ηg/ml.175,181,197 Recombinant bovine lepƟn was used

in this study and inter-species differences could explain the discrepancy in concentraƟons required

to produce an effect in this bovine model. Another explanaƟon is that bovine model used is young

healthy cells whereas the cells used by Li are from degenerate discs. It is possible that degenerate

cells are more sensiƟve to lepƟn and thus adipokines are more deleterious in this situaƟon.

Clinically, mulƟple authors have shown that lepƟn and other adipokines aremediators of muscu-

loskeletal degeneraƟon. Most recently, Fowler-Brian et al. found half of the effect of increased BMI

upon knee OA could be explained by lepƟn, a strong indictment for deleterious biochemical effects

of obesity.198 This effect was greatest in women, in keeping with a study by Karvonen-GuƟerrez

et al. which showed a similar independent associaƟon.199 Greater serum and synovial lepƟn has

also been correlated with greater severity of knee and hip OA.193,200,201 Other adipokines such as

adiponecƟn,202,203 resisƟn,204 and visfaƟn205 have all been associated with OA. Unfortunately, all

but one of these studies are cross secƟonal and causaƟon cannot be established. The working hy-

pothesis is that obesity leads to greater lepƟn levels which leads to degeneraƟon. However, it is

possible that exisƟng degeneraƟon could lead to decreased mobility, subsequent obesity and thus

greater lepƟn levels. The laƩer situaƟon would lead to an erroneous associaƟon.

There are no large populaƟon studies invesƟgaƟng the relaƟonship between lepƟn and back

pain or disc degeneraƟon. However, in smaller studies Urquhart et al. found greater fat mass was

associated with increased back pain and reduced disc height and hypothesised biochemical factors

as a mediator.79,133 In chapter 4, the relaƟonship between plasma and local lepƟn and back pain

is invesƟgated. A follow-up of the Genodisc populaƟon, as described in chapter 5 or using the UK

Biobank populaƟon would provide large scale evidence for a relaƟonship between adipokines and

back pain or disc degeneraƟon. The ideal study design would be a longitudinal paƟent cohort to

confirm the potenƟal causaƟon shown in this study.
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3.6 Conclusion

Taken together, these data show that both AF and NP cells can respond to lepƟnwith increased pro-

ducƟon and expression of degradaƟve and pain generaƟng molecules. Crucially, lepƟn can iniƟate

degeneraƟve processes and within an inflammatory environment it can potenƟate degeneraƟon.

This supports a causaƟve link between increased lepƟn and degeneraƟon. Further confirmatory

clinical studies are required.

Key Points

• LepƟn, the prototypical adipokine, can iniƟate and potenƟate the producƟon of

molecules involved in intervertebral disc degeneraƟon and back pain.

• The negaƟve effects of a pro-inflammatory environment, especially IL-6, are poten-

Ɵated by lepƟn.

• These results demonstrate a possible biochemical link between obesity and disc

degeneraƟon.
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Chapter 3 showed that adipokines can have deleterious effects upon the IVD in an in vitro model.

Chapter 4 aims to validate these findings clinically by invesƟgaƟng the paraspinal fat and plasma as

local and distant sources of adipokines. However, no correlaƟonwas found between symptoms and

adipokine concentraƟons. PaƟent heterogeneity could explain the varied results. Plasma proteins,

that had not been previously noted in spine paƟents were also idenƟfied using mass spectrome-

try. These may have a role in spine disease and could be mediators of degeneraƟon and further

confirmatory studies are required.
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4.1 IntroducƟon

Local and distant adipose Ɵssue can act as sources of adipokines which can lead to degeneraƟon

and pain in spine paƟents. In OA, lepƟn from both the infrapatellar fat pad (IFP)206,207 and dis-

tant sites have been shown to induce degeneraƟon.198 A similar situaƟon could exist in the spine.

Here, paraspinal fat is the main source of local adipokines and while global adipose Ɵssue and thus

obesity, is the primary driver of plasma lepƟn levels.

The diagnosis of LBP is unsaƟsfactory and condiƟons driving it are complex.34 Biomarkers and

novel plasma proteins provide a promising invesƟgaƟve avenue to idenƟfy potenƟal mediators of

spine related disorders and straƟficaƟon into disƟnct phenotypes.208 In an aƩempt to find markers

for these paƟents, mass spectrometry was used to idenƟfy plasma proteins which may mediate

spine related symptoms and degeneraƟon.

4.2 Hypothesis

The first two aspects of this study were hypothesis driven and stated that:

1. Paraspinal fat is a local source of adipokines and pro-inflammatory cytokines, with levels

correlaƟng to paƟent reported symptoms.

2. Plasma adipokines and pro-inflammatory cytokines are elevated in paƟents when compared

to controls.

The final aspect of the study was an exploratory analysis of plasma, performed to generate hy-

potheses and guide further invesƟgaƟon.

4.3 Methods

4.3.1 ParƟcipant Recruitment

Figure 4.1 is a schemaƟc summarising parƟcipant recruitment and sample analysis.
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Figure 4.1: Flow diagram showing the paƟent recruitment process and paƟent samples for analysis.

ParƟcipants were recruited from three areas.

Oxford PaƟents undergoing spine surgery at the Nuffield Orthopaedic Centre were invited to par-

Ɵcipate. Over a one year period, a total of 34 paƟents were approached with 22 recruited. AŌer

informed consent, paƟents completed the clinical assessment described belowwith blood collected

at anaestheƟc inducƟon. Adipose Ɵssue, adjacent to the paraspinal musculature, was isolated

shortly aŌer the the commencement of surgery thus minimising mechanical trauma. Blood and

adipose Ɵssue was processed and analysed as described in chapter 2.

Oswestry A subgroup of 30 paƟentswere selected from theOswestry Genodisc group (chapter 5).

This group was chosen to match the diagnoses of those recruited from Oxford. As this was a post-

hoc selecƟon, only previously gathered data and plasma was available. Unfortunately, paƟents had

not completed the Oswestry Disability Index (ODI) and paraspinal adipose Ɵssue was not available.

Controls Healthy parƟcipants with no history of spinal problems completed the an assessment as

described below and plasma was collected for analysis.
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4.3.2 Clinical Assessment

At the Ɵme of recruitment, Oxford and control parƟcipants, were assessed clinically according to a

short quesƟonnaire detailed in Appendix D. Baseline demographics including age, gender, smok-

ing history, and occupaƟon were collected. Medical co-morbidiƟes and current medicaƟons were

obtained from direct quesƟoning or the clinical records.

Anthropometric measurements included height (cm), weight (kg), and waist circumference (cm).

Waist circumference was measured at the level of the iliac crest as recommended by the American

Heart AssociaƟon.209 Body mass index (BMI) was calculated using the standard formula of weight,

in kg, divided by height, in m, squared. Disease specific quesƟons included the specific diagnosis,

duraƟon of symptoms, and previous surgery.

4.3.3 Oswestry Disability Index

The ODI is a paƟent reported spine specific quesƟonnaire. Developed by Fairbank et al. in 1980, the

ODI is one of the most widely used and validated quesƟonnaires to assess spine related disability

and funcƟonal restricƟon.210,211

It is a 10-item quesƟonnaire where parƟcipants are asked to rate their funcƟonal limitaƟon in

everyday life. Each item has six opƟons with normal funcƟon scored as 0, complete limitaƟon as 5,

and the intervening statements scored on rank. Themaximum possible score is 100. Themean ODI

in a normal populaƟon is 10; it is 27 in paƟents with idiopathic back pain and 48 in those with spinal

metastases.212 Permission for use of the ODI was granted by the Mapi Research Trust (academic

agreement 1479) and ODI version 2.1a was used for all paƟents (Appendix E).

PaƟents and controls from Oxford completed this quesƟonnaire. An alternaƟve to the ODI is the

Roland-Morris (RM) quesƟonnaire. Both the ODI and RM quesƟonnaire have similar sensiƟvity and

are are widely used. In this study, the ODI was chosen given the experience our research group has

with this tool.213,214
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Visual Analogue Scale PaƟents fromOswestry completed theGenodisc quesƟonnaire as described

in chapter 5 and pain was scored on a visual analogue scale (VAS) from 0 to 10.

CorrelaƟon between ODI and VAS To analyse the Oxford and Oswestry data together, an aƩempt

was made to categorise symptoms into mild, moderate and severe groups. The VAS and ODI have

strong posiƟve correlaƟon which has been shown by mulƟple authors.215–218 These scores were

were straƟfied into mild, moderate or severe as described in Table 4.1.

Category ODI Score VAS Score

Mild <40 <4
Moderate 40-60 4-7
Severe >60 >7

Table 4.1: CategorisaƟon of spine symptom scores

4.3.4 Ethical Approval

Recruitment of paƟents was conducted through the Oxford Musculoskeletal Biobank which is part

of Oxford BioResource. Ethical approval was granted under the Oxford REC C 09/H0606/11 and Hu-

man Tissue Act Licence 12217. Ethical approval for Genodisc and control parƟcipants was granted

under UK REC 09/H0501/95 GENODISC Study.

4.3.5 Protein DepleƟon Method SelecƟon

As described in chapter 2, two methods, high abundance depleƟon and low abundance enrich-

ment, were trialed to ensure the opƟmal method was used for MS. Figure 4.2 shows the large pro-

tein band, corresponding to albumin, is decreased aŌer ProteoMiner low abundance enrichment

and nearly absent aŌer the Pierce high abundance immunodepleƟon. One plasma sample was

passed through a workflow described in Figure 4.3. From this, it was clear that the high abundance

immunodepleƟon followed by an in-soluƟon digesƟon yielded the greatest number of protein hits.

Thus this method was chosen to process the remaining samples.
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MW ProteoMiner Pierce Normal:Plasma

B

Figure 4.2: Photograph of gel showing plasma diluƟon and depleƟon. A) Serial diluƟons of whole plasma
proteins. Note the largest band corresponds to the molecular weight of albumin. B) Two abun-
dant plasma protein depleƟon techniques compared to whole plasma. Each lane was loaded
with with 38.75μg of protein. Note the large band corresponding to albumin is not present in
the ProteoMiner and Pierce lanes. MW is the molecular weight marker.
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Figure 4.3: Flow diagram showing mass spectrometry method development protocol. Red box represents
opƟmal method.
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4.4 Results

4.4.1 PaƟent Demographics

Table 4.2 describes the paƟents and controls. In total, there were 20 recruited parƟcipants from

Oxford, 30 selected parƟcipants from theOswestry Genodisc paƟents, and six controls with no back

pain. Mean age and BMI across all three groups was similar. PaƟents from the Oxford group were

considerably disabled with a mean ODI of 50 in contrast to a mean score of 3 for controls.

Oxford Oswestry Controls

Number 22 30 6
Age (years) 51.6 (14) 52.2 (14) 52.7 (16.9)
Women n (%) 8 (40%) 14 (47%) 4 (67%)
BMI (kg/m2) 28.6 (5.6) 29.2 (6.5) 26.0 (6.5)
Waist Circumference (cm) 99 (14) - -
ODI 49.7 (13.5) - 2.7 (6.5)
Back Pain Score - 6.0 (3.1) -
DuraƟon of Symptoms (months) 13.5 (9) 22.9 (32.1) -
Smoking Status

Non-Smoker 9 (45%) 11 (37%) 5 (83%)
Previous Smoker 8 (40%) 8 (27%) 0
Current Smoker 3 (15%) 11 (37%) 1 (17%)

Work Type
Sedentary 3 (15%) 2 (7%) -
Light 4 (20%) 6 (20%) 6 (100%)
Medium 6 (30%) 10 (33%) -
Heavy 7 (35%) 12 (40%) -

Clinical Diagnosis
Disc HerniaƟon 14 (70%) 22 (73%) -
Spine Stenosis 5 (25%) 9 (30%) -
Spondylolisthesis 1 (5%) 3 (10%) -
Non-specific Back Pain 0 (0%) 5 (17%) -

Table 4.2: PaƟent Demographics summarising Oxford, Oswestry and controls.
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4.4.2 Paraspinal Adipose Tissue Analysis

Table 4.3 describes the mean amount of cytokines (pg or ηg per gram of Ɵssue) produced by

paraspinal adipose Ɵssue aŌer 24 hours of culture in HAMS-F12 supplemented media. LepƟn,

TNF-α, IL-1β, -6, -8 and interferon-γ all showed showed a trend of decreasing concentraƟonwith in-

crease in disability, however none reached staƟsƟcal significance. No trendwas seen for adiponecƟn,

IL-2, -4, -10, -12 and -13.

ODI<40 ODI 40-60 ODI >60

Number 8 7 5
Decreasing Trend

LepƟn 20.7 ± 32.0 12.7 ± 11.0 6.90 ± 5.80
TNF-α 4.51 ± 3.14 1.99 ± 2.00 1.02 ± 0.44
IL-1β 25.3 ± 47.6 3.77 ± 6.03 4.62 ± 9.95
IL-6 32.8 ± 43.5 3.56 ± 5.85 0.93 ± 1.09
IL-8 (ηg) 33.9 ± 56.9 33.3 ± 39.5 4.18 ± 3.66
Interferon-γ 6.28 ± 2.45 4.53 ± 2.76 4.07 ± 2.50

No Trend
AdiponecƟn (ηg) 583 ± 313 678 ± 339 611 ± 402
IL-2 1.67 ± 0.35 0.97 ± 0.76 1.36 ± 0.94
IL-4 0.39 ± 0.65 0.09 ± 0.1 0.16 ± 0.10
IL-10 8.91 ± 13.5 10.0 ± 10.8 6.69 ± 12.9
IL-12 0.92 ± 0.62 0.75 ± 0.51 0.96 ± 0.19
IL-13 7.12 ± 7.82 6.45 ± 6.46 7.75 ± 7.54

Table 4.3: Cytokine producƟon by paraspinal fat samples All values are pg per gram of adipose Ɵssue
(unless otherwise stated) and is aŌer 24 hours of culture in HAMS F12 supplemented media.
Values are expressed as mean with standard deviaƟon. PaƟent sample is the 20 paƟents from
Oxford region only.

Figure 4.4 shows lepƟn and adiponecƟn producƟon in relaƟon to disability/ODI. No trend line

was significantly different from zero. There was an outlier with one paƟent displaying very high

lepƟn producƟon compared to the remainder. This was not a sampling error as other cytokine

results from this paƟent were not outliers. Upon checking this paƟent’s data, there was nothing to

suggest a reason for this result.

In an aƩempt to ascertain if obesity had a role in cytokine producƟon, paƟents were split into

58



CHAPTER 4. PARASPINAL FAT, PLASMA CYTOKINES AND BACK PAIN: AN EX VIVO STUDY 4.4. RESULTS

20 40 60 80
0

50

100

Oswestry/Disability/Index

Ad
ip
os
e/
Le
p=

n/
(p
g/
g/
=s
su
e)

Lep=n

20 40 60 80
0

500

1000

1500

Oswestry/Disability/Index

Ad
ip
os
e/
Ad

ip
on
ec
=n

/
(η
g/
g/
=s
su
e)

Adiponec=n

20 40 60 80
0

200

400

600

800

1000

Oswestry/Disability/Index

Ad
ip
on
ec
=n

/to
/Le

p=
n/
Ra

=o
/

Adiponec=n/to/Lep=n/Ra=o

Figure 4.4: Paraspinal adipose Ɵssue producƟon of lepƟn and adiponecƟn as a funcƟon of Oswestry
Disability Index. Data derived from paraspinal fat of 20 paƟents in the Oxford group. LepƟn
quanƟfied in pg per gram of Ɵssue and adiponecƟn is ηg per gram of Ɵssue aŌer 24h hours of
culture in HAMS-F12 supplemented media. Regression line was not staƟsƟcally different from
zero.
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two groups with a BMI cut off set at 28kg/m2. Figure 4.5 illustrates the results for TNF-α and IL-8.

No relaƟonship for any cytokine was significant.
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Figure 4.5: Paraspinal adipose Ɵssue producƟon of TNF-α and IL-8 by Oswestry Disability Index in low
and high BMI categories. Both TNF-α and IL-8 are quanƟfied in pg per gram of Ɵssue aŌer
24 hours of culture in HAMS-F12 supplemented media. Regression line was not staƟsƟcally
different from zero.

4.4.3 Plasma Cytokine Analysis

Table 4.4 describes the concentraƟons of various plasma cytokines in paƟents, both Oxford and

Oswestry, compared to controls. LepƟn, TNF-α, IL -6 and lepƟn showed a trend higher for higher

concentraƟons in paƟents when compared to controls. These results are displayed graphically in

Figure 4.6. TNF-αwas staƟsƟcally greater in all paƟents compared to controls. IL-6 showed a similar

trend but this did not reach staƟsƟcal significance. TNF-α and IL -6 were also raised in paƟents

with LSS but not LDH (Figure 4.7). There was no correlaƟon between adipose and plasma cytokine

values.
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Figure 4.6: Plasma lepƟn, IL-6 and TNF-α by pain severity. LepƟn measured in ηg/ml, IL-6 and TNF-α
quanƟfied in pg/ml in paƟents from Oxford and Oswestry compared to controls.* p<0.05
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Figure 4.7: Plasma TNF-α and IL-6 concentraƟons within each diagnosƟc category. Plasma TNF-α and IL-6
quanƟfied in pg/ml in paƟents from Oxford and Oswestry compared to controls. LDH is lumbar
disc herniaƟon and LSS is lumbar spine stenosis. * p<0.05
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Controls Mild Moderate Severe All

Number 6 17 14 19 50
Controls Lower

LepƟn (ηg) 10.6 ± 4.8 25.2 ± 26.7 23.3 ± 22.1 30.4 ± 36.9 26.6 ± 29.5
AdiponecƟn (μg) 14.0 ± 10.0 20.8 ± 10.6 18.9 ± 11.2 16.9 ± 14.2 18.7 ± 12.1
TNF-α 0.69 ± 0.18 1.41 ± 0.71 1.25 ± 0.62 1.28 ± 0.73 1.32 ± 0.68
IL-6 0.24 ± 0.12 0.45 ± 0.27 0.42 ± 0.22 0.47 ± 0.34 0.45 ± 0.28
IL-8 1.90 ± 0.76 4.32 ± 4.37 4.75 ± 4.82 4.05 ± 4.22 4.33 ± 4.36

No Trend
Interferon-γ 3.27 ± 3.27 3.19 ± 4.22 3.2 ± 4.19 8.77 ± 25.1 5.89 ± 15.6
IL-2 0.00 ± 0 0.15 ± 0.25 0.00 ± 0.01 0.02 ± 0.03 0.20 ± 0.64
IL-10 0.08 ± 0.06 0.24 ± 0.30 0.16 ± 0.14 0.19 ± 0.15 0.20 ± 0.21
IL-12 0.10 ± 0.07 0.14 ± 0.11 0.16 ± 0.1 0.12 ± 0.06 0.14 ± 0.09
IL-13 0.22 ± 0.4 0.68 ± 0.68 0.36 ± 0.68 0.30 ± 0.56 0.45 ± 0.73

Table 4.4: Plasma cytokine concentraƟons All values are per pg/ml unless otherwise stated and expressed
as mean with standard deviaƟon. Oxford and Oswestry paƟent samples combined and grouped
by severity of symptoms. IL-1β and IL-4 not detected.

