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Abstract
Low back pain (LBP) is a truly enervating condition, presenting with considerable negative
socioeconomic and health impacts on many levels. Although LBP may be attributed to many
factors, there is increasing evidence that disc degeneration (DD) of the lumbar spine is a strong
contributing factor, especially among young individuals. Understanding the aetiopathogenesis of
DD has changed over the past few decades as numerous studies have indicated that inherited
factors are largely responsible for the development of DD. Despite the many genetic associations
in DD that have been reported, these associations have proven difficult to validate. The genetic
component of DD is still unexplained for the most part. Previous studies have focused on adults,
who have been exposed to environmental risk factors of DD, which may mask genetic
associations. Thus, investigations among young individuals are well justified.
The purpose of this study was to validate the associations between DD defined by magnetic
resonance imaging (MRI) and genetic polymorphisms in two study populations of Finnish and
Danish young individuals. New polymorphisms that have not been associated with DD were also
included in the study. Associations with progression of DD were also investigated among Danish
individuals. Furthermore, this study aimed to clarify the level of evidence of previously identified
associations.
Among Finnish individuals, polymorphisms in IL6, SKT and CILP were associated with
moderate DD, but the association in CILP was significant only in women. Among Danish
individuals, polymorphisms in IL6 and IL1A were associated with early DD and progression of
DD. The genetic associations among the Danish teenagers were gender-specific as they were
mainly observed in girls. Among both populations, the individuals with DD were significantly
taller than individuals without DD. In the systematic analysis of previous reports, polymorphisms
in GDF5, THBS2, MMP9, COL11A1, SKT and ASPN were found to have a moderate level of
association evidence.
The results mostly support earlier findings in adults. However, unexpected differences between
genders were observed. In conclusion, this study increased the knowledge of genetics in DD but
more investigations are needed to draw any solid conclusions.

Keywords: adolescent, child, genetics, intervertebral disc, intervertebral disc
degeneration, sex

Eskola, Pasi, Lannerangan varhaisen välilevyrappeuman alttiusgeenit.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta, Biolääketieteen
laitos, Lääketieteellinen biokemia ja molekyylibiologia; Kliinisen lääketieteen laitos, Fysiatria;
Biocenter Oulu; Center for Cell-Matrix Research, PL 5000, 90014 Oulun yliopisto
Acta Univ. Oul. D 1184, 2012
Oulu

Tiivistelmä
Alaselkäkipu on yksi merkittävimmistä toimintakykyyn vaikuttavista sairauksista. Alaselkäkivun riskitekijöitä tunnetaan useita, mutta näyttö siitä, että selän välilevyrappeuma on yksi tärkeimmistä riskitekijöistä, erityisesti nuorilla henkilöillä, lisääntyy jatkuvasti. Aiemmat tutkimukset ovat osoittaneet, että perintötekijöillä on merkittävä osuus välilevyjen rappeutumisessa. Useiden geenien on raportoitu vaikuttavan välilevyrappeumaan. Positiivisten tulosten toistaminen on
kuitenkin osoittautunut vaikeaksi, ja kokonaiskuva on vielä suurelta osin epäselvä. Aikaisemmat tutkimukset aiheesta ovat keskittyneet aikuisiin, joilla nuoria pidempi altistus ympäristötekijöille saattaa peittää geneettisten tekijöiden yhteyttä.
Tämän tutkimuksen tavoitteena oli varmentaa yhteyksiä magneettikuvauksella (MRI) määritetyn välilevyrappeuman ja geneettisten monimuotoisuuskohtien (polymorfioiden) välillä käyttäen yhtä suomalaisista ja yhtä tanskalaisista nuorista koostuvaa aineistoa. Työssä analysoitiin
myös polymorfioita, joita ei ole aiemmin yhdistetty välilevyrappeumaan. Yhteyttä polymorfioiden ja välilevyrappeuman etenemisen välillä tutkittiin tanskalaisessa aineistossa. Lisäksi tutkimuksen tavoitteena oli selvittää aiemmin tunnistettujen geneettisten yhteyksien näytön aste.
Suomalaisten nuorten aineistossa polymorfiat IL6-, SKT- ja CILP-geeneissä olivat yhteydessä kohtalaista astetta olevaan välilevyrappeumaan. Tanskalaisten nuorten aineistossa polymorfiat IL6- ja IL1A-geeneissä olivat yhteydessä varhaiseen välilevyrappeumaan ja sen etenemiseen.
Tanskalaisten nuorten aineistossa nämä yhteydet olivat sukupuolesta riippuvaisia, koska yhteyksiä havaittiin pääasiassa tytöillä. Suomalaisten nuoren aineistossa yhteys CILP-geenissä havaittiin ainoastaan nuorilla naisilla. Kummassakin tutkimusaineistossa nuoret, joilla oli välilevyrappeuma, olivat pidempiä, kuin nuoret, joilla ei ollut välilevyrappeumaa. Aikaisempien tutkimusten systemaattinen analyysi osoitti, että tunnistetun geneettisen yhteyden näytön aste on kohtalainen GDF5-, THBS2-, MMP9-, COL11A1-, SKT- ja ASPN-geenien polymorfioissa.
Tutkimusten tulokset ovat pääosin samansuuntaisia aiempien tutkimuksien kanssa, mutta nyt
nähty eroavaisuus sukupuolten välillä on uusi havainto. Kokonaisuudessaan tämä väitöstutkimus kasvattaa ymmärtämystä välilevyrappeumasta, mutta lisätutkimuksia aiheesta tarvitaan.