4.4.4 Plasma Mass Spectrometry Analysis

Figure 4.8 graphically shows the protein hits for paƟents and controls aŌer LC-MS with each square

represenƟng unique protein (Uniprot ID). The light blue boxes represent proteins common to both

groups which were excluded from further analysis.

In general, paƟents had a greater number of total hits compared to controls. Table 4.5 represents

those proteins found commonly in paƟents but not in controls. Apolipoprotein B-100, clusterin,

corƟcosteroid- binding globulin, complement-C9 and -C4b were all present in paƟents but not in

controls.

To improve the power of analysis, mass spectra for controls, paƟents with LSS and LDH were

pooled, into these three groups and reanalysed. Again, the complement proteins (C4b, C5, C6, C7,

C9 and factor H) and clusterin were present in both paƟent groups but not controls.
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Controls Patients

Figure 4.8: SchemaƟc of different mass spectrometry protein hits.Controls and paƟents seperated. Light
blue represents highly scored proteins common to both groups. Other colours represent differ-
ent proteins.
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Protein Controls PaƟents

Apolipoprotein B-100 0 23
Clusterin 0 16
Complement component C9 0 16
Complement C4-B 0 15
CorƟcosteroid-binding globulin 0 15
Plasma protease C1 inhibitor 1 22
Angiotensinogen 1 20
HisƟdine-rich glycoprotein 1 20
Afamin 1 19
Gelsolin 1 17
Fibrinogen gamma chain 1 17
Apolipoprotein E 1 16
Lumican 1 6
Inter-alpha-trypsin inhibitor heavy chain H4 2 21
Inter-alpha-trypsin inhibitor heavy chain H2 3 20

Table 4.5: Mass spectrometry protein hits Table shows the number of controls and paƟents the protein
was found in. Data only displayed for proteins which were less prevalent in controls.

4.5 Discussion

Both systemic as well as local adipose Ɵssue has been shown to be inflammatory.219,220 Paraspinal

fat was studied to assess if local adipokines and cytokines are present at levels to mimic the re-

sults seen in chapter 3. There is no literature into the role of paraspinal fat in spinal disability

or degeneraƟon. However, adipose Ɵssue in healthy and obese paƟents has been studied ex-

tensively.161,221–223 Due to the different analyƟc techniques, culture duraƟon and normalisaƟon

method used it is difficult to directly compare the cytokine producƟon but, the relaƟve quanƟƟes

of cytokines appear similar to the literature for obese subjects.161

In other areas of the body, local fat can be independently inflammatory in a situaƟon analogous

to the IFP in osteoarthriƟs220 or pericardial fat in coronary atherogenesis.224 MulƟple authors have

described the deleterious effects of the IFP, which takes on an inflammatory phenotype in OA.206

Distel et al. showed that the IFP was a important source of IL-6 and it was produced in greater

amounts than other fat. It is hypothesised that in this situaƟon, the local fat is involved in paracrine
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inflammaƟon.225 These findings were supported by Klein-Wieringa et al. and Ushiyama et al. who

independently showed elevated TNF-α and IL-6 from the IFP.206,207

Although not directly correlated with plasma levels, synovial lepƟn is generally higher and syn-

ovial adiponecƟn lower than the plasma levels in normal paƟents.128,226 Elevated synovial lepƟn has

been associated with OA in general,129 increased OA severity129,200,227 and greater pain in OA.228

AddiƟonally, microarray analysis of the IFP showed a 10-fold increase in lepƟn gene expression in

end stage OA.229 AdiponecƟn is less studied but early results suggest it is also elevated in OA along

with visfaƟn.206 Ghandhi et al. suggested the adiponecƟn to lepƟn raƟo was inversely correlated

to pain.230 However, this raƟo was unremarkable in the results presented above (Figure 4.4).

Paraspinal fat is not the only source of local cytokines and adipokines. As the field of adipokines

have developed there has been concurrent advancement in understanding myokines; cytokines

produced by muscle. The most studied myokine, IL-6, has been described by some as an adipo-

myokine given its role in adipose-muscle cross talk.231,232 Furthermore, in animal models of disc

injury, the paraspinal muscles produce TNF-α and IL-1β.233 Epidural fat, that is adipose Ɵssue sur-

round the spinal cord, is another local adipose source. However, this is a difficult Ɵssue to source

due to its close associaƟon with vertebral venous plexus. Genevay et al. were able to isolate peri-

radicular fat, surrounding the nerve root, in paƟents with LDH. They found that this adipose Ɵssue

produced greater quanƟƟes of TNF-α, IL-1β, -6, and -8 compared to controls.22 Finally, the disc

itself can produce adipokines as discussed in chapter 3.

Adipose Ɵssue consists primarily of adipoctyes, which is the cell type responsible for the major-

ity of lepƟn producƟon as well as a large number of other cytokines.161 The other cellular compo-

nents include pre-adipocytes, fibroblasts, endothelial cells and macrophages.219 Adipose-localised

macrophages have been shown to produce considerable quanƟƟes of TNF-α, IL-6, -8, iNOS, and

inflammatory cell chemoaƩractants.234,235 Furthermore, the numbers of macrophages, in the sub-

cutaneous fat, have been posiƟvely correlated to obesity.234,235 A similar trend has not been shown

in the IFP.206 In this study, the cellular consƟtuents were not separated, thus cytokine producƟon

is a combinaƟon of both adipose Ɵssue and macrophages.

This pilot study on the inflammatory nature of paraspinal fat is informaƟve even though the
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hypothesised relaƟonship between the cytokine producƟon from paraspinal adipose Ɵssue and

spinal disability was not evident. Possible relaƟonships might have been masked by limitaƟons in

the experimental design. Firstly, the study consists of a small sample of heterogeneous paƟents. As

a result, the findings were strongly influenced by outliers. Second, there were no controls because

of ethical constraints. Ideally both an internal control, fat from the same paƟent sourced from

a distant site and an external control, paraspinal fat from asymptomaƟc healthy volunteers are

required. To compensate for this, the paƟentswere categorised byODIwhich reduced study power.

Lastly, sampling difficulty meant paraspinal fat was subsƟtuted for other adipose deposits, epidural

or retroperitoneal, which are in closer apposiƟon to the disc. The differences, if any, between these

deposits should be further invesƟgated.

These limitaƟonswere less important during the plasma analysis given the larger sample size and

availability of some controls. Themost striking finding of these resultswas the relaƟonship between

plasma cytokines, spine related symptoms, and clinical diagnosis. Both TNF-α and IL-6 were higher

in paƟents with LSS (Figure 4.7). Only TNF-α was elevated in those with greater disability although

IL-6 and lepƟn showed a trend towards significance (Figure 4.6).

Wang et al. has described the relaƟonship of TNF-α with back pain. In two separate cohorts,

the authors showed back pain paƟents were more likely to be TNF-α posiƟve and had significantly

greater TNF-α levels than healthy controls.236,237 Furthermore, Strumer et al. found that high sensi-

Ɵvity C reacƟve protein, a marker of subclinical systemic inflammaƟon, was associated with greater

pain in paƟents with acute LDH.238 Furthermore, several authors have shown that systemic and lo-

cal anƟ-TNF agents are useful in the treatment of the pain and disability associated with acute

sciaƟca.23–25,75 Importantly, it has been shown that TNF-α blockade depresses central pain path-

ways before any local arƟcular anƟ-inflammatory effect.26 These findings in combinaƟon to those

shown above would point to a global inflammatory milieu in addiƟon to local inflammaƟon.

PlasmaMS analysis revealed novel proteins, such as clusterin and complement and this could be

a focus of further invesƟgaƟon. Clusterin, also known as apolipoprotein-J, is a ubiquitous protein

involved in apoptosis and implicated in mulƟple diseases including neurodegeneraƟon and OA.239

Synovial, serum, and carƟlage clusterin is raised in early OA240,241 and within the disc, expression

is increased in the painful degeneraƟve AF.242
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Complements are a group of proteins involved in innate immunity. C4b and C9, found in pa-

Ɵents but not controls, are important proteases involved in the formaƟon of the terminal mem-

brane aƩack complex (MAC). When formed, the MAC inserts into the target cell wall thus leading

to disrupƟon and cellular death.243 Complement dysregulaƟon is present in OA carƟlage and is also

involved in the pathogenesis of this disease. Greater MACs lead to increased chondrocyte expres-

sion of MMPs, ADAMTSs, and inflammatory cytokines; cell lysis, and ulƟmately necrosis.244 There

are no studies invesƟgaƟng the role of complement and the IVD.

Apolipoprotein-B100, a lipid transporter, has shown to be increased by starvaƟon.245 In this

study, the paƟents were starved preoperaƟvely whereas the controls were not and this difference

could explain why apolipoprotein-B100 was found more commonly in paƟents.

The plasma analysis is limited in two aspects. In grouping paƟents by severity, an assumpƟonwas

made that the ODI correlates with visual analogue scale (VAS) and paƟents can be broadly grouped

by symptoms. The literature suggest this assumpƟon is correct but the cut-offs chosen may have

misclassified paƟents. Furthermore, the current study only provides a snapshot of symptoms and

cytokines at a single Ɵme point in the disease process. The best study design would be longitudinal

paƟent cohort with analysis at mulƟple Ɵme points.

4.6 Conclusion

This study invesƟgated both systemic and local sources of adipokines and cytokines. Results sug-

gest that systemic adipokines could be mediators of pain and degeneraƟon. Both TNF-α and IL-6

are associated with a spinal stenosis andmore severe spine related disability. Although the adipose

samples did not reveal any significant results, trends were apparent and further invesƟgaƟon is re-

quired. Finally, clusterin and complement are proteins targets which require more understanding

in spinal paƟents.
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Key Points

• Paraspinal fat was not related to disability or symptoms however a trend was ap-

parent. A larger sample size or comparison to control sample may reveal important

differences.

• TNF-α and IL-6 were raised in paƟents with spinal stenosis and severe disability. This

has not been previously reported.

• Complement and clusterin are plasma proteins that may be implicated in back pain

or spinal degeneraƟon. Further invesƟgaƟon is required.
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In this chapter, the Genodisc study is introduced and the populaƟon described. The study design

and process of data acquisiƟon is explained along with a descripƟon of the staƟsƟcal methods used

in chapters 6, 7, and 8.
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5.1 IntroducƟon

The Genodisc Study was a pan-European observaƟonal study with the aims of developing a greater

understanding of spine-related condiƟons and of defining specific clinical phenotypes.34 Although I

was not involved in the study design, paƟent recruitment or data collecƟon these will be described

for completeness. My involvementwaswith data cleaning, formulaƟon of research quesƟons, anal-

ysis and synthesis.

5.2 Genodisc Study Methods

5.2.1 Recruitment

All paƟents presenƟng to six terƟary spine centres in four countries were invited to parƟcipate.

Over a period of five years (2008 to 2013), 2636 paƟents were enrolled into the study (Table 5.1).

Data were captured in three broad areas:

• parƟcipant survey which included paƟent reported demographics, comorbidiƟes and pain

measures,

• clinician reported diagnoses, and

• quanƟtaƟve and qualitaƟve MRI findings.

Country City Spine Unit PaƟents

United
Kingdom

Oxford
Nuffield Orthopaedic Centre, Oxford University Hospitals
NHS Trust

395

Oswestry
The Robert Jones and Agnes Hunt Orthopaedic Hospital
NHS FoundaƟon Trust

247

KeƩering East Midland Spine, The Woodland Hospital 259

Hungary Budapest NaƟonal Center for Spinal Disorders, Buda Health Center 1351

Italy Milan IRCCS IsƟtuto Ortopedico Galeazzi 364

Slovenia Ljubljaja MD Medicina 20

Table 5.1: Genodisc recruitment centres
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5.2.2 ParƟcipant Survey

Along with general demographics, paƟents were asked to complete a short quesƟonnaire which

was organised in three domains.

Spine Related Pain

InformaƟon on both back and leg pain was obtained. Back pain (BP) was defined as pain the lower

back. In an aƩempt to differenƟate radicular leg pain from other causes of leg pain (LP), such as

hip osteoarthriƟs or spinal stenosis, parƟcipants were specifically asked to score leg pain which

went below their knee. Data on duraƟon of pain, number of recent pain episodes and indicators

of disability such as walking distance, absence from work and pain interfering with work were also

obtained.

Medical, family and social history

Using yes-no quesƟons, parƟcipants were quesƟoned on their medical comorbidiƟes and previous

spine surgery. Specific medical condiƟons asked about were: OA, osteoporosis (OP), rheumatoid

arthriƟs (RA), fibromyalgia, asthma, chronic obstrucƟve pulmonary disease (COPD), emphysema,

migraine, angina, high blood pressure, peripheral vascular disease, irritable bowel syndrome (IBS),

upper gastrointesƟnal disease (ulcer, hernia, reflux), depression, anxiety or panic disorders, dia-

betes and cancer.

Other important quesƟons included receipt of a disability payment, smoking history, occupaƟon

intensity and a family history of the same condiƟon.

Zung Self RaƟng Depression Scale

As an assessment ofmood, parƟcipants completed the Zung self-raƟng depression scale (Zung SDS).

This is a 20-item quesƟonnaire with each item scored on a four point Likert scale.246 The result

ranges between 20 to 80 and a score greater than 50 is considered depression.246 The Zung SDS

has been found to be an appropriate measure of depression in BP paƟents.247
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5.2.3 Clinical Data

Using all clinically available informaƟon (including magneƟc resonance imaging (MRI) data), the

treaƟng surgeon completed a diagnosƟc form categorising parƟcipants into either LDH, LSS, DS,

scoliosis or NSBP.

5.2.4 MRI AcquisiƟon and Scoring

MRIs were obtained as part a parƟcipant’s normal clinical care and the imaging protocol followed

standard pracƟce at the recruitment site. All MRIs consisted of sagiƩal and axial images with both

T1- and T2-weighƟng. These were anonymised and read by a single experienced musculoskeletal

radiologist. Six spinal levels from T12-L1 to L5-S1were assessed systemaƟcally with aƩenƟon to the

intervertebral disc, vertebral end-plates (upper and lower), vertebral canal, facet joints and nerve

roots with associated foramina. Specific details on MRI scoring are discussed in chapter 8.

5.2.5 Ethical Approval

The Genodisc Study was conducted in compliance with the Helsinki DeclaraƟon. The study was

approved by local Research Ethics CommiƩees in each recruiƟng country; ethical approval number

in the UK was UK REC 09/H0501/95 GENODISC Study.

5.3 General StaƟsƟcal Methods

All staƟsƟcal analysis was conducted using STATA 13 (Stata StaƟsƟcal SoŌware: Release 13. College

StaƟon, TX: StataCorp LP)

5.3.1 Database Cleaning

As data were gathered across six different sites, a small number of erroneous or incorrect entries

were to be expected. Variables were tabulated and Italy used ’999’ and ’9999’ as missing whereas
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Hungary and the UK centres used ’0’. Furthermore, for the comorbidity quesƟons, the study pro-

tocol specified yes as ’-1’ and no as ’0’. However, the data from Hungary had a majority of paƟents

with blank or missing values. Given the large proporƟon of potenƟal missing values and the other-

wise precise data from Hungary, a decision was made to consider missing values as no and ’-1’ as

yes. To avoid further confusion, all yes-no binary variables were recoded to a consistent scheme of

’1’ for yes ’0’ for no and ’.’ for missing. Finally, extreme and implausible values, such as height of

100cm were considered incorrect and replaced as missing.

5.3.2 MulƟple ImputaƟon

Owing to the cumulaƟve effects of missing data in the quesƟonnaires, the sample size for certain

analyses was reduced considerably. Performing a complete case analysis can lead to important

bias, loss of precision and power.248 This is especially important when data is missing at random

(MAR) as opposed tomissing completely at random (MCAR). The potenƟal bias can be overcome by

using mulƟple imputaƟon (MI) which allows for uncertainty about missing data by creaƟng several

plausible imputed datasets and combining the results appropriately according to Rubin’s rules.249

The imputed values are sampled from their predicƟve distribuƟon based on the observed data

while introducing an appropriate amount of variability into the results.

Before conducƟngMI, it is important to understand the paƩerns of missing data. Although there

is no formal tesƟng, aƩempts can be made to understand a paƩern in more detail. Logit models

were used to assess if certain variables predict missingness of other variables. In cases of MCAR,

there are no variables in the dataset that predictmissingness and a complete case analysis, although

with a reduced sample size, would not result in biased esƟmates.248 However, if the data is MAR, a

complete case analysis can lead to important bias which can be overcome by using MI.

ImputaƟon was performed using mulƟple imputaƟon by chained equaƟons. Both the predictor

variables and the outcome were included in the mulƟple imputaƟon process. The outcome was in-

cluded as it carries informaƟon aboutmissing values of the predictors and it is an acceptedmethod-

ological process.248,249 Observed and imputed summary staƟsƟcs were compared and found to be

similar.
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Convergence was checked aŌer a single test imputaƟon with 100 iteraƟons. Trace plots of the

imputed mean and standard deviaƟons for certain variables were found to converge aŌer approx-

imately 20-25 imputaƟons. Convergence was also checked aŌer the compleƟon of 50 imputaƟons

and was found to be acceptable. As mulƟple imputaƟon is a simulaƟon procedure, Monte Carlo

error (MCE) was considered. MCE is defined the standard deviaƟon of the results across repeated

runs of the same imputaƟon procedure with the same data and should tend to 0 as the number of

imputaƟons increase.249 Further MI methods are described with the related analysis plan.

5.3.3 Linear Regression Models and DiagnosƟcs

Outcome variables in univariate andmulƟvariate linear regressionmodels are conƟnuous andwere

found to be normally distributed for the analyses presented.

Regression diagnosƟcs were performed for all mulƟvariate models. Linearity was tested using

fracƟonal polynomials and by categorising the exposure variable. Residuals were graphically as-

sessed for normality using kernel density, quanƟle and normal probability plot. QuanƟle plots are

sensiƟve to deviaƟons fromnormality at the tails of distribuƟonwhereas standardised normal plots

are useful for deviaƟons near the centre.250 Residual homoscedasƟcity or homogeneity of residual

variance was also assessed visually with residual versus fiƩed plots and tested with both White’s

and Breusch-Pagan tests. Both test the null hypothesis that variance of the residuals is homogenous

and a small P value suggests heteroscedasƟcity or unequal residual variance.250

MulƟcollinearity was assessed by compuƟng the variance inflaƟon factor, which was less than

2 for all predictors. Model specificaƟon error was tested using STATA’s linktest and ovtest. Finally,

the presence of influenƟal observaƟons was reviewed by looking for outlying residuals, assessing

leverages and Cook’s D.250

5.3.4 LogisƟc Regression Models and DiagnosƟcs

The outcome variables for logisƟc regression models are binary. DiagnosƟcs performed included

checking for linearity and specificaƟon error as described above.
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5.4 The Genodisc PopulaƟon

The Genodisc database contained informaƟon on 2636 paƟents. Table 5.2 describes the Genodisc

populaƟon along with the number of paƟents with missing items. BMI and age were normally dis-

tributed with a mean of 27.2kg/m2and 50.9 years respecƟvely. Across all parƟcipants, the mean

back and leg pain scores were 6.2 and 6.7 respecƟvely, which is not surprising as paƟents were

recruited from terƟary spine clinics. The most common comorbidiƟes were hypertension (27%)

followed by migraines (15%), and osteoarthrits (11%). Intensity of work was equally distributed

among paƟents. Furthermore, 46% of paƟents were non-smokers with the remainder equally dis-

tributed between current and previous smokers.

Table 5.2: EnƟre Genodisc PopulaƟon with missing data1

CharacterisƟc Missing (n)

Age (years), mean (SD) 50.9 (14.6) 111
Women 1349 (54%) 127
BMI (kg/m2), mean (SD) 27.2 (4.8) 169
Pain Score (units), mean (SD)

Back 6.2 (2.9) 211
Leg 6.7 (2.9) 217

DuraƟon of Symptoms (months), median [IQR]
Back 10 [4-24] 432
Leg 8 [3-20] 436

Zung Depression Score, mean (SD) 39.8 (9.0) 942
Sport per Week (episodes), median [IQR] 0 [0-2] 133
Disability Benefit 296 (12%) 183
Family History 747 (30%) 172
Previous Surgery 715 (28%) 69
Smoking Status 264

Non-Smoker 1079 (46%)
Previous Smoker 622 (26%)
Current Smoker 671 (28%)

Work Type 234
ConƟnued
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CharacterisƟc Missing (n)

Sedentary 684 (29%)
Light 605 (25%)
Medium 563 (23%)
Heavy 550 (23%)

Clinical Diagnosis
Disc HerniaƟon 1413 (56%) 90
Spine Stenosis 968 (39%) 161
Spondylolisthesis 400 (16%) 186
Non-specific Back Pain 359 (15% 198

ComorbidiƟes 0
Hypertension 715 (27%)
Type 2 Diabetes Mellitus 214 (8%)
Rheumatoid ArthriƟs 233 (9%)
OsteoarthriƟs 298 (11%)
Osteoporosis 180 (7%)
Fibromyalgia 21 (1%)
Migraine 381 (15%)
Irritable Bowel Syndrome 162 (6%)
Anxiety 233 (9%)
Cancer 82 (3%)
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K�ù PÊ®ÄãÝ

• Genodisc was a pan-European observaƟonal study which recruited 2,636 paƟents.

• Data were collected on paƟent characterisƟcs, pain symptoms, clinical diagnosis

and MRI features.

• MulƟple imputaƟon was used to overcome bias associated with missing data.
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This chapter reports the associaƟon between obesity and back or leg pain as a symptom. Pain

is important to both paƟents, indeed this is usually their primary concern, and also to clinicians.

This analysis showed that increased BMI was associated with greater back and leg pain, although

the magnitude of this associaƟon was small. The associaƟon of pain with other predictors is also

described.
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CHAPTER 6. OBESITY AND SPINE RELATED PAIN 6.1. INTRODUCTION

6.1 IntroducƟon

The correlaƟon between pain and pathological change in the spine is not always clear30 and further

invesƟgaƟon is required into other, non-pathological, predictors such as obesity.2 From populaƟon-

based studies, it has been established that BMI increases the odds of low back and leg pain.80,134

However, these studies consider pain as a binary outcome and provide liƩle informaƟon for the

effect of obesity upon the severity of pain. Furthermore, there is limited informaƟon as to the

relaƟonship between BMI and pain in the paƟent populaƟon seen in a terƟary care seƫng. It

is important to understand the contributors to back and leg pain in this populaƟon, as surgeons,

rheumatologists and physiotherapists are presented with these people daily.

6.2 Analysis Plan

6.2.1 Hypothesis

The hypothesis for this analysis is that obesity, as quanƟfied by increased BMI, will be an indepen-

dent predictor of back and leg pain in spinal paƟents.

6.2.2 Outcome

Back and leg pain were considered separately. Pain was assessed on a 11-point scale, ranging from

0,meaning nopain to 10 being theworst pain imaginable. Both BP and LPwere normally distributed

and considered conƟnuous for this analysis.

6.2.3 Exposure

BMI was the exposure of interest and considered conƟnuous.
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6.2.4 Confounders

Given the comprehensive nature of the dataset, adjustment for a large number of possible con-

founders was possible. A confounder must have an independent relaƟonship with both the expo-

sure (BMI) and the outcome (pain) but not be on the direct causal pathway between the exposure

and outcome. For example, migraines,109,251 fibromyalgia,252 anxiety251,253 and IBS254,255 are all

independently related to both back pain and obesity and are unlikely to lie on the causal pathway

thus these are valid confounders. Other confounders included in themodel were age, gender, Zung

SDS, sport, disability benefit, family history, smoking status, work intensity, comorbidiƟes (T2DM,

hypertension, RA, OA, OP), and the clinical diagnoses (LDH, LSS, DS and NSBP).

6.2.5 Missing Data

Missing data, primarily from the individual categories of the ZungDepression scale resulted in a con-

siderably smaller complete case analysis. Complete cases were 51% (n= 1346) and 50% (n=1325)

for back pain and leg pain models respecƟvely. Unlike the SF-36, there is no accepted method

of accounƟng for missingness within the Zung SDS and if an individual quesƟon was missing, the

quesƟonnaire was considered to be invalid.

Logit models were created to assess if missingness can be predicted by other variables. An ex-

ample from this dataset was work category missingness was predicted by RA and OA. A hypothesis

could be that paƟents suffering form RA and OA are less likely to work and as such failed to an-

swer this quesƟon. As missing values can be predicted by other variables, data was assumed to be

MAR as opposed to MCAR and MI was performed. MI has also been shown as a valid method of

managing missing data in the Zung SDS.256

Two separate imputaƟons were carried out, one for each mulƟvariate model of BP and LP. Com-

posite variables, where two or more individual variables are combined, such as BMI and the Zung

SDS were imputed as the individual variables (height and weight) and combined to give the fi-

nal variable (BMI). ConƟnuous variables, such as height, weight, age, were normally distributed

and imputed using linear regression. Back pain score, leg pain score, work type and the individual
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components of the Zung score were imputed as ordered categorical variables. Smoking status, a

nominal categorical variable, was imputed using mulƟnomial logisƟc regression. Finally, the binary

variables (gender, disability award, family history, previous surgery, clinical diagnoses and comor-

bidiƟes) were imputed using logisƟc regression.

A total of 50 imputed datasets were created. Prior to the recording of an imputed dataset, 25

iteraƟonswere conducted resulƟng in a total of 1500 iteraƟons for the enƟre imputaƟon procedure.

Convergence and MCE were both acceptable. Observed and imputed summary staƟsƟcs as well as

crude univariate regression, before and aŌer imputaƟon, were found to be similar.

6.2.6 StaƟsƟcal Technique

Univariate andmulƟvariate linear regressionmodels, as described in chapter 5, were used tomodel

the relaƟonship between BMI and pain scores. All coefficients for BMI and age relate to an increase

of 5kg/m2or 10 years respecƟvely.

6.3 Results

6.3.1 DescripƟon within BMI Categories

PaƟent DistribuƟon and CharacterisƟcs

The largest group of parƟcipants were overweight (38%) followed by those with normal BMI (31%),

obese (10%), morbidly obese (6%) and underweight (1.4%) with 6.4% of paƟents missing a BMI

(Table 6.1). Mean ages of the overweight (52 years), obese (54 years) and morbidly obese (54

years) groups were similar. PaƟents of a normal BMI were slightly younger (47 years) and those

underweight were younger sƟll, approximately 10 years younger than the overweight groups (44

years). There was a female predominance at the extremes of BMI with 87% in the underweight

group and 59% in the morbidly obese.
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DuraƟon of Pain Underweight and morbidly obese paƟents presented aŌer a longer duraƟon of

both back and leg pain (Figure 6.1). For all paƟents, the median (interquarƟle range [IQR]) duraƟon

of back and leg pain symptoms was 10 (4-24) months and 8 (3-20) months respecƟvely (Table 5.2).

Underweight+
(<18.50)

Normal+Weight+
(18.50–24.99)

Overweight+
(25.00–29.99)

Obese+
(30.00–34.99)

Severe+Obese
+(≥35.00)
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Figure 6.1: Mean duraƟon of pain (months) experienced by paƟents categorised by BMI.Markers repre-
sent mean and 95% confidence intervals. **p<0.01 when compared to normal BMI

SporƟng AcƟvity There was a trend for lower sporƟng acƟvity with both higher pain (Figure 6.2)

and greater BMI (Figure 6.3).
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Figure 6.2: Sport parƟcipaƟon by BMI categories. Markers represent 95% confidence intervals.
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Figure 6.3: Mean pain scores for paƟents who are categorised by parƟcipaƟon in sport. Markers repre-
sent mean and 95% confidence intervals. **p<0.01 when compared no sport.

ComorbidiƟes The paƟents in the higher BMI groups had a greater prevalence of hypertension,

diabetes, RA, and OA. This correlaƟon was most striking for hypertension and diabetes with 54%

and 21% of morbidly obese paƟents suffering from these diagnoses compared to 15% and 4% of

those with a normal BMI. Osteoporosis (14%) and anxiety (19%) were most common in paƟents

whowere underweight. Depressionwasmarginally greater in the underweight andmorbidly obese

group but the difference (2 points on the Zung SDS) is unlikely to be clinically relevant. No obvious

differences were seen for fibromyalgia, migraines, IBS and cancer (Table 6.1).

Smoking Smoking status was similar in the normal, overweight and obese groups. Current smok-

ers were most common in the underweight group (38%) and least in the morbidly obese group

(17%). Furthermore, the laƩer group also had the largest percentage of previous smokers (36%)

(Table 6.1).

OccupaƟon There was an equal distribuƟon of occupaƟonal intensity across all four intensity cat-

egories and BMI groups. However, a disability award or benefit was most common in the morbidly

obese group (26%) with the proporƟon steadily lower in the lower BMI groups (Table 6.1).
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6.3.2 Pain Scores

With higher BMI there was an increase in both unadjusted BP and LP scores (Table 6.1). Figure 6.4

shows this relaƟonship persisted aŌer adjustment for mulƟple confounders
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(<18.50)

Normal+Weight+
(18.50–24.99)

Overweight+
(25.00–29.99)
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(30.00–34.99)

Severe+Obese
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0
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BMI+Categories

M
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Back%Pain%Score

Leg%Pain%Score

Figure 6.4: Adjusted (from mulƟvariate model 2) mean back and leg pain score for each BMI category.
Bars show mean and 95% confidence interval.

Back Pain Score

Table 6.2 summarises the main result of the univariate and mulƟvariate linear regression models.

MulƟvariate adjusted model 1 (hypertension and diabetes included) for BP shows that BMI was

associated with greater but non-significant BP score (0.10 units [95% CI -0.02, 0.22]). However in

the univariatemodel, this associaƟonwas significant. To invesƟgatewhere this relaƟonshipwas lost

confounders were sequenƟally removed. When hypertension and diabetes were removed (back

pain mulƟvariate model 2), the effect of BMI upon BP remained significant at 0.15 units (95% CI

0.04,0.27) with minimal change to the coefficients of the other confounders (Figures 6.5 and 6.6).
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Figure 6.5: Confidence interval plot showing regression coefficients of back pain mulƟvariate model
1 (hypertension and diabetes included)Models fiƩed to 50 mulƟple imputaƟon datasets
(n=2636). Coefficient is the regression coefficient. A posiƟve coefficient represents higher levels
pain and a negaƟve coefficient represents lower levels pain. The solid diamond represents the
effect and the error bars the 95% confidence interval. If the confidence interval does not cross
the “No Effect” doƩed line the predictor is significant.
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Figure 6.6: Confidence interval plot showing regression coefficients of back pain mulƟvariate model
2 (hypertension and diabetes excluded)Models fiƩed to 50 mulƟple imputaƟon datasets
(n=2636). Coefficient is the regression coefficient. A posiƟve coefficient represents higher levels
pain and a negaƟve coefficient represents lower levels pain. The solid diamond represents the
effect and the error bars the 95% confidence interval. If the confidence interval does not cross
the “No Effect” doƩed line the predictor is significant.
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Back Pain Score Leg Pain Score

Coefficient (95% CI) P value Coefficient (95% CI) P value

Univariate 0.26 (0.14,0.37) 0.0 0.35 (0.23,0.47) 0.0

MulƟvariate 1 0.10 (-0.02,0.22) 0.10 0.19 (0.15,0.31) 0.00

MulƟvariate 2 0.15 (0.04,0.27) 0.01 0.22 (0.10,0.33) 0.0

Table 6.2: Univariate and mulƟvariate regression coefficients for the effect of BMI upon back and leg
pain scores. Coefficient is the regression coefficient. Each coefficient represents a change in
pain score for a 5-unit increase in BMI. A posiƟve coefficient represents increased pain. Models
were fiƩed to 50 mulƟple imputaƟon datasets (n=2636). MulƟvariate model 1 is adjusted for all
confounders as described in the main text. In mulƟvariate model 2, hypertension and diabetes
were excluded.

Leg Pain Score

In the mulƟvariate model for LP, BMI was associated with a 0.22 unit (95% CI 0.10,0.33) increase in

pain (Table 6.2). There was very liƩle change in this coefficient with the removal of hypertension

and diabetes from the model (Figures 6.7 and 6.8).

6.3.3 Other Confounders

The regression coefficients with associated confidence intervals from mulƟvariate models for both

back and leg pain are illustrated in Figures 6.6 and 6.8. Female gender, depression (Zung Depres-

sion Score), rheumatoid arthriƟs, heavy workload and previous surgery were all significant posiƟve

predictors of greater back and leg. Sport was a significant negaƟve predictor for both BP (-0.07

[95% CI -0.13,-0.004]) and LP (-0.10 [95% CI -0.16,-0.04]). Specifically, for BP, the strongest posiƟve

predictors were receiving benefit for disability (0.74 units [95% CI 0.37, 1.10]), a heavy workload

(0.65 units [95% CI 0.33,0.97]) and rheumatoid arthriƟs (0.79 units [95% CI 0.40,1.18]). By con-

trast, the strongest associaƟon for LP was a diagnosis of lumbar disc herniaƟon (1.08 units [95% CI

0.84,1.33]).
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Figure 6.7: Confidence interval plot showing regression coefficients of leg pain mulƟvariate model 1 (hy-
pertension and diabetes included)Models fiƩed to 50 mulƟple imputaƟon datasets (n=2636).
Coefficient is the regression coefficient. A posiƟve coefficient represents higher levels pain and
a negaƟve coefficient represents lower levels pain. The solid diamond represents the effect and
the error bars the 95% confidence interval. If the confidence interval does not cross the “No
Effect” doƩed line the predictor is significant.
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Figure 6.8: Confidence interval plot showing regression coefficients of leg pain mulƟvariate model 2 (hy-
pertension and diabetes excluded)Models fiƩed to 50 mulƟple imputaƟon datasets (n=2636).
Coefficient is the regression coefficient. A posiƟve coefficient represents higher levels pain and
a negaƟve coefficient represents lower levels pain. The solid diamond represents the effect and
the error bars the 95% confidence interval. If the confidence interval does not cross the “No
Effect” doƩed line the predictor is significant.
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6.4 Discussion

In this populaƟon, increased BMI was significantly associated with an increase in both back and leg

pain scores (Figures 6.4, 6.6, and 6.8). Other factors that were associated with an increase in either

BP or LP were female gender, previous spine surgery, heavy workload, rheumatoid arthriƟs and

depression (Figures 6.6 and 6.8). Back pain was associated with a greater number of significant

predictors than LP possibly because it is a nebulous symptom with many potenƟal contributors.

However, leg pain, below the knee, usually has a clear underlying pathoanatomical lesion. This is

supported in the LPmodel, where the diagnosis of disc herniaƟon had a strong posiƟve associaƟon,

increasing LP score by 1.08 units (95% CI 0.84,1.33).

Hypertension and Diabetes In the analysis, when hypertension and diabetes were considered

confounders, the effect of BMI upon BP score, but not LP score, was markedly weakened with

minimal change in any of the other confounders.

The relaƟonship between the cardiovascular risk factors and spine related pain is unclear as it is

difficult to idenƟfy a direct effect. Certain authors have described an atheroscleroƟc hypothesis to

explain a causal relaƟonship between hypertension and diabetes and BP. This relaƟonship has been

established primarily in cadaveric studies257,258 and also in an occupaƟon-based epidemiological

study.259 Within this occupaƟonal study, the authors showed that over a 28-year period paƟents

with higher blood pressure at baseline had increased risk of BP. This could explainwhy hypertension

and diabetes only confound the relaƟonship between BMI and BP, and not LP.

However, it is well recognised that both hypertension and diabetes are associated with obesity

as part of the metabolic syndrome.260 The data presented supports a posiƟve associaƟon between

increasing prevalence of both diabetes and hypertension with increasing BMI (Table 6.1). Given

this, these confounders most likely lie on the causal pathway between obesity and BP and hence

adjusƟng for these may not be appropriate. As such, the effect of hypertension and diabetes is

interpreted to be primarily related to BMI and mulƟvariate model 2 (Figures 6.6 and 6.8) is more

valid.
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A recent meta-analysis by Shiri et al., found that people with increased BMI had greater odds

of developing BP, increased prevalence of BP and were more likely to have chronic BP.80 This rela-

Ɵonship was dose dependant, with obese people (BMI>30kg/m2) exhibiƟng greater levels of pain

than those who were overweight (BMI 25-29kg/m2). Another meta-analysis, by the same group,

showed a similar dose dependent relaƟonship between increasing BMI and self reported LP symp-

toms.134 A limitaƟon of these meta-analyses and of the original studies is that both BP and LP were

considered as binary “yes/no” variables. This current study is in agreement with these studies but

adds informaƟon to that in the literature by showing a similar relaƟonship exists in BP and LP for

paƟents seeking terƟary care. It also shows the effect of increasing BMI upon the severity of both

BP and LP.

Shiri also noted that overweight (BMI 25-29.9 kg/m2) or obese paƟents (BMI>30.0 kg/m2) were

more likely to “seek care” for their BP.80 Based on this informaƟon the Genodisc populaƟon should

have a higher mean BMI than the general populaƟon. However, when the mean BMI within our

populaƟon (27.2 kg/m2) was compared to those reported in populaƟon-based studies such as the

English Longitudinal Study of Aging (27.9 kg/m2),261 the United Kingdom Biobank (27.4 kg/m2)262

or a large Hungarian cohort (25.9 kg/m2),263 there were minimal differences. This is important, as

although overweight and obese people appear more likely to seek primary care, it appears that

they do not filter through to terƟary clinics, based on the mean BMI in this study. This is despite

their more severe pain (Figure 6.4) and longer duraƟon of pain symptoms, suggesƟng a longer

period before terƟary care consultaƟon (Figure 6.1). A hypotheƟcal explanaƟon could be negaƟve

insƟtuƟonal aƫtudes for the health care of the obese264 leads to restricƟon of access to terƟary

care, similar to that seen in osteoarthriƟs.265

The findings for BP are similar to those of Fanuele et al., who, though not looking at pain directly,

used the American NaƟonal Spine Network data to model the effect of BMI upon disability arising

from low back pain.266 Here, the authors found that obesity was associated with decreased func-

Ɵonal status and increased disability. Unfortunately, given the nature of their dataset the authors

were not able to correct for depressive symptoms, a significant confounder in our study, nor did

they consider LP as an outcome in their adjusted model. Similarly, Heuch et al. recently showed,

in a longitudinal study, that a BMI of greater than 30kg/m2 increases the odds of developing BP,
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further supporƟng the deleterious relaƟonship between obesity and BP.267

As there appears a direct relaƟonship between BMI and the severity of pain (Figure 6.4); the

next quesƟon to ask is if weight loss will help reduce the pain. Recently, three separate small case-

series of back pain paƟents have found that post bariatric surgery with resulƟng rapid weight loss,

obese paƟents have less BP268–270 and reduced spine related disability.268,269 Surgical weight loss

represents an extreme form of weight loss and is a treatment that may not be widely available but

the results support the idea that weight loss could lead to decreased pain and this requires further

invesƟgaƟon.

As well as weight loss, these results suggest that exercise is associated with less back pain (Fig-

ures 6.6 and 6.8). Within a populaƟon seƫng, Smuck et al., in addiƟon to finding a dose dependent

increase of BP with BMI, showed that moderate physical was protecƟve from back pain in an over-

weight (BMI 26-30 kg/m2) and ultraobese (BMI>36 kg/m2) populaƟon, but not in the obese group

(BMI 31-35 kg/m2).271 However, when BMI was considered conƟnuous, this study found physi-

cal acƟvity conferred only a small protecƟve effect. The Nord-Trøndelag Health study also found a

small protecƟve effect of physical acƟvity upon back pain.267 To an extent, these results are in keep-

ing with this analysis where lower BP and LP scores were associated with greater physical acƟvity

(Figure 6.3). More specifically, the greatest decrease in pain score was noted between paƟents

involved in only one episode of sport a week as compared to those who did none. Similarly, a

higher BMI is associated with a lower number of episodes of sporƟng acƟvity suggesƟng these pa-

Ɵents are less likely to partake in potenƟally beneficial exercise (Figure 6.2). AlternaƟvely, paƟents

with greater pain may be less willing to exercise so whether exercise is protecƟve cannot be fully

assessed from this cross-secƟonal data.

Obesity has also been implicated or associated in other pain and psychiatric disorders such as

fibromyalgia,106 migraines107,108 and depression.109,110 For paƟents with depression and migraine

headaches, a similar dose dependent relaƟonship ofmorepainwith increasing BMI is seen.107,108,110

This linear relaƟonship is less clear in fibromyalgia however it is suggested an important relaƟonship

between obesity, physical acƟvity and symptoms exists.106 Furthermore, altered adipokines have

also been associated with migraine headaches108 and fibromyalgia.272 Taken together, this would

suggest increased BMI is an important mediator in many pain related disorders and the effect could
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be mediated by systemic biochemical mechanisms.

6.4.1 Strengths of this Analysis

Given the large sample size, the study carries considerable power and allows for adjustment for

many potenƟal parƟcipant and clinician reported confounders without limiƟng the validity of the

results. Furthermore, the results are generalisable within the terƟary care seƫng as paƟents were

recruited from six sites in four countries with a resulƟng heterogeneous populaƟon.

6.4.2 LimitaƟons of this Analysis

The cross secƟonal nature of this study raises three important caveats when interpreƟng the re-

sults. Most importantly, as this is a cross-secƟonal study, causaƟon cannot be established. Within

the general populaƟon, there is evidence that obesity may be a factor directly leading to back and

leg pain.80,267 However, given these paƟents have been suffering from these symptoms for a con-

siderable duraƟon, it is also possible that the iniƟal acute pain has now centralised273 and as such,

is causally independent of BMI albeit with a persistent cross-secƟonal associaƟon.

Furthermore, pain is a symptom, which is not constant and can change because of factors other

than those relaƟng to a biological or pathoanatomical process. It was aƩempted to acquire a more

general picture of pain symptoms by asking parƟcipants to rate their pain over the previous week.

To adequately address this and the quesƟon of causaƟon, longitudinal studies are required.

The clinical relevance of these findings requires discussion. For the numerical pain raƟng scale,

as used in this study, a reducƟon of two points or 30% is generally accepted as a clinically mean-

ingful difference.274–276 From this analysis, even a very large 15kg/m2 increase in BMI (comparing

a normal BMI of 20kg/m2 to morbid obesity of 35kg/m2) would not show a clinically meaningful

difference in pain score using this definiƟon. The small coefficients seen in this study may be sta-

ƟsƟcally enhanced by the large sample size.

Although, the definiƟon of a clinically important difference was derived from chronic pain popu-

laƟons including paƟents with low back and neuralgic pain, it is important to note that such dif-
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ference represents a change in pain score, which is usually an intra-individual change within a

longitudinal cohort or intervenƟonal study. Even though the Genodisc populaƟon is similar, the

interpretaƟon of clinical relevance is most likely informaƟve rather than prescripƟve. Similarly,

our findings are consistent to what is seen in the literature suggesƟng a true result rather than a

staƟcally anomaly.

6.5 Conclusion

This study provides evidence supporƟng the hypothesis that obesity is independently associated

with back and leg pain and that the effect of increasing BMI upon pain is linear. However, the mag-

nitude of the associaƟon is small and hence the clinical relevance may be limited. It also provides

informaƟon on other clinically important predictors of pain in spine paƟents, in parƟcular female

gender, heavy workload, rheumatoid arthriƟs, previous spine surgery, and depression.
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K�ù PÊ®ÄãÝ

• Increasing BMI is associated with greater back and leg pain in spinal paƟents.

• Other predictors of back pain were female gender, heavy occupaƟon intensity,

rheumatoid arthriƟs and a disability award.

• The most important predictor of leg pain was a diagnosis of lumbar disc herniaƟon.

• Longitudinal studies are required to define casuaƟon.
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One of themain aims of the Genodisc project was to further the understanding of clinically relevant

spine phenotypes. This chapter is focussed on invesƟgaƟng the relaƟonship between obesity and

clinically diagnosed phenotypes. The populaƟon is described within each diagnosƟc category and

logisƟc regression was used to analyse the associaƟon. There was considerable overlap in diagnos-

Ɵc categories suggesƟng paƟent heterogeneity. Obesity was only associated with a diagnosis of

lumbar spine stenosis.
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7.1 IntroducƟon

When making a diagnosis, a clinician takes into account the symptoms, examinaƟon findings and

results of perƟnent invesƟgaƟons. These factors are important in allowing a clinician to categorise

and thus manage a paƟent appropriately. These diagnosƟc categories also direct research as they

describe clinical phenotypes.

7.2 Analysis Plan

7.2.1 Hypothesis

That obesity is independently associated with a diagnosis of lumbar disc herniaƟon, lumbar spine

stenosis, degeneraƟve spondylolisthesis, or non specific back pain.

7.2.2 Outcome

Within the Genodisc study, clinicians were asked to diagnose paƟents into four broad categories;

lumbar disc herniaƟon (LDH), lumbar spine stenosis (LSS), degeneraƟve spondylolisthesis (DS) and

non-specific back pain (NSBP). These binary variables were based on a complete clinical picture

including clinical history, examinaƟon and MRI features. PaƟents can exhibit clinical features of

more than one category and hence surgeons were allowed to categorise paƟents into more than

one category.

7.2.3 Exposure

BMI was the exposure of interest and considered conƟnuous.

7.2.4 Confounders

The comorbidiƟes, fibromyalgia, migraine, IBS, anxiety and cancer, were not included in themodels

for LDH, LSS and DS but were included for NSBP. The relaƟonship between these comorbidiƟes and
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either LDH, LSS or DS have not been established and hence inclusion would have been erroneous.

However in the case of NSBP a relaƟonship exists.251

7.2.5 Missing Data

7.2.6 StaƟsƟcal Technique

As the outcome variables were binary, univariate and mulƟvariate logisƟc regression models, as

described in chapter 5, were used to model the relaƟonship between BMI and clinical diagnosis.

No interacƟons were found between gender or age and BMI.

7.3 Results

7.3.1 General Results

PaƟent CharacterisƟcs Table 7.1 describes the Genodisc populaƟon by their diagnosƟc category.

LDH was the most common diagnosis (1551 paƟents) followed by LSS (983 paƟents), spondylolis-

thesis (408 paƟents) and finally NSBP (359 paƟents). PaƟents in the LDH (47.5 years) and NSBP

(49.1 years) groups were younger than those in the LSS (59.7 years) and DS (55.6 years) groups

(Figure 7.3). All four groups of paƟents were very similar in terms of BMI, smoking history and

work intensity.

Table 7.1: Genodisc PopulaƟon described by clinical diagnoses1

Lumbar Disc
HerniaƟon

Lumbar Spine
Stenosis

Spondylolis-
thesis

Non-Specific
Back Pain

Number of paƟents 1451 983 408 359
BMI (kg/m2), mean (SD) 27.0 (4.7) 28.2 (4.8) 27.6 (4.8) 27.3 (4.9)
Age (years), mean (SD) 47.5 (13.5) 59.7 (13.2) 55.6 (14.7) 49.1 (12.9)
Female Gender, n (%) 711 (51%) 520 (55%) 248 (62%) 193 (56%)
Pain Score (VAS units)

Back, mean (SD) 5.9 (2.9) 6.5 (2.8) 6.8 (2.7) 6.5 (2.7)
Leg, mean (SD) 6.9 (2.6) 7.2 (2.5) 6.7 (2.9) 5.7 (3.3)

Symptoms DuraƟon (months)
ConƟnued
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Lumbar Disc
HerniaƟon

Lumbar Spine
Stenosis

Spondylolis-
thesis

Non-Specific
Back Pain

Back, median [IQR] 6.0 [3,18] 12 [6,36] 15 [6,48] 13 [6,36]
Leg, median [IQR] 6.0 [3,12] 12 [6,24] 12 [6,24] 12 [5,24]

Zung Depression Score 40.0 (8.9) 40.7 (8.6) 40.9 (8.9) 39.9 (10.1)
Sport per week (episodes), me-
dian [IQR]

0 [0,2] 0 [0,1] 0 [0,2] 0 [0,2]

Disability Award, n (%) 122 (9%) 149 (15%) 48 (12%) 44 (13%)
Family History, n (%) 463 (33%) 242 (25%) 105 (27%) 120 (35%)
Previous Surgery, n (%) 359 (25%) 282 (29%) 86 (22%) 85 (24%)
Smoking Status, n (%)

Non-Smoker 558 (42%) 397 (44%) 199 (53%) 158 (46%)
Previous Smoker 313 (24%) 291 (32%) 106 (28%) 104 (31%)
Current Smoker 457 (34%) 217 (24%) 72 (28%) 78 (23%)

Work Type, n (%)
Sedentary 389 (28%) 256 (29%) 105 (28%) 100 (30%)
Light 323 (24%) 221 (25%) 101 (27%) 80 (24%)
Medium 327 (24%) 218 (24%) 75 (20%) 83 (25%)
Heavy 328 (24%) 203 (23%) 94 (25%) 70 (21%)

ComorbidiƟes, n (%)
Hypertension 337 (23%) 395 (40%) 145 (36%) 80 (22%)
Type 2 Diabetes Mellitus 105 (7%) 124 (13%) 38 (9%) 21 (6%)
Rheumatoid ArthriƟs 112 (8%) 118 (12%) 57 (14%) 25 (7%)
OsteoarthriƟs 121 (8%) 168 (17%) 70 (17%) 46 (13%)
Osteoporosis 82 (6%) 94 (10%) 40 (10%) 18 (5%)
Fibromyalgia 8 (1%) 7 (1%) 4 (1%) 3 (1%)
Migraine 211 (15%) 113 (14%) 63 (15%) 60 (17%)
Irritable Bowel Syndrome 74 (8%) 38 (9%) 61 (6%) 37 (10%)
Anxiety 124 (9%) 91 (9%) 91 (9%) 91 (9%)
Cancer 31 (2%) 44 (5%) 44 (5%) 44 (4%)

Pain Symptoms Figure 7.1 graphically represents the mean back and leg pain scores in each diag-

nosƟc category. PaƟents suffering from LDH and LSS had higher LP than BP, with the greatest BP

seen in LSS (7.2 units [95% CI 7.0,7.4]). The opposite was seen in those with non-specific back pain.

PaƟents with DS suffered from a similar intensity of BP and LP.
1Data are n (%), mean (standard deviaƟon, SD) or median [interquarƟle range,IQR]
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Figure 7.1: Mean back and leg pain scores for each clinical diagnosis. Bars show mean and 95% confi-
dence interval. Solid bars are back pain score, shaded bars are leg pain score.

DuraƟon of Symptoms Those with LDH had a considerably shorter duraƟon of both back and leg

pain (median 6 months) than those in the other three groups, who all presented aŌer a median of

12 months or greater (Table 7.1).

ComorbidiƟes The Zung depression score was comparable across all four group and the most

common comorbidity was hypertension. The paƟents with LDH and NSBP had lower prevalence of

hypertension, diabetes, RA, OA and OP than the LSS and spondylolisthesis groups. This findings is

possibly a consequence of the age of paƟents within each group.

7.3.2 Overlap in Diagnosis

Figure 7.2 shows the considerable overlap between these four diagnosƟc categories. LDH was the

most common diagnosis with 20% (293/1451) of these paƟents sharing a diagnosis of LSS. Similarly,

30% (293/983) of LSS paƟents and showed crossover with LDH. Those suffering from spondylolis-

thesis and NSBP also shared another diagnosis in 63% and 51% of cases respecƟvely. A very small

proporƟon of paƟents were categorised into three (19 paƟents) and four (9 paƟents) diagnosƟc

groups.
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Figure 7.2: Venn diagram represenƟng the overlap in diagnosis in the Genodisc populaƟon.

7.3.3 Lumbar Disc HerniaƟon

With increasing age, the prevalence of LDH decreased (Figure 7.3A). Conversely, with increasing

BMI, there was liƩle difference in prevalence (Figure 7.4A).

Figure 7.5 shows the confidence interval plot of the mulƟvariate logisƟc regression model for

LDH. There is no relaƟonship betweenBMI and a diagnosis of LDH (1.01 [95%CI 0.93,1.11]) however

in a univariate analysis BMIwas a significant negaƟvepredictorwith anORof 0.90 [95%CI 0.83,0.98]

(Table 7.2). This associaƟon was confounded by age (OR 0.72 [95% CI 0.67,0.77]), which was the

strongest negaƟve predictor of LDH. Other important posiƟve predictors were a family history (1.23

[95% CI 1.02, 1.49]) and current smoking (1.66 [95% CI 1.34, 2.07]).

7.3.4 Lumbar Spine Stenosis

LSS showed anmarked increase in prevalencewith increase age and to a lesser extentwith a greater

BMI (Figures 7.3B and 7.4B).

In the mulƟvariate analysis, both BMI (OR 1.21 [95% CI 1.10, 1.33]) and age (OR 2.04 [95% CI

1.88, 2.21]) were associated with greater odds of LSS (Figure 7.6). Similarly parƟcipaƟon in sport
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Figure 7.3: Prevalence of diagnoses within age groups for a diagnosis of lumbar disc herniaƟon (A), lum-
bar spine stenosis (B), degeneraƟve spondylolisthesis (C), and non specific back pain (D). The
y-axis scale is the same for all graphs.

(OR 1.06 [95% CI 1.01, 1.12]) and smoking (OR 1.29 [95% CI 1.01, 1.64]) were weak but posiƟve

predictors.

7.3.5 Spondylolisthesis

The relaƟonship between BMI and DS was not significant either in the univariate (Table 7.2) or

mulƟvariate analysis (Figure 7.7). Age (OR 1.25 [95% CI 1.14, 1.36]) and female gender (OR 1.52

[95% CI 1.19, 1.95]) were both associated with greater odds of a diagnosis of spondylolisthesis.

Current smoking (OR 0.60 [95% CI 0.44, 0.81]) was a negaƟve predictor.

7.3.6 Non-Specific Back Pain

Figure 7.8 shows the mulƟvariate model for a diagnosis of NSBP. Age (0.88 [95% CI 0.81,0.97]) and

previous spine surgery (0.75 [95%CI 0.56,0.99]) were associatedwith decreased odds of a diagnosis

of back pain andwere the only two significant predictors in this fully adjustedmodel. Not only were
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Figure 7.4: Prevalence of diagnoses within BMI groups for a diagnosis of lumbar disc herniaƟon (A), lum-
bar spine stenosis (B), degeneraƟve spondylolisthesis (C), and non specific back pain (D). The
y-axis scale is the same for all graphs.

the other predictors non-significant, confidence intervals were considerablywider than in the other

models, suggesƟng less precision.

Univariate MulƟvariate

Odds RaƟo (95% CI) P value Odds RaƟo (95% CI) P value

Lumbar Disc
HerniaƟon

0.90 (0.83,0.98) 0.01 1.01 (0.93,1.11) 0.74

Lumbar Spine
Stenosis

1.38 (1.27,1.51) 0.00 1.21 (1.10,1.33) 0.00

Spondylolisthesis 1.06 (0.95,1.18) 0.29 0.98 (0.87,1.10) 0.68
Non-Specific
Back Pain

1.01 (0.90,1.12) 0.85 1.02 (0.91,1.15) 0.69

Table 7.2: Odds raƟos (OR) from univariate and mulƟvariate models for the effect of BMI upon clinical
diagnoses. Each OR is for a 5-unit increase in BMI. An OR greater than 1 suggests increased
odds. MulƟvariate models were fiƩed to 50 mulƟple imputaƟon datasets (n=2636).
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Figure 7.5: Confidence interval plot showing odds raƟos (OR) for predictors of a diagnosis of lumbar disc
herniaƟonModels fiƩed to 50 mulƟple imputaƟon datasets (n=2636). An OR greater than one
represents greater odds of lumbar disc herniaƟon. The solid diamond represents the effect and
the error bars the 95% confidence interval. If the confidence interval does not cross the “No
Effect” doƩed line the predictor is significant.
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Figure 7.6: Confidence interval plot showing odds raƟos (OR) for predictors of a diagnosis of lumbar
spine stenosisModels fiƩed to 50 mulƟple imputaƟon datasets (n=2636). An OR greater than
one represents greater odds of lumbar spine stenosis. The solid diamond represents the effect
and the error bars the 95% confidence interval. If the confidence interval does not cross the “No
Effect” doƩed line the predictor is significant.
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Figure 7.7: Confidence interval plot showing odds raƟos (OR) for predictors of a diagnosis of spondy-
lolisthesisModels fiƩed to 50 mulƟple imputaƟon datasets (n=2636). An OR greater than one
represents greater odds of spondylolisthesis. The solid diamond represents the effect and the
error bars the 95% confidence interval. If the confidence interval does not cross the “No Effect”
doƩed line the predictor is significant.
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Figure 7.8: Confidence interval plot showing odds raƟos (OR) for predictors of a diagnosis of non-specific
back painModels fiƩed to 50 mulƟple imputaƟon datasets (n=2636). An OR greater than one
represents greater odds of non-specific back pain. The solid diamond represents the effect and
the error bars the 95% confidence interval. If the confidence interval does not cross the “No
Effect” doƩed line the predictor is significant.
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7.4 Discussion

In this analysis, greater BMI was only associated with a diagnosis of LSS. Age was associated with

greater odds of a diagnosis of LSS and spondylolisthesis, and lower odds of LDH and NSBP. Similarly,

current smoking was correlated with greater odds of LDH and LSS but with lower odds of DS.

7.4.1 General

Within a populaƟons seƫng, the incidenceof LDH, LSS andDShas beenesƟmated at 2.2277-3.3%,278

7.3279-9.3%,28 3.2% (symptomaƟc)280-6.3% respecƟvely.281 These proporƟons may seem large but

this is likely because the authors considered both symptomaƟc and asymptomaƟc parƟcipants.280

Furthermore, as discussed in chapter 1 the global point prevalence of BP has recently been esƟ-

mated at 9.4-11.9%.2,3

It should be clear that these diagnoses are defined by the treaƟng clinician who uses a combi-

naƟon of paƟent characterisƟcs, clinical assessment and imaging. Hence, factors contribuƟng to

a diagnosis are not limited to anatomical lesions and the characterisaƟon of the type of pain ex-

perienced is important. The influence on obesity on specific degeneraƟve features of the spine is

discussed in chapter 8.

The paƟent demographics are in keepingwith other spinal epidemiological studies. The Spine Pa-

Ɵent Outcomes Research Trial (SPORT) recruited 1417 paƟents (743 LDH, 363 LSS and 303 spondy-

lolisthesis) and is the most comparable study to Genodisc.29 In this populaƟon, as with Genodisc,

paƟents with LDH were younger, healthier and had a shorter duraƟon of symptoms. Unfortunately

no informaƟon on BMI was provided.

However, unlike the SPORT study, paƟents in Genodisc could be allocated to one or more diag-

nosƟc categories. This is likely a more pragmaƟc approach as paƟents can have overlapping clinical

diagnoses and isolaƟng a single category can be difficult and inappropriate. For example a paƟent

with a diagnosis of LDH, primarily causing leg pain, may have concomitant BP, over and above what

would be expected with LDH and as such is allocated to both LDH and NSBP. Clinically, this can be

seen with paƟents with LDH who fail to respond as expected to surgical discectomy.282 Similarly,
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LDH and LSS can occur jointly.283 Hence, it is more clinically relevant not to exclusively categorise

paƟents into a single diagnosƟc group.

7.4.2 Lumbar Disc HerniaƟon

A posiƟve relaƟonship between obesity and LDH has been noted in previous studies. A recent study

on 259 Han Chinese males found that the odds of LDH in obese was 1.98 Ɵmes greater than in the

non-obese group.284 This would suggest obesity may have large influence on LDH. However, this

analysis was not corrected for any confounders and the homogenous Chinese study populaƟon has

limited generalisability.

Venkatesan et al., in a retrospecƟve case series, also showed a similar posiƟve relaƟonship be-

tween massive disc herniaƟon, defined as a disc herniaƟon causing cauda equina syndrome and

BMI.285 The odds of a massive disc herniaƟon, compared to paƟents undergoing an elecƟve discec-

tomy for symptomaƟc LDH, was 2.2 Ɵmes greater for a 5 point increase in BMI and 3.1 Ɵmes higher

for paƟents with a BMI greater than 25kg/m2. However, as all paƟents in that study had a diagno-

sis of LDH, the authors were essenƟally invesƟgaƟng the relaƟonship between BMI and severity of

the diagnosis rather than looking specifically at predictors of LDH. Their study is further limited by

the authors only adjusƟng for age and gender and retrospecƟve data collecƟon. In a similar study

design, Lee and Lee showed that the BMI of women with severe LDH (managed surgically) was sig-

nificantly different from those with less severe LDH (managed non-operaƟvely).286 However, the

absolute difference in BMI was only 1 kg/m2and likely not clinically relevant.

Studies comparing paƟents to a healthy populaƟon have shownmixed results for the relaƟonship

betweenobesity and LDH. In one of the earliest epidemiological studies on LDH, published by Kelsey

in 1975, no difference in BMI was seen between paƟents and controls.287 Conversely, in a larger

study of 1129 LDH paƟents, Böstman showed that paƟents presenƟng to a single spinal unit had

a greater BMI than that of the local populaƟon.288 This analysis was not adjusted for confounders,

rather the author reported the 99% CIs. This staƟsƟcal technique is not appropriate as the finite

study populaƟon would have inevitably introduced sampling bias thus limiƟng the generalisability

of the results. Furthermore, the control populaƟon BMI was assessed two decades earlier in a
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separate populaƟon study.

Heliövaara similarly showed BMI as a significant predictor of LDH in men.278 Importantly, signif-

icance was only reached when the populaƟon was segmented by gender and into BMI categories

of 2kg/m2. Furthermore, the analysis was adjusted for body height which is already accounted for

in the calculaƟon of BMI and thus an inappropriate confounder.

Given the limitaƟons of the current literature and the variable results it is possible that there is

no relaƟonship between BMI and a diagnosis LDH. In this analysis, although the iniƟal univariate

analysis showed a negaƟve relaƟonship, BMI was not a significant predictor in the adjusted mulƟ-

variate model. The relaƟonship was confounded by age, with a 10 year increase in age associated

with 28% lower odds of LDH. Similarly, Venkatesan et al. showed a 23% lower odds of massive LDH

for a 10 year increase in age.285 As paƟents age, degeneraƟve changes are superimposed upon

anatomical herniaƟon thus modifying the clinical symptoms.289,290 These symptoms include but

are not limited to back and leg pain which are in a similar paƩern but more severe in LSS than LDH

(Figure 7.1). Furthermore, degenerated discs are less likely to herniate.291

7.4.3 Lumbar Spine Stenosis

Age was the most important predictor for LSS with a 10 year increase in age associated with 2-

fold greater odds of LSS. The mean age of paƟents with LSS was 60 years compared to 48 years

for those with LDH. This is in keeping with the SPORT study29 and the Wakayama Spine study,28

a Japanese populaƟon study. Although the populaƟon of the Wakayama study was geneƟcally

homogenous, the authors showed the prevalence of symptomaƟc LSS increased with increasing

age. In opposiƟon, Hirano et al., in a study on community living Japanese adults demonstrated

that age was not associated with a diagnosis of LSS, most likely because the authors were able to

adjust for sagiƩal balance which was strongly correlated with age.292

BMI was another significant predictor of LSS (Figure 7.6). However there is limited informaƟon

about this relaƟonship in the exisƟng literature. TheWakayama Spine study and an analysis by Kim

et al., adjusted for BMI as a covariate, but did not publish the specific odds raƟo. A request was

made for this data but no reply was received from the authors. The only study which looked at
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the associaƟon between BMI and a diagnosis of LSS was by Hirano et al.292 They showed that BMI

was associated with 12% greater odds of LSS, a smaller effect than the Genodisc findings. Taken

together, this would suggest that BMI could be an important predictor for LSS however furtherwork

is required given the limited data.

7.4.4 DegeneraƟve Spondylolisthesis

With respect to DS, age and female gender were two important posiƟve predictors, smoking was

the only significant negaƟve predictor and BMI was not associated with the diagnosis. From the

literature, it is known that the prevalence of spondylolisthesis is greater in females and older pa-

Ɵents.29,281 However the relaƟonship between obesity and spondylolisthesis is less clear. Kalich-

man et al., uƟlising a subset for the the Framingham heart Study, showed BMI was not associated

with spondylolisthesis.280 Similarly, Denard et al. found no relaƟonship in men.293

However, Schuller et al. showed that paƟents presenƟng for surgical treatment of spondylolis-

thesis, had a significantly higher BMI than controls.294 This finding is limited by the retrospecƟve

study design and the associated risk of control paƟent selecƟon bias. Jacobsen et al. also showed

a posiƟve associaƟon, only in women, between the development of lumbar spondylolisthesis and

index BMI, measured 17 years prior.281 The authors used the Copenhagen OsteoarthriƟs Cohort

and given the longitudinal nature of the data, the study carries considerable weight. However, the

odds raƟowere not provided, only described as ”slim” suggesƟng a small magnitude. Furthermore,

in their mulƟvariate logisƟc regression models, height, weight and BMI were included. Given that

BMI is derived from the former two variables, these will be highly collinear and as such it is inap-

propriate to adjust for all three. Unlike Jacobsen et al., the analysis presented in Figure 7.7 did not

analyse males and females separately as no interacƟon was found between BMI and gender. Given

themixed results, it is possible that, like LDH, there is no relaƟonship between obesity and a clinical

diagnosis DS.
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7.4.5 Non-Specific Back Pain

By definiƟon, NSBP is a clinical diagnosis with an unknown cause.33 Hence, the lack of predictors

and the wide confidence intervals seen in the mulƟvariate model (Figure 7.8) is not surprising. It is

interesƟng that the predictors of back pain (chapter 6), a symptom, are not the same as those of

the diagnosis of NSBP. The strongest posiƟve associaƟon was seen with irritable bowel syndrome

and this could be explained by a common psychological pathway.295 Psychological factors, such as

maladapƟve pain coping and non-organic signs, have been shown to be important predictors of

BP, especially in a chronic (greater than 12 weeks) pain.296 Unfortunately, these factors were not

assessed as part of the Genodisc study.

Another striking feature of NSBP was the considerable overlap in diagnosis with 51% of paƟents

diagnosed with NSBP sharing one or more other diagnoses. This would suggests these paƟents

have a mixture of symptoms part of which fit a clear clinical picture and others which the treaƟng

clinician cannot aƩribute to a specific diagnosƟc group and are unexplained.

7.4.6 Strengths of this Analysis

As discussed in chapter 6, the main strength of this analysis is the comprehensive dataset which

allowed for correcƟon of a number of clinically relevant confounders. This is also one of larger

studies with a heterogeneous and thus generalisable populaƟon.

7.4.7 LimitaƟons of this Analysis

Themost important consideraƟon is the diagnoses were not mutually exclusive and a paƟent could

have more than one as evidenced in Figure 7.2. Allowing clinicians the opportunity to categorise

paƟents as clinically appropriate is a pragmaƟc approach and generalisable to clinical pracƟce. Pa-

Ɵents with mulƟple diagnoses were present across all recruitment sites suggesƟng that this is nei-

ther a site nor a clinician specific pracƟce but rather highlights paƟent complexity. However, an

idealist could argue to the contrary.

A familial predisposiƟon may influence a persons risk for developing certain spinal condiƟons
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during their lifeƟme,297 and hence family history was included as a confounder. However, the sur-

vey quesƟon may have caused confusion by asking about a family history of the ”same condiƟon”.

This could be problemaƟc if paƟents are not aware of their specific diagnosis or diagnoses.

7.5 Conclusion

This analysis provides evidence that obesity is associated with a diagnosis of LSS but not LDH, DS, or

NSBP. InformaƟon of other predictors of these diagnoses are also shown. Within a clinical seƫng,

this informaƟon will allow a clearer understanding and differenƟaƟon of complex spine paƟents.

Key Points

• PaƟents with a diagnosis of lumbar disc herniaƟon or non specific back pain were

younger and healthier than those with a diagnosis of lumbar spine stenosis or

degeneraƟve spondylolisthesis.

• A large proporƟon of paƟents have more than one diagnosis, suggesƟng hetero-

geneity in symptoms and presentaƟon.

• Only lumbar spine stenosis was associated with BMI, however age was the strongest

predictor of this diagnosis.

• As a diagnosis, non specific back pain was nebulous but importantly different to

back pain as a symptom.
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This analysis builds on chapters 6 and 7, working to idenƟfy the relaƟonship between obesity

and underlying anatomical changes. Changes, which can contribute to pain and a clinical pheno-

type/diagnosis. DegeneraƟve features of interest are intervertebral disc degeneraƟon, disc herni-

aƟon and stenosis. For these analyses, the spine is considered as a whole and dichotomised into

upper and lower segments. Increased BMI was associated with disc degeneraƟon, spine stenosis

and disc herniaƟon on MRI.
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8.1 IntroducƟon

Obesity can contribute to back and leg pain but the literature linking obesity to degeneraƟve fea-

tures on the lumbar spine is limited, especially at a populaƟon level. Advancing this understanding

is important as it may have implicaƟons on prevenƟon and management of spinal degeneraƟon.

Furthermore, a link at a populaƟon level will add clinical support to the findings of chapter 3, where

a potenƟal biochemical link between obesity and disc degeneraƟon was described.

8.2 Analysis Plan

8.2.1 Hypothesis

It is predicted that obesity will be independently related to features of degeneraƟon in the lumbar

spine. These are disc degeneraƟon, disc herniaƟon and spinal stenosis.

8.2.2 PopulaƟon

Of the total Genodisc populaƟon of 2636, 558 MRIs were of poor quality and 394 paƟents were

excluded because of incomplete quesƟonnaires resulƟng in a populaƟon for analysis of 1684. Mul-

Ɵple imputaƟon was not used for this analysis as the missing quesƟonnaire data was only 19%

unlike in previous analysis where missingness was up to 50%.

8.2.3 MRI Data

MRIs were obtained as discussed in chapter 5. A single experienced radiologist read all MRIs in an

anonymous and blinded fashion. A total of 121 random MRIs were double read by the same radi-

ologist to assess intra-observer reliability. The kappa staƟsƟc was used to assess reliability for di-

chotomous variables and Lin’s concordance coefficient for ordinal variables. The reliability analysis

was performed by a collaborator (Prof Michele Crites-Baƫe, University of Alberta, Canada). Gen-

erally, reliability was greater than 0.70 and thus acceptable. ExcepƟons were Modic I & II changes
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and endplate sclerosis (Table 8.1). A likely explanaƟon is the low prevalence of these features and

these esƟmates are in keeping with the literature.298

Variable Reliability (95% CI)

Ordinal
Disc DegeneraƟon RaƟng 0.91 (0.89,0.93)
Disc HerniaƟon 0.81 (0.73,0.89)
Associated nerve root compression (DH) 0.82 (0.74,0.91)
Central canal stenosis 0.66 (0.47,0.86)
Upper Endplate defect 0.66 (0.55,0.78)
Lower Endplate defect 0.75 (0.66,0.84)
Dichotomous
Any stenosis 0.75 (0.66,0.83)
Upper endplate defect 0.65 (0.56,0.75)
Lower endplate defect 0.69 (0.60,0.77)
Upper Modic I Changes 0.71 (0.59,0.83)
Lower Modic I Changes 0.76 (0.66,0.87)
Upper Modic II Changes 0.72 (0.63,0.81)
Lower Modic II Changes 0.66 (0.56,0.76)
Upper Modic III Changes 0.43 (0.25,0.61)
Lower Modic III Changes 0.32 (0.12,0.52)
Upper Vertebral Endplate Sclerosis 0.42 (0.14,0.71)
Lower Vertebral Endplate Sclerosis 0.57 (0.29,0.84)

Table 8.1: Intra-observer reliability esƟmates of MRI data Kappa coefficient was used for dichotomous
variables and Lin’s concordance coefficient for ordinal variables. Confidence intervals were ob-
tained using standard errors from nonparametric bootstrapping, with 1000 replicaƟons, clus-
tered on person to account for any correlaƟon between the six disc raƟngs per person. Analysis
performed by Prof Michele Crites-Baƫe, University of Alberta, Canada.

8.2.4 Outcome

Intervertebral Disc DegeneraƟon

Disc degeneraƟonwas scored using the commonly uƟlised Pfirrmann raƟng system, which accounts

for disc height, structure, signal intensity and nucleus pulposus-annulus fibrosus disƟncƟon.55 The

score ranges from grade 1, which represents a homogenous disc taken as non-degenerate, with

bright signal intensity and normal height, to grade 5, which is a collapsed hypointense disc with no
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disƟncƟon between the nucleus pulposus and annulus fibrosis (Figure 8.1). Disc narrowing was not

considered as a separate variable as the Pfirrmann score encompasses this feature.

Grade 1 Grade 2 Grade 3

Grade 4 Grade 5

Figure 8.1: Disc DegeneraƟon Grading Scale (Pfirrmann) A normal disc (Grade 1) appears as a homoge-
nous bright white disc with preserved height. With progressive degeneraƟon there is loss of disc
signal, inhomogeneity, and collapsing disc space. Modic changes are visible on the Grade 5 disc
but this is strictly not part of the Pfirrmann grading system.

To obtain an overall assessment of degeneraƟon the score was averaged over all six, upper three

and lower three levels. The upper and lower lumbar spine were considered separately as degener-

aƟon in these different segments may represent a specific phenotype.9 Another approach to han-

dling the degeneraƟve score is to sum the variable across all levels.9 To ensure appropriate data

handling, a sensiƟvity analysis was performed using a summed degeneraƟve score with theoreƟcal

maximum of 30 (over 6 levels).

Linear regression was used to model the relaƟonship between the degeneraƟve score and BMI.

The scorewas also dichotomised to create three indicator variables and logisƟc regressionwas used

to model this relaƟonship. The indicator variables created were severe (grade 5) degeneraƟon at

any level, mulƟple levels of degeneraƟon (grade 3,4 or 5), and mulƟple levels of severe (grade 5)

degeneraƟon.
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Disc HerniaƟon

Disc herniaƟon is defined as the extrusion of disc material into the spinal canal. It was classified

by size and this ordinal variable was dichotomised to either disc greater than 2mm or 10mm. Mul-

Ɵvariate logisƟc regression was then used to model the relaƟonship between BMI and herniaƟon

greater than:

• 2mm at any level,

• 2mm at the upper 3 levels,

• 2mm at the lower 3 levels,

• 2mm at mulƟple levels,

• 10mm at any level, and

• 2mm with associated nerve root compression.

Spinal Stenosis

Spinal stenosis occurs when there is reduced space within the spinal canal and anatomically, this is

causedby a combinaƟonof disc herniaƟon, ligament hypertrophy and facet joint hypertrophy.27,297,299

Central spinal stenosis was classified qualitaƟvely by severity (absent, mild, moderate and severe).

In the analysis, stenosis was dichotomised and two indicator variables were created. These were

any stenosis (mild, moderate or severe) and severe only. LogisƟc regression was then used to anal-

yse the relaƟonship between BMI and spinal stenosis at:

• any level (severe stenosis analysed separately),

• upper 3 levels,

• lower 3 levels, and

• mulƟple levels.

8.2.5 Exposure

BMI was the predictor of interest and considered conƟnuous.
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8.2.6 Confounders

Clinical findings

As this analysis did not account for pain, only biologically plausible confounders such as age, sport-

ing acƟvity, gender, family history, smoking history,300 occupaƟon intensity,301 and comorbidiƟes

(RA, OA and OP) were included. Other comorbidiƟes, such as fibromyalgia, which primarily con-

tribute to pain were not.

End Plate Changes

The end plate is criƟcally important to the intervertebral disc as it provides an important pathway

for disc nutriƟon and compromise can lead to matrix degradaƟon, cell death and disc degenera-

Ɵon.46 In this study, the term end plate changes encompass three pathologies: Modic changes, end

plate defects and end plate sclerosis. End plate changes are not specific to disease but have been

associated with spinal degeneraƟon and hence are important confounders.

Modic Changes Modic changes are defined as end plate and bone marrow changes visible on

MRI.302 These changes have been shown to be present in up to 27.4% of paƟents with back pain,303

and are associated with disc herniaƟon.304 There are three types of Modic changes, described in

Table 8.2 and Figure 8.2.302 Modic changes are thought to represent a cascade with acute inflam-

maƟon (Type I) followed by faƩy replacement and granulaƟon (Type 2). At this stage, the Type 2

changes may stabilise or progress to sclerosis (Type 3).303

End Plate Defects End plate defects or Schmorl’s nodes are herniaƟons of the nucleus pulposus

into the vertebral end plates that may be associated with disc degeneraƟon.305 An example of a

large defect is shown in Figure 8.2.

End Plate Sclerosis Sclerosis is defined as increased bone mineral density and when this occurs

in the end plate it can compromise intervertebral disc nutriƟon45 and it has been associated with

disc degeneraƟon.306,307
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Modic Type
MRI Feature

Pathology

T1 images T2 images

Modic I hypointense hyperintense Bony oedema

Modic II hyperintense
isointense or

hyperintense

FaƩy replacement of bone

marrow

Modic III/mixed hypointense hypointense Bony Sclerosis

Table 8.2: Summary of Modic changes302

Modic 1 T1 Modic 1 T2

Modic 2 T1 Modic 2 T2

End plate defect

Figure 8.2: End plate changesModic 1 changes are hypointense on T1, hyperintense on T2 and represent
bony oedemea. Modic 2 changes represent faƩy replacement and are hyperintense on T1 and
hyper- or isointense on T2. End plate defect is a defect in either the superior or inferior end
plate with subsequent disc herniaƟon.
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Inclusion in Models For the purposes of the model, all end plate changes were considered as

binary variables, present or absent. All end plate changes were included in the model for interver-

tebral disc degeneraƟon and only Modic changes for the herniaƟon and stenosis models.

8.3 Results

8.3.1 General Findings

Figure 8.3 is a schemaƟc showing the increasing prevalence of end plate features (blue) and disc

herniaƟon (purple) at the more caudal spinal levels. Similarly, the mean degeneraƟon score (or-

ange) is greater at the lower spinal levels.

The coefficients and odds raƟos below relate to a 5kg/m2or a 10 year difference BMI and age

respecƟvely.

8.3.2 Disc DegeneraƟon

In the univariate analysis, BMI was a posiƟve predictor of degeneraƟon associated with 0.14 unit

(95% CI 0.10,0.18) increase in degeneraƟon (Figure 8.6). Agewas also a posiƟve predictor, a 10 year

increase in age was associated with a 0.19 (95% CI 0.18,0.20) unit increase in degeneraƟon. The

fit of this relaƟonship was striking with a R-squared of 0.44 compared to 0.03 for the relaƟonship

with BMI (Figure 8.5).

These findings persisted in the mulƟvariate linear model however the effect of BMI was less and

clinically insignificant (0.04 units) and that of age was larger (0.31 units) (Figure 8.7 and Table 8.3).

Furthermore, all the end plate features (Modic, sclerosis and defects) were posiƟve but less precise

(wider CI) predictors of degeneraƟon. The sensiƟvity analysis, using a summed degeneraƟve score,

produced regression coefficients of a similar magnitude to the mean degeneraƟve score.

Table 8.3 summarises the findings for age and BMI when the upper and lower lumbar spine were

considered separately. Age was sƟll the most important posiƟve predictor for both and of greater

magnitude in the upper three levels 0.35 units per 10 years compared to 0.25 units in the lower
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Figure 8.3: SchemaƟc represenƟng prevalence of MRI features at each spinal level Blue boxes represent
the prevalence of any upper or lower end plate changes, pink boxes is the prevalence of disc
herniaƟon >2.1mm and orange is the mean degeneraƟon score (0-5).
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Figure 8.4: ScaƩerplot illustraƟng the relaƟonship between body mass index and age Red line represents
the univariate linear regression line and doƩed black lines the 95% confidence intervals.
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Figure 8.5: ScaƩerplot illustraƟng the relaƟonship between age and disc degeneraƟon Red line repre-
sents the univariate linear regression line and doƩed black lines the 95% confidence intervals.
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Figure 8.6: ScaƩerplot illustraƟng the relaƟonship between body mass index and disc degeneraƟon Red
line represents the univariate linear regression line and doƩed black lines the 95% confidence
intervals.

spine. On the other hand, BMI was only significant in the lower lumbar spine albeit with a very

small effect size (0.04 units [95% CI 0.00,0.08]). For the upper three levels, the effect of BMI was

confounded by age.

When degeneraƟon was considered as a binary variable, age remained as the most important

predictor increasing the odds of mulƟlevel degeneraƟon (OR 1.37, [95% CI 1.24,1.50]), mulƟlevel

severe degeneraƟon (OR 1.98, [95% CI 1.73,2.26]) and severe (grade 5) degeneraƟon (OR 2.10,

[95% CI 1.79,2.47]). For all these outcomes, the effect of BMI was non-significant and confounded

by age.
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8.3.3 Disc HerniaƟon

Figure 8.8 describes the prevalence of MRI diagnosed disc herniaƟon within the Genodisc popula-

Ɵon. Not only was the prevalence of DH greater at the lower spine levels (Figure 8.3), so was the

proporƟon of larger DHs (Figure 8.8A) and the severity of nerve root compression (Figure 8.8B).

L4-5 and L5-S1 showed a similar prevalence of DH. In contrast to degeneraƟon, there was a lower

proporƟon of DH with greater BMI and, more markedly, with older age (Figure 8.8C&D).

In univariate assessment, with DH at any level as the outcome, BMIwas not a significant predictor

(OR 1.09 [95% CI 0.99,1.20]) whereas age was associated with 29% lower odds of DH (OR 0.71 [95%

CI 0.66,0.76]) (Table 8.5). However, in themulƟvariatemodel (Figure 8.9), the relaƟonship between

BMI and DH became significant with an odds raƟo of 1.19 (95% CI 1.07,1.33). Age was the primary

confounder of this relaƟonship with addiƟon of this variable resulƟng in a significant relaƟonship

between DH and BMI.

The same confounding effect of age was also seen when the outcome variable was DH at the

lower three levels, DH greater than 10mm at any level and DH at any level with nerve root com-

pression. Contrary to this paƩern, herniaƟon in the upper lumbar spine showed the strongest re-

laƟonship to BMI, which was significant in both univariate and mulƟvariate analysis (OR 1.39 [95%

CI 1.10,1.77]) and was not related to age.
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Figure 8.8: Prevalence of disc herniaƟon on MRI A: Size of disc herniaƟon at all spinal levels. Bars are
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8.3.4 Lumbar Stenosis

The prevalence of stenosis increased with more caudal levels, but unlike degeneraƟon and DH,

peaked at L4-L5 with 17% of paƟents (Figure 8.10A). Furthermore, with increasing age, there was a

higher proporƟon of stenosis, with 52% those greater than 70 years exhibiƟng reduced spinal canal

space (Figure 8.10C). With respect to BMI, there was a general trend from normal to obese for in-

crease in stenosis. In the underweight group, 25% of paƟents had stenosis on MRI, comparable to

23% in the overweight group and 27% in the obese group (Figure 8.10D). Furthermore, the propor-

Ɵon of mulƟlevel stenosis peaked in the overweight group with 13% of paƟents exhibiƟng stenosis

at two or more levels. Surprisingly, none of the paƟents the underweight group had stenosis at

more than one level (Figure 8.10B) despite 17% of these paƟents exhibiƟng severe stenosis, the

largest for all the BMI groups (Figure 8.10D).

Both BMI, OR 1.24 (95% CI [1.07,1.44]) and age, OR 2.56 (95% CI [2.25,2.92]) were the only two

posiƟve predictors of stenosis on MRI (Figure 8.11). Table 8.6 summaries the perƟnent findings

from the other mulƟvariate models. Age was the strongest posiƟve predictor of stenosis, except in

mulƟlevel stenosis, where age was associated with 22% lower odds (OR 0.78 [95% CI 0.69,0.89]).

Similarly, BMI was associated with greater stenosis but of a generally lower magnitude than age.

The largest relaƟonship for BMI was with stenosis in the upper three lumbar levels (OR 1.65 [95%

CI 1.27,2.16]). Finally, BMI was not a significant predictor of severe stenosis (OR 1.11 [95% CI

0.92,1.35]) with this relaƟonship confounded by age.
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8.4 Discussion

This analysis presents many interesƟng findings. Firstly, degeneraƟon progressively worsened with

age. The prevalence of DH and stenosis was greatest at more caudal spinal levels. In the mulƟ-

variate models, age was an important predictor for all three features, posiƟve for degeneraƟon

and stenosis and negaƟve for DH. Greater BMI was also associated with greater disc degeneraƟon,

odds of DH and odds of stenosis, when the respecƟve feature was considered present at any spinal

level. In certain cases, age and BMI shared an interesƟng interrelaƟonship with age confounding

the associaƟon with BMI, removing significance for outcomes of degeneraƟon and stenosis, and

adding it for DH. It was also surprising that other predictors such as work intensity, smoking and

comorbidiƟes showed no relaƟonship in this large paƟent group.

8.4.1 Disc DegeneraƟon

The paƩern of disc degeneraƟon is clearly defined in the lumbar spine and the results shown here

are in keeping with those of Cheung et al.,9 Takatalo et al.,135 and the Wakayama Spine Study.136

However, literature surrounding disc degeneraƟon and obesity is varied, there are few large MRI

based studies, and many of the reports have not idenƟfied the confounding interrelaƟonship be-

tween age and BMI. This analysis has shown that when degeneraƟon was considered conƟnuous,

the effect of BMI although staƟsƟcally significant wasmarginal and unlikely to be clinically relevant.

Furthermore, BMI was not related to end stage or mulƟlevel degeneraƟon.

In the largest MRI study to date, Samartzis et al. showed that BMI was associated with the pres-

ence of degeneraƟon, number of degenerated levels and severe degeneraƟon.82 They also found a

similar relaƟonship between degeneraƟon and age with a R-squared of 0.40 in univariate analysis

but the odds raƟo for age in the mulƟvariate model was not provided. Similarly, the Wakayama

spine study found a significant associaƟon between age, BMI and degeneraƟon.136 These results

are supported by a smaller Japanese study, which also showed a significant relaƟonship between

degeneraƟon, age and BMI.308 However, in a study of 200 healthy Japanese volunteers, Kanayama

et al. did not show a relaƟonship between degeneraƟon and BMI but found age to be the primary
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contributor.309 A general caveat about generalisability of these four studies is required because

these results arise from the respecƟve homogenous Southern Chinese and Japanese populaƟons.

Liuke et al., in a longitudinalMRI based study, found that sustainedBMI greater than 25 kg/m2over

a 4 year period was associated with 4.3 Ɵmes greater odds of disc degeneraƟon.85 They also found

that BMI greater than 25kg/m2 in the young (less than 25 years old) was associated with 3.8 Ɵmes

greater odds of degeneraƟon, no relaƟonship was seen for those over 40. This could be due to

the confounding effect of age similar to that seen in the Genodisc populaƟon (Table 8.3). It can

also be due to the relaƟvely crude method used to score degeneraƟon, a disc was classified as de-

generate simply if the nucleus pulposus signal intensity was less than that of cerebrospinal fluid

(CSF). Another longitudinal study, using the Finnish Birth cohort, showed morbid obesity was asso-

ciated with greater odds of disc degeneraƟon.310 This study was surprising as the authors showed

that even at 21 years old, 54% of their cohort had some form of disc degeneraƟon and 17% were

severely degenerate.

The use of computer tomography (CT) and plain images have also been used to assess the rela-

Ɵonship between obesity and disc degeneraƟon. As a surrogate for direct disc assessment, which

is limited by the poor soŌ Ɵssue visualisaƟon on CT, authors have used disc height or narrowing.

Disc height is part of the grading systemused in this analysis (Pfirrmann grading)55 and reduced disc

height is correlated with features of degeneraƟon.311 Kalichiman et al. showed that although there

was a strong relaƟonship between age and degeneraƟon, the associaƟon between disc height and

BMI was not significant.312 HasseƩ et al. analysed the lumbar spine radiographs from the Ching-

ford study and found that aŌer a nine year interval, age but not BMI predicted progression of disc

space narrowing and other degeneraƟve features.313 However, Urquhart et al. recently showed

that obesity may be associated with reduced disc height especially at L1-2 and L3-4.133

In contrast, some authors believe obesity to be protecƟve of disc degeneraƟon.86,314 Videman

et al., using 44 monozygoƟc twins, showed the heavier sibling had significantly higher disc signal

variaƟon but not disc height. However, the magnitude of difference in signal variaƟon was only 5%

between twins and when fully adjusted the significance of this associaƟon was lost. The authors

also showed the potenƟal ”protecƟve” effect of greater body mass was only apparent when the

difference inweight between siblingsweightwas less than 18kg.314 Although thiswas an interesƟng
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finding, it further complicates the understanding of obesity and disc degeneraƟon.

All the studies discussed above were conducted on healthy individuals whereas the Genodisc

study was focussed on spinal paƟents presenƟng to terƟary spinal centres. IrrespecƟve, it would

appear age is the primary contributor to disc degeneraƟon for both paƟents and the populaƟon.

The relaƟonship between BMI and disc degeneraƟon is less clear. It is possible that obesity or

BMI is an inappropriate measure of body fat or adiposity. Takatalo et al. showed truncal obesity,

measured by abdominal and sagiƩal diameter on MRI, and body fat percentage, were associated

with greater disc degeneraƟon in males.84 This could be explained by increased local adipokines

contribuƟng to degeneraƟon (chapter 3).

It is disappoinƟng that obesity is not a major contributor to disc degeneraƟon as weight loss

could be an intervenƟon to prevent or hasten disc degeneraƟon, certainly reversing ageing is not a

simple soluƟon. Nevertheless, a promising result was described by Lidar et al. who showed amean

restoraƟon of 2mm disc height at L4-5 aŌer a 13kg/m2 reducƟon in BMI. Although this is a small

change in disc height, which could be a result of measurement error, it is an encouraging finding.

Finally, the associaƟon between degeneraƟon and end plate changes requires a brief discussion.

In this analysis, degeneraƟonwas significantly associatedwith all end plate changes albeitwithwide

confidence intervals. In the Genodisc Study, the prevalence of end plate changes is greatest at the

lower spinal levels similar to that found by Albert and colleagues.303 The authors also showed that

of all spine pathologies, degeneraƟon at L4-L5 and L5-S1 had the strongest associaƟon with both

Modic I and II changes. Although the progression of Modic changes can be predicted, the inciƟng

processes are not known. Certain authors have shown degeneraƟon to be associated with the

development ofModic changes, predominantly type I and given the strong associaƟon it is possible

that the development of Modic changes are a biomechanical phenomenon.315 Furthermore, as

Modic II changes thought to be faƩy deposits and associated with obesity316 it is possible these

may serve a source of adipokines iniƟaƟng and potenƟaƟng disc degeneraƟon and pain.
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8.4.2 Disc HerniaƟon

In contrast to degeneraƟon, BMI was associated with greater odds of DH whereas increasing age

was associated with lower odds. These relaƟonships were present for all outcome variables includ-

ingDHat any level, upper or lower three levels, with nerve root compression, and severe herniaƟon.

The largest study looking at DHwas published by Jhawar et el.317 Using the Nurses’ Health Study,

the authors showed an increased risk of developing a DH with a linear increase in BMI. Given

the large sample size and longitudinal data collecƟon, this study carries considerable strength.

However, cardiovascular risk factors were adjusted for in their mulƟvariate model and given the

collinearity between obesity and these risk factors, it may have aƩenuated the magnitude of effect

of BMI, similar to that seen in chapter 6.

The upper and lower lumbar spine, although anatomically similar, appear to have different risk

factors for DH as shown by Saberi et al.318 The authors studied 514 paƟents with back pain and

found increasing age to only be associated with herniaƟon only in the upper lumbar spine. These

results were supported by Dammers and Koehler who demonstrated that the mean age of paƟents

with DH at the upper lumbar levels was significantly greater than at L5-S1.319 This analysis above

shows a non-significant trend for greater odds of DH in the upper lumbar spine with an increase

in age (Table 8.3). However, with all the other DH outcome variables, age was a negaƟve predictor

and of greatest magnitude in the lower lumbar spine. Recently, Ma et al. also showed that DH

tends to decrease with increasing age.320 AddiƟonally, paƟents with DH in both the SPORT study

and Hong Kong Spine cohort were younger.9,29 These results suggest a biological explanaƟon. Disc

degeneraƟon is strongly correlated with ageing and the process of degeneraƟon results in loss of

disc proteoglycan, desiccaƟon and reducƟon in disc height which leaves liƩle material to physically

herniate.15

Modic changes have also been associated with disc herniaƟon. Albert et al. noted a longitudi-

nal relaƟonship between DH and the development of Modic 1 changes.304 In the Genodisc study,

paƟents with a MRI diagnosed herniaƟon suffered back pain symptoms for a mean of 23 months.

IniƟally, the end plate changes could have been Modic I but with the chronicity of the lesion, these

converted to a more stable Modic II and hence a significant associaƟon is seen.
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8.4.3 Lumbar Stenosis

On imaging, there are three pathological changes, which contribute to spinal stenosis. These are

disc degeneraƟon with loss of disc height and bulging, ligamentum flavum thickening/buckling and

facet joint hypertrophy which together produce circumferenƟal narrowing of the spinal canal.30,297

Given the contribuƟon of disc degeneraƟon to its development, it is not surprising that stenosis is

associatedwith ageing. The data from theGenodisc populaƟon shows a clear increase in prevalence

as well as greater odds of stenosis (for all outcome variables except for mulƟlevel stenosis) with

increasing age.

The Wakayama spine study, the largest radiographic study of spinal stenosis, showed a clear

age-dependent increase in radiographic stenosis.30 Furthermore, a recent study by Gandhi et al.,

showed that paƟents with severe stenosis were generally older, but the authors did not clearly

define the imagingmodality used.321 Similarly, Kalichman found a relaƟonship between ageing and

mild stenosis (<12mm) but not severe stenosis (<10mm).279 The significance of this relaƟonship

was lost in a model adjusted for BMI and gender. Furthermore, the small sample size (15 stenosis

paƟents out of 187) and arbitrary cut off for stenosis may have limited the analysis.312 BMI was

an important predictor for stenosis whether at any level, at the upper three or the lower lumbar

levels. The Wakayama study supports these results in only men.30

8.4.4 General

The effect of BMI upon both DH and stenosis was of greatest magnitude in upper lumbar spine. Us-

ing cluster analysis, two separate research groups described a possible upper lumbar degeneraƟve

paƩern with Cheung hypothesising a non-mechanical cause given this part of the spine is subject

to less mechanical load.9,322 Biological studies also support a disƟnct upper lumbar phenotype.323

From the clinical literature, is unclear if BMI influences the upper lumbar spine via biomechanical

or biochemical factors. Baƫe showed that heavy workload and thus greater loading was the only

significant predictor of upper spine degeneraƟon.301 However, workload was not a determinant in

any of themodels described here and given the results of the in vitro study (chapter 3), a biochemi-

cal linkmay exist. Another possible link to an upper lumbar phenotype is age. DH in the upper spine
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was the only DH variable that had a posiƟve but non-significant trend with age. Furthermore, age

had the largest magnitude of effect with stenosis in the upper spine. This finding is supported by

Werndle et al. who showed that in paƟents older than 65 years, DHwasmore common in the upper

lumbar spine.324

The exact mechanisms underlying a link observed between obesity and the MRI features dis-

cussed here are unknown. It is possible that adipokines, as described in chapter 3 could mediate

this relaƟonship. Adipokines could also act upon the annulus to iniƟate failure and promote her-

niaƟon. In addiƟon to degeneraƟon, lepƟn has been implicated in posterior longitudinal ligament

hypertrophy which contributes to spinal stenosis.325 However, biomechanical factors are also pos-

sible.326

The associaƟon between BMI and degeneraƟon, DH or stenosis at mulƟple levels was not signifi-

cant, possibly because the underlying causemulƟlevel disease is geneƟc. For example, an aggrecan

gene with a short variable number of tandem repeats has been implicated in both severe and mul-

Ɵlevel disc degeneraƟon but not mulƟlevel DH.327 Similarly, a vitamin D allele (Tt) has been associ-

ated with severe and mulƟlevel disc degeneraƟon and mulƟlevel herniaƟon.328 The collagen-9A3

(COL9A3) gene polymorphism is also inovolved in mulƟlevel disc degeneraƟon and bulging. The

authors also found a synergisƟc and interacƟve effect between BMI and the COL9A3.329 Baƫe et

al. also recently showed central lumbar stenosis was highly geneƟc with a heritability esƟmate, the

percentage of phenotypic variaƟon resulƟng from geneƟc factors, of 64%.297 GeneƟc analyses of

the Genodisc paƟents are sƟll pending.

Another similarity from all analyses was that neither smoking nor work intensity were predic-

tors of MRI features. This was intriguing because both current smoking and heavy workload were

associated with back and leg pain (chapter 6) and smoking but not workload was associated with

a diagnosis of LDH and LSS (chapter 7). Taken together, this suggests smoking and workload are

possible drivers of pain which contribue to a diagnosis. Liuke et al. and the Chingford study showed

that smoking and occupaƟon were not associated with degeneraƟon.85,313 Furthermore, the rela-

Ɵonship between smoking and chronic pain or back pain is well documented330,331 and the causal

mechanism suggested byGoldberg et al. could be due to underlying neuropathic processes or a sys-

temic pro-inflammatory state332 rather than degeneraƟon.333 Smoking could also influencemental
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state and thus pain,330 however the analysis in chapter 6 showed both smoking and depression

were independently associated with pain.

Finally, there are clear gender differences with female gender associated with lower odds of

anatomical herniaƟon and stenosis but greater levels of back and leg pain (chapter 6). This dis-

cordance could indicate gender differences in pain sensiƟvity or pain processing. Using the pain

sensiƟvity quesƟonnaire, Kim et al. recently showed that women with spinal stenosis had higher

sensiƟvity even aŌer adjusƟng for spinal degeneraƟon.334

8.4.5 Strengths of this Analysis

This analysis adds to the current literature by providing informaƟon on predictors of MRI defined

spinal degeneraƟon in paƟents. To date, the larger studies have been populaƟon or community

based,28,82,136 or used a less precise imaging modality313 and have been focused primarily on disc

degeneraƟon.82,136,313 The analysis also adds informaƟon on different paƩerns of degeneraƟon,

stenosis and DH.

8.4.6 LimitaƟons of this Analysis

The most important caveat with this analysis relates to the MRI reading, as all scans were read by a

single radiologist. However, the assessment was performed in a random, anonymised fashion and

independent of the primary study invesƟgators. The radiologist was a specialist musculoskeletal ra-

diologist with over 30 years of clinical experience, followed a standardised protocol when assessing

the scans and his intra-observer reliability was within accepted limits.

8.5 Conclusion

From this analysis, BMI is an important predictor of spinal stenosis and disc herniaƟon. For disc

degeneraƟon, age was the most important factor and although increasing BMI was associated with

greater disc degeneraƟon this is unlikely to be clinically relevant. The results further support an
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upper spinal phenotype. Finally, given the link between obesity, adipokines are a potenƟal con-

tribuƟng factor.

Key Points

• Obesity was associated with disc degeneraƟon, disc herniaƟon, and spinal stenosis

on MRI, however the associaƟon with degeneraƟon is unlikely to be clinically

relevant.

• Age was the strongest posiƟve predictor of degeneraƟon and stenosis and a negaƟve

predictor of herniaƟon.

• Neither BMI nor age were important predictors of mulƟple level degeneraƟon

raising the quesƟon of a geneƟc pathogenesis.

• The upper lumbar phenotype requires further invesƟgaƟon as the results of this

study support those from previous invesƟgators.
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CHAPTER 9. GENERAL DISCUSSION 9.1. SUMMARY OF FINDINGS

9.1 Summary of Findings

This thesis provides a greater understanding of the effects of obesity upon the lumbar spine. This

relaƟonship was iniƟally explored at a cellular level in an in vitro study described in chapter 3.

This was followed by an ex vivo clinical study in chapter 4 which was designed to validate the in

vitro results. Finally, a detailed epidemiological analysis was performed to further delineate the

associaƟon between obesity and mulƟple indicators of lumbar spine pathology. These included

pain, clinical diagnoses and degeneraƟon quanƟfied on MR imaging.

LepƟn is a potenƟal mediator of disc degeneraƟon

The first objecƟve of this thesis was to understand the biochemical effects of lepƟn, an adipokine,

upon the IVD. Using a bovine IVD model, it was shown that lepƟn can increase the producƟon and

expression of proteases and pro-inflammatory cytokines (chapter 3). Within a pro-inflammatory

milieu, especially in the presence of IL-6, these effects were amplified along with the producƟon of

pain-generaƟng molecules such as lactate and NO. These findings support a hypothesis that lepƟn

could mediate a biochemical link between obesity and intervertebral disc degeneraƟon.

Local adipokines, plasma cytokines and potenƟal biomarkers

The next objecƟve was to invesƟgate if adipokines and cytokines from local adipose Ɵssue were

related to symptoms in spine paƟents (chapter 4). No local cytokines, including lepƟn and pro-

inflammatory mediators, were clearly related to symptoms or specific clinical diagnoses. However,

the adipose Ɵssue from paƟents was not taken from sites adjacent to the disc and hence before

discounƟng a possible relaƟonship, further invesƟgaƟons with appropriate controls and adipose

samples from sites adjacent to the disc are required.

Results here also found that plasma cytokines, parƟcularly IL-6 and TNF-α, thoughnot adipokines,

were associated with higher pain levels and spinal stenosis. This further indicates that IL-6 plays

an important role in disc degeneraƟon (chapter 3) and back pain. Further detailed analysis of the

plasma proteins revealed that clusterin and complement proteins, may have an important role in
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spine paƟents and could be potenƟal biomarkers.

Obesity is related to back and leg pain

The thesis also aimed to understand the role of obesity in the lumbar spine at an epidemiological

level in paƟents with spinal condiƟons. The Genodisc populaƟon, a large heterogenous paƟent

populaƟon, was uƟlised. The first analysis (chapter 6) showed that obesity was related to both

back and leg pain. However, the magnitude relaƟonship was small. Other important predictors of

back and leg pain such as female gender, rheumatoid arthriƟs, previous surgery, and depression

were also idenƟfied in this populaƟon.

Obesity is associated with a diagnosis of lumbar spine stenosis

The second analysis was performed to assess the relaƟonship between obesity and clinical diag-

noses (chapter 7). From this study, it was found that there was considerable overlap in clinical

diagnoses. This demonstrates the heterogeneity in paƟent presentaƟon and highlights the diffi-

culty in clinical assessment. Obesity was found to be an important predictor of a clinical diagnosis

of lumbar spinal stenosis but not of lumbar disc herniaƟon, degeneraƟve spondylolisthesis or non-

specific back pain.

Obesity is a predictor of spinal stenosis and disc herniaƟon on MRI

Finally, the role of obesity in MRI-defined degeneraƟon was invesƟgated (chapter 8). For disc de-

generaƟon, obesity was a posiƟve predictor but of small magnitude. This finding does not negate

obesity as a predictor, but rather results from the finding that as disc degeneraƟon is primarily a

factor of ageing and this overshadows other effects. Increased BMI was however associated with

presence of herniated discs and spinal stenosis which may indicate a mismatch between pathol-

ogy on MRI and clinical diagnoses. Furthermore, obesity was idenƟfied as a potenƟally important

mediator of an upper lumbar spine phenotype for herniaƟon and stenosis.9,322
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9.2 Clinical ApplicaƟon of this Research

The clinical implicaƟons of this thesis are threefold. Firstly, therapeuƟc opportuniƟes for interven-

Ɵon will arise if the role of lepƟn in inducƟon and progression of disc degeneraƟon is validated by

more comprehensive studies. Secondly, the results here, though only on a small cohort of paƟents,

suggest idenƟficaƟon of specific serum biomarkers for LSS and LBP is possible and these could be

an aid to diagnosis and to following the progress of intervenƟons. Moreover, as pro-inflammatory

cytokines seem to be associated in parƟcular with LSS and given that exogenous administered

pro-inflammatory molecules are already uƟlised in the spine, treatment with appropriate cytokine

blockers could be a promising strategy for the management of LSS paƟents and pain.23–25,75 Finally,

the epidemiological findings provide clinicians with a greater understanding of spine paƟents, the

drivers of their pain, predictors of a clinical diagnosis and associaƟons with degeneraƟon.

9.3 Future Work and Further QuesƟons

In addiƟon to adding to the literature, this thesis raises important quesƟons which require further

invesƟgaƟon. One that needs clarificaƟon is the clinical correlaƟonbetweenboth local and systemic

adipokines and paƟent symptoms, as described in chapter 4.

At the local adipose Ɵssue level, the first step to further define such a relaƟonship is to conduct

a similar but larger study with appropriate controls. Controls should include fat from another site

in the same paƟent, as an internal control, and as an external control, fat from the same site in

asymptomaƟc parƟcipants. In addiƟon to the immunoassays described in chapter 4, the secreted

proteome of the fat can also be analysed.335 This will answer the quesƟon, with greater staƟsƟcal

power, as to whether spinal adipose Ɵssue is different in paƟents and whether it can secrete po-

tenƟally degradaƟve or inflammatory molecules. Such work would thus provide a more detailed

understanding spinal adipose Ɵssue.

LepƟn is not only produced by adjacent adipose Ɵssue, it is produced by the disc itself.119,120,179

Unfortunately, the actual concentraƟons have not been quanƟfied. EvaluaƟon is required to de-

termine if levels are ever high enough to promote degeneraƟon. LepƟn concentraƟons can be
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assayed in two ways. Firstly, lepƟn could be assayed in Ɵssue samples taken from paƟents dur-

ing surgical procedures. Secondly, the secreted proteins can be assessed aŌer a period of culture.

It would be useful to straƟfy samples by different stages of disc degeneraƟon as well as obesity

categories. Controls can be obtained from post-mortems. The difficulty with such a study will be

obtaining enough clinical samples to achieve staƟsƟcal power and a mulƟ-centre study may be re-

quired. Other adipokines may also mediate degeneraƟon. AdiponecƟn is the second most studied

adipokine and is raised in RA87 and induces inflammatory changes in OA.336 A similar cell culture

model can be used to study this in the IVD.

Although this thesis has concentrated on the role of lepƟn in disc degeneraƟon , lepƟn acts in an

ubiquitous fashion and has effects onmulƟple other Ɵssues.337 An interesƟng finding fromboth the

ex vivo (chapter 4) and epidemiology (chapters 7 and 8) work was the role of pro-inflammatory cy-

tokines and obesity in LSS. LSS is a condiƟon which involves degeneraƟon of the osseoligamentous

structures of the spine as well as the IVD.27 Given the strong epidemiological associaƟon between

obesity and LSS, it is possible that lepƟn influences bony or ligamentous degeneraƟon in the spine.

LepƟn has been implicated in osteophyte formaƟon338 and ossificaƟon of both the posterior lon-

gitudinal ligament of the spine339 and the ligamentum flavum.340 All of these will compromise the

canal diameter and contribute to spinal stenosis.

It is also important to understand the relaƟonship between geneƟcs, obesity and spine pathol-

ogy. This thesis has idenƟfied that obesity may be an important mediator of a previously idenƟfied

upper lumbar spine phenotype.9,322 A systemaƟc review, currently in press, showed that geneƟcs

may underlie the relaƟonship between obesity and LBP.341 The TwinsUK cohort is an ideal pop-

ulaƟon to study this further given the comprehensive phenotypic and genotypic analysis as well

as clinical assessments and lumbar spine MRIs at two separate Ɵme points; all this informaƟon is

currently available.342

The UK Biobank is another avenue for large populaƟon study of back pain. It has accumulated

data on over 500,000 parƟcipants from a geneƟcally diverse populaƟon with longitudinal informa-

Ɵon now being collected.262 The specific quesƟon for the Biobank data will be the role of lepƟn

and other cytokines in back pain and spine-related health-seeking behaviour, given the Biobank is

linked to hospital episode staƟsƟcs. Furthermore, an analysis with respect to geneƟc relaƟonships

150



CHAPTER 9. GENERAL DISCUSSION 9.4. CONCLUSIONS

is also possible.

Finally, the epidemiological data presented in chapters 6, 7 and 8 is cross-secƟonal and hence

causaƟon cannot be established. Longitudinal cohort studies are required to showwhether obesity

leads to degeneraƟon or pain. Following up the Genodisc populaƟon, if possiblewill be able to yield

such answers. Itwill also consist of sub-populaƟons of thosewhounderwent surgery and thosewho

have not. From this, the relaƟonship between obesity and clinical outcomes can also be modelled.

Furthermore, once geneƟc data is available, analyses can be performed and comparisonsmade to a

UK Biobank populaƟon of asymptomaƟc individuals. The benefits of using the Genodisc populaƟon

are established study group and infrastructure, proven willing parƟcipants, and available baseline

data; all of which are considerable barriers to establishing a cohort study.

9.4 Conclusions

In summary, these findings will provide a construcƟve and useful addiƟon to the current under-

standing of obesity and the lumbar spine. LiƩle was known about the effect of lepƟn upon the

IVD; here it was shown that if present in the disc, parƟcularly under inflammatory condiƟons, it

can contribute to the degradaƟve process. However, obesity is not the only factor and other pro-

inflammatory cytokines and plasma proteins may be important. These include the upregulaƟon of

the pro-inflammatory cytokine IL-6 in LSS paƟents, and clusterin and complement in LBP paƟents.

Finally, the epidemiological invesƟgaƟons showed that obesity was related to pain, LSS, disc degen-

eraƟon, and herniaƟon. Further invesƟgaƟons are required parƟcularly into the IVD producƟon of

lepƟn, novel plasma proteins which may influence pain or degeneraƟon, and longitudinal studies

with the hypothesis that obesity directly leads to back pain and degeneraƟon.
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Original ContribuƟons of this Thesis

1. LepƟn can iniƟate and potenƟate intervertebral disc degeneraƟon.

2. The pro-inflammatory cytokines, IL-6 and TNF-α, are related to back pain and spinal

stenosis.

3. The plasma proteins, clusterin and complement, are found in spine paƟents and not

controls.

4. In spine paƟents obesity is

(a) related to back and leg pain,

(b) associated with a diagnosis of spinal stenosis, and

(c) a predictor of disc degeneraƟon, disc herniaƟon and spinal stenosis on MRI.
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Reagent Product Code Supplier

1,9-Dimethyl-Methylene Blue zinc chloride (DMMB) 341088 Sigma-Aldrich
2-Mercaptoethanol M6250 Sigma-Aldrich
10% Ready Gel Zymogram Gel 161-1167 Bio-Rad Laboratories
12% Mini-Protean TGX Gel 456-1043 Bio-Rad Laboratories

Alginic acid (sodium salt) from brown algae 71238 Sigma-Aldrich
AnƟbioƟc-AnƟmycoƟc (Gibco) 15240-062 Life Technologies
Amersham ECL Rabbit IgG, HRP-linkedwhole Ab (from don-
key)

NA934 GE Life Sciences

Amersham ECL Western bloƫng detecƟon reagent RPN2106 GE Life Sciences
Amersham Hyperfilm ECL 28-9068-36 GE Life Sciences
Amersham ECL Blocking Agent RPN2125 GE Life Sciences
AnƟ-MMP1 anƟbody (rabbit) ab137332 abcam
AnƟ-MMP3 anƟbody (rabbit) ab53015 abcam
AnƟ-MMP13 anƟbody (rabbit) ab39012 abcam

Bos tarus geNorm- kit ge-SY-6-bt PrimerDesign
Bright White real-Ɵme PCR 96-well plates BW-96AB1 PrimerDesign

ChondroiƟn sulfate A sodium salt from bovine trachea C9819 Sigma-Aldrich
Collagenase Type I from Clostridium histolyƟcum C0130 Sigma-Aldrich
Custom real-Ɵme PCR primer kit (sequences in Appendix C SY-any-600 PrimerDesign

DC Protein Assay 500-0116 Bio-Rad Laboratories
Dulbecco’s Modified Eagle Medium /Nutrient Mixture F-12
(DMEM/F-12)

11330-032 Life Technologies

Dulbecco’s Modified Eagle Medium (DMEM) with 25mM
Hepes, 1mM sodium pyruvate, 1000mg/L glucose and py-
roxidine (Gibco)

22320 Life Technologies

Foetal Bovine Serum 10106-169 Life Technologies

Human AdiponecƟn Kit K151BXC Meso Scale DiagnosƟcs
Human LepƟn Kit K151BYC Meso Scale DiagnosƟcs
Human Proinflammatory Panel 1 (human) V-PLEX Kit K15049D Meso Scale DiagnosƟcs
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APPENDIX A. MATERIALS LIST

iBlot Gel Transfer Device IB1001 Life Technologies
iBlot PVDF Gel Transfer Stack IB401001 Life Technologies
InstantBlue Protein Stain ISB1L Expedeon
ISOLUTE PH 25 mg/1 ml Solid Phase ExtracƟon Columns 360-0002-A Biotage

Kaleidoscope Prestained Molecular Weight Standards 161-0324 Bio-Rad Laboratories

Lactate Assay Kit 735-10 Trinity Biotech
Laemmli Sample Buffer (2x) 161-0737 Bio-Rad

nanoScript 2 Reverse TranscripƟon kit
Papain from papaya latex P4762 Sigma-Aldrich
Phosphate Buffered Saline pH 7.4 (Gibco) 10010-056 Life Technologies
Pierce Top 12 Abundant Protein DepleƟon Spin Columns 85164 Perbio Science UK
Precision DNase kit DNASE-50 PrimerDesign
Precision MasterMix with ROX and SYBRgreen Precision-R-SY PrimerDesign
Precision nanoScript Reverse transcripƟon kit RT-nanoScript PrimerDesign
Protease Type XIV from Streptomyces griseus P5147 Sigma-Aldrich
ProteoMiner Protein Enrichment Small-Capacity Kit 163-3006 Bio-Rad Laboratories

QIAshredder 79654 Qiagen

Recombinant Bovine IL-1β RP0106B 2BScienƟfic
Recombinant Bovine IL-6 RP0014B 2BScienƟfic
Recombinant Bovine TNF-α RP0055B 2BScienƟfic
Recombinant Bovine LepƟn MBS232445 MyBioSource
Recombinant Human AdiponecƟn/Acrp30 1065-AP-050 R & D Systems
Recombinant Human MMP-1 Western Blot Standard WBC024 R & D Systems
Recombinant Human MMP-2 420-02 PeproTech
Recombinant Human MMP-3 Western Blot Standard WBC015 R & D Systems
Recombinant Human MMP-13 Western Blot Standard WBC020 R & D Systems
RNeasy Mini Kit 74104 Qiagen

SensoLyte 520 Generic MMP Assay Kit (Fluorimetric) 71158 AnaSpec
SimplyBlue SafeStain (Novex) LC6060 Life Technologies
Sodium hypochlorite 11448842 Fisher ScienƟfic
StrataClean Resin 400714 Aligent Technologies

Triton X-100 T8787 Sigma-Aldrich
Trypsin Gold (Mass Spectrometry Grade) V5280 Promega UK

Zymogram Developing Buffer (Novex) LC2671 Life Technologies
Zymogram Renaturing Buffer (Novex) LC2670 Life Technologies
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Citrate buffer

• 55 mM sodium citrate

• 50 mM EDTA

• 0.15 mM sodium chloride

• at pH 7.4

Papain Buffer

• 1 mM EDTA

• 1mM cysteine HCl

• 50mM Trizma Buffer

• Make up to 100ml with ultra pure water

• adjust to pH 6.8
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Gene Sense 5’-3’ AnƟsense 3’-5’

TNF-α ATGATGCTGATTTGGTGACTGA ACACTTTATTTCTCGCCACTGA
IL-1β CACAGGAAATGAACCGAGAAGT TTTCACACAAGACAGGTATAGATTC
IL-6 TGACCACTCCAGAGAAAACC TTCTGCCAGTGTCTCCTTG
ACAN CAGATGATTCAGAGGCAACCA CGGGAAGTGGCGGTAACA
ADAMTS-1 ACTATGACACGGCGATTCTATT GCTTCTGCTGGGATCACAT
ADAMTS-4 CCACTTTGACACAGCCATTCT CGTCAGCCATGCCTAGAGT
ADAMTS-5 CCAGCATTGACGCATCCA GGTAGGTAAAGCAAACAGT
COL1A1 GACTGTCCTAACGCCAAAGT TTTCTTGGTCCGTGGGTGAT
COL2A1 CCAGCGTCCCCAAGAAGA CCAGGTTGTCATCTCCATAGC
COL6A6 GGAAGCAGAGGAGCAAAGG CCCAGCAGATACCGTCTTG
MMP-1 GCTTTCTCAGGACGACATTG GCTTGCTATCACACACTTCTG
MMP-2 CCGTCGCCCATCATCAAAT GCCGTAGAAGGTGTTTAGGTAT
MMP-7 TGAGGATGAACGCTGGACTG TAGGTTGGATACATCACAGCATTAG
MMP-9 ATTAGCACGCACGACATCTT CAGGGCACTTCAGGAGGT
MMP-11 AGAAGACGGACCTCACCTAC TGACATCGCTCCACACCT
TIMP-1 TGCTGCTGGTTGTGAAGGAA TGGAACCCCTTGTCAAGAGC
TIMP-2 TGGACTCATGGCAACGACAT AGGAGGGGGGCTGTGTGTAGAT
TIMP-3 ATATCACCTGGGCTGTAACTG CCGAAATTGGAGAGCATGTC
TIMP-4 GAAGCGGTATCTCCTGACTG CAGATGGTAGTGGTGATTCAGA
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APPENDIX D. CLINICAL ASSESSMENT QUESTIONNAIRE

Extra&Data&Sheet&
!

!
OMB!Label!
!
Demographics&
!
1) Age! ! ! ! ! _____________!
!
!
2) Gender! ! ! ! ! _____________!
!
!
3) Height! ! ! ! ! _____________!
!
!
4) Weight! ! ! ! ! _____________!
!
!
5) Waist!Circumference!! ! ! _____________!

!
6) Smoking! ! ! ! ! ☐ Current! ☐ Previous! ☐ Never!

_____________/wk!
!

7) Occupation! ! ! ! _____________!
!
!
Clinical&History&
!
8) Diagnosis!at!Surgery!

!
________________________________________________________________________________________!

!
9) Duration!of!Symptoms!
!

<6!months! 6R12!months! ! >12!months! ! NA!
!

!
10) Previous!Surgery!!
!

________________________________________________________________________________________!
!
11) CoRMorbidities!
!

HTN! IHD! DM! VTE! OA! Thyroid! CA!
!
!

12) Medications!
Bisphos! ! Calcium! ! Phosphate!
Aspirin! ! NSAIDs! ! Opioids!
ACEI! ! ! Allopurinol! ! PPI! ! ! Statin!

!
13) Other!Comments!
!
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APPENDIX E. OSWESTRY DISABILITY INDEX

Oswestry Disability Index 2.1a

I have no pain at the moment.

The pain is very mild at the moment.

The pain is moderate at the moment.

The pain is fairly severe at the moment.

The pain is very severe at the moment.

The pain is the worst imaginable at the moment.

    Date of Birth (mm/dd/yyyy)
Could you please complete this questionnaire?  It is designed to give us information as to how your back (or leg) trouble affects 
your ability to manage in everyday life.  Please answer every section.  Fill in the one bubble only in each section that most 
closely describes you today.

Section 1 - Pain intensity

Section 2 - Personal care (washing, dressing, etc.)

Section 3 - Lifting

References:
Fairbank JC, Pynsent PB. "The Oswestry Disability Index"  Spine 2000; 25(22): 2940-2952
Fairbank JC, Couper J, Davies JB. "The Oswestry Low Back Pain Questionnaire" Physiotherapy 1980: 66: 271-273

Section 4 -  Walking

Section 6 - Standing

My sex life is normal and causes no extra pain.

My sex life is normal but causes some extra pain.

My sex life is nearly normal but is very painful.

My sex life is severely restricted by pain.

My sex life is nearly absent because of pain.

Pain prevents any sex life at all.

Section 8 - Sex life (if applicable)

Section 10 - Travelling

First Name

Last Name

/ /

Pain prevents me from lifting heavy weights off the floor but I can
manage if they are conveniently positioned, e.g. on a table.

Pain prevents me from lifting heavy weights but I can manage
light to medium weights if they are conveniently positioned.

I cannot lift or carry anything at all.

I can lift only very light weights.

I can lift heavy weights without extra pain.

I can lift heavy weights but it gives extra pain.

Pain restricts me to short necessary journeys under 30 minutes.

Pain prevents me from travelling except to receive treatment.

I can look after myself normally without causing extra pain.

I can look after myself normally but it is very painful.

It is painful to look after myself and I am slow and careful.
I need some help but manage most of my personal care.

I need help every day in most aspects of self care.

I do not get dressed, wash with difficulty and stay in bed.

I am in bed most of the time and have to crawl to the toilet.

Pain prevents me walking more than 100 yards.

I can only walk using a stick or crutches.

Pain prevents me walking more than a quarter of a mile.

Pain prevents me walking more than one mile.

Pain does not prevent me walking any distance.

Pain prevents me from standing at all.

Pain prevents me from standing for more than 10 minutes.

Pain prevents me from standing for more than half an hour.
Pain prevents me from standing for more than 1 hour.

I can stand as long as I want but it gives me extra pain.

I can stand as long as I want without extra pain.

Pain restricts me to journeys of less than one hour.

Pain is bad but I manage journeys over two hours.

I can travel anywhere but it gives extra pain.

I can travel anywhere without pain.
Section 5 - Sitting

I can sit in any chair as long as I like.
I can sit in my favourite chair as long as I like.

Pain prevents me from sitting  more than 1 hour.

Pain prevents me from sitting for more than half an hour.

Pain prevents me from sitting for more than 10 minutes.

Pain prevents me from sitting at all.

Section 7 - Sleeping

Pain prevents me from sleeping at all.

Because of pain I have less than 2 hours of sleep.

Because of pain I have less than 4 hours of sleep.

Because of pain I have less than 6 hours of sleep.

My sleep is occasionally disturbed by pain.

My sleep is never disturbed by pain.

Pain has restricted social life to my home.

Section 9 - Social life
My social life is normal and causes me no extra pain.

My social life is normal but increases the degree of pain.

Pain has no significant effect on my social life apart from

Pain has restricted my social life and I do not go out as often.

I have no social life because of pain.

limiting my more energetic interests, e.g., sport,etc.

Patient Label
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Genodisc 
No. 
 
Participant Survey 
 

Today’s date:  __ __/__ __/__ __ __ __ (day/month/year) 

Gender:     Female   Male  

 
Date of birth:  __ __/__ __/__ __ __ __ (day/month/year) 
 

What is your body weight?   _____Kg                   Standing height?  _____cm 
  
 

Ethnicity: Insert appropriate categories for your recruitment site here. It may be good to have Jaakko look at the 
categories you are planning to use in case he has further suggestions based on his experience.  

  

In the past 4 weeks, have you had pain in your low back? 

 Yes    No  

 If yes, how long ago did this episode of low back pain begin?      ____months ago 

 Is the pain worse with coughing and sneezing?          Yes            No 

About how many episodes of back pain lasting more than 1 day have you had over your lifetime? _____ 

 

In the past 4 weeks, have you had pain that goes down the leg?            Yes            No  

 If yes, does it go down the:        left leg             right leg              both legs 

 If yes, does the pain go down below the knee?        Yes            No   

 

 If you have had pain that goes down the leg: 

  How long ago did this episode of leg pain begin?      ________months ago 

  

 Is this the first episode of such leg pain you have had?        Yes         No  

  If no, about how many previous episodes of such leg pain have you had?   _______ 

 

In the past week, how bothersome have the following symptoms been?   

Using a scale from 0 to 10, where 0=no pain and 10=the worst pain imaginable: 

 Back pain  ________  

 Leg pain    ________  
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Did your back (or leg) pain problem begin within 24 hours following trauma (e.g., a fall, being struck by an 

object, a motor vehicle accident)?       Yes           No 

 
The next few questions are designed to give us information as to how your back (or leg) trouble affects your 
ability to manage in everyday life.  
 
Walking: (Mark one box that most closely describes you today) 
   Pain does not prevent me walking any distance. 
   Pain prevents me walking more than one mile (~=1Km). 
   Pain prevents me walking more than a quarter of a mile (~=500m). 
   Pain prevents me walking more than 100 yards (~=100m). 
   I can only walk using a stick or crutches. 
   I am in bed most of the time and have to crawl to the toilet. 
(alternative distances for metric countries) 
 

Because of back pain, do you prefer: (tick one response) 

walking fast 
walking slow 
standing 

 

Because of back pain, for a small amount of shopping, do you prefer: (tick one response) 

 pushing a shopping trolley 
 carrying a shopping basket 

 

During the past 4 weeks, how many days did low back pain or leg pain (sciatica) keep you from going to work 

or school?    _____days 

 

During the past 4 weeks, how much did the pain interfere with your normal work (including both work outside 

the home and housework)?   

    Not at all 
    A little bit 
    Moderately 
    Quite a bit 
    Extremely 
 
Have any of your parents or siblings had the same condition for which you are now being treated? 
  Yes           No 
 
 If yes, how many other members of your family (parents and siblings) have had the same condition?   ______ 

 

How old were you when you had your first episode of low back pain lasting more than one day?  ____years old 

Have you had back surgery?    Yes           No 

If yes, in what year?   _________  

Have you received a permanent disability award because of your back problem?          Yes           No 
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Have you had neck pain lasting more than one day over the past 12 months?       Yes           No 
 

 If yes, over the past 12 months, how many days have you had difficulty doing your daily work (at home, school or at 
the work site) due to neck problems?   _____days 

 
Now, we would like to ask you about other health conditions you may have.   
Tick the box for each condition which applies to you. 

Please indicate if you have any of the following 
conditions. 

Please tick box if Present 

 

                   rheumatoid arthritis                  
                      osteoarthritis:                  
Arthritis:               hip        knee  

                            hand     other,_______  

 Osteoporosis 

 Fibromyalgia 

 Asthma 

 
Chronic obstructive pulmonary disease 
(COPD) Respiratory distress (ARDS) or 
emphysema 

 Migraine or frequent headaches  

 Angina / coronary heart disease 

 High blood pressure or peripheral vascular 
disease 

 Irritable bowel syndrome 

 Upper gastrointestinal disease (ulcer, hernia, 
reflux) 

 Depression 

 Anxiety or panic disorders 

 Diabetes 

 Cancer,   type:_______________________ 

 
Which of the following alternatives best characterizes your current smoking habits? (tick one response)  

     Non-smoker (I have never smoked more than 100 cigarettes in my lifetime) 
     I have smoked earlier, but I no longer smoke  
       I smoke at most 10 cigarettes daily 
     I smoke 11-20 cigarettes daily 
     I smoke 21-30 cigarettes daily 
     I smoke more than 30 cigarettes a day 
 
 If you smoke, how soon after you wake up do you smoke your first cigarette? (tick one response) 

   more than 60 min 
   31-60 min 
   6-30 min 
   5 minutes or less 
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How many hours per day do you spend, on average, driving or as a passenger in motorized vehicles (i.e., car, tractor, 
truck, public transport, etc.)?   ___ hours per day 
 
Which of the following best describes the physical demands of the jobs you have held for the majority of your working 
years?   (tick one response)       
 

 sedentary work  (spending nearly all day sitting, with little lifting)            
 light physical demands  (involves sitting and standing or walking activities, and light lifting (generally less than 
5 kg) and little work in awkward twisted or bent positions)        
 medium physical demands  (lifting and handling of weights generally less than 20 kg and occasional work in awkward 
twisted or bent positions)          
 heavy physical demands  (frequent lifting of materials over 20 kg or work requiring hours during the day in awkward twisted 
or bent positions)    

 
 I am still a full-time student (elementary, high school or university student)         Yes           No 
 
 
During the majority of your working years, have the physical demands on your back (e.g. lifting, twisting, bending, etc.) 

been greatest during your employment OR home and leisure activities (tick one response)? 
  greatest during my regular work (employment) duties          
  greatest during home and leisure activities   
 
Over the past year, on average, how many times a week have you engaged in vigorous sports or leisure activities 
involving twisting, bending or lifting?   ____ (times per week)    
 
 
The next questions deal with how you are feeling. 
Please read each statement and decide how much of the time the statement describes how you have been feeling 
during the past several days 

    Make check mark (!) in appropriate column. A little of 
the time 

Some of 
the time 

Good 
part of 

the time 
Most of 
the time 

1. I feel down-hearted and blue (sad)     
2. Morning is when I feel the best     
3. I have crying spells or feel like it     
4. I have trouble sleeping at night     
5. I eat as much as I used to        
6. I still enjoy sex     
7. I notice that I am losing weight     
8. I have trouble with constipation     
9. My heart beats faster than usual     
10. I get tired for no reason       
11. My mind is as clear as it used to be       
12. I find it easy to do the things I used to         
13. I am restless and can't keep still     
14. I feel hopeful about the future     
15. I am more irritable than usual       
16. I find it easy to make decisions     
17. I feel that I am useful and needed       
18. My life is pretty full     
19. I feel that others would be better off if I were dead     
20. I still enjoy the things I used to do     

Thank you for taking the time to complete this questionnaire and for your support of research on back 
disorders. 

190



G
Aó�Ù�Ý �Ä� A�ÝãÙ��ãÝ

Aó�Ù�Ý

1. OsteoarthriƟs Research Society InternaƟonal Young InvesƟgators Award
Presented at the World Congress on OsteoarthriƟs 2015, SeaƩle, USA. Abstract enƟtled ”The Asso-
ciaƟon of Obesity with Intervertebral Disc DegeneraƟon, Disc HerniaƟon and Spinal Stenosis: A MRI
Study of 1,684 PaƟents”

2. European Spine Society Young InvesƟgator Travel Award
Presented at the Eurospine 2013: The Annual meeƟng of the European Spine Society, Liverpool, UK.
Abstract enƟtled ”Adipokines and the Intervertebral Disc: A Biochemical Link Between Obesity and
Disc DegeneraƟon”
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In addiƟon to above, the following abstracts have been presented at internaƟonal scienƟfic meeƟngs:

2015

World Congress on OsteoarthriƟs, SeaƩle, USA and the 42nd Annual MeeƟng of the InternaƟonal Society of
the Study of the Lumbar Spine, San Francisco, USA:

1. Obesity is Associated with a Clinical Diagnosis of Lumbar Spine Stenosis but not Lumbar Disc Hernia-
Ɵon or DegeneraƟve Spondylolisthesis

2. The Influence of Obesity on Back and Leg Pain in Spinal PaƟents: A Study of 2,636 PaƟents

3. MulƟ-Array andMass Spectrometric Analysis of Plasma from PaƟents with Spinal Disorders: AƩempt-
ing to IdenƟfy Novel Biomarkers

2014

41st Annual MeeƟng of the InternaƟonal Society of the Study of the Lumbar Spine, Seoul, Korea

1. LepƟn and the Intervertebral Disc: A Pro-Inflammatory Environment May PotenƟate the Biochemical
Effects of Obesity
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World Congress on OsteoarthriƟs, Paris, France

1. Adipokines and the Intervertebral Disc: Does a Biochemical Link Exist Between Obesity and Interver-
tebral Disc DegeneraƟon?
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