Asiasanat:
lapset,
nikamavälilevy,
perinnöllisyystiede, sukupuoli

nikamavälilevyn

rappeuma,

nuoret,
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1

Introduction

Low back pain (LBP) is a truly enervating condition presenting with considerable
socioeconomic and health impacts on many levels. LBP can lead to decreased
physical activity, lost wages and a decrease in quality of life. Epidemiological
studies have shown, in contrast to conventional wisdom, that LBP is common
already during childhood, not to speak of adolescence. Although LBP may be
attributed to many factors, there is increasing evidence that disc degeneration (DD)
of the lumbar spine is a strong contributing factor, especially among young
individuals.
Understanding the aetiopathogenesis of DD has changed over the past few
decades. Numerous studies have suggested that genetic factors are largely
responsible for the development of lumbar DD and that environmental factors
play a smaller role than previously believed. Based on twin studies, the
heritability of DD is estimated to 80%. This has led to the well-justified search for
specific genetic risk factors. However, similar to other complex disorders, the
genetic associations found in DD have proved difficult to validate. Furthermore,
the true natural course of DD is not fully elucidated.
Different changes in the intervertebral disc (IVD) have been used as markers
for DD. Early changes of DD may appear already during the teenage years while
more severe clinical phenotypes, such as sciatica and chronic LBP, often appear in
mature adulthood. It has previously been suggested that more efforts should be
concentrated on the study of early DD in order to increase our understanding of
the whole condition. It would also be highly beneficial to be able to screen for
individuals susceptible for symptomatic DD in a subclinical phase in order to
study possible interventions to prevent the painful and crippling clinical phases of
DD. However, previous information about the effects of genetic variations in DD
among young individuals is very limited and substantially more information is
required before any screening protocols are reasonable.
Information obtained from previous genetic studies is somewhat scattered and
the cumulative association evidence has not been reviewed previously. In the
present study the first extensive systematic review of these previously published
genetic association studies in DD was performed along with level of evidence
analyses. Furthermore, the roles of specific genetic markers in DD among Finnish
young adults and in DD and its progression (DDP) among Danish teenagers were
investigated. The purpose of this study was to increase information about DD,

19

focusing especially on young individuals, in order to facilitate future research
efforts.
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2

Review of the literature

2.1

Scope of the literature review

The scope of this thesis includes basics of 1) the anatomy and development of the
human spine, 2) the concept of disc degeneration (DD), 3) the structure of healthy
and degenerated intervertebral discs, 4) the clinical relevance and treatment of
DD while 5) noting the studies indicating a heritable component in DD and
associated conditions. Additionally, 6) the special aspects of genetic studies in
complex disorders are also introduced, but the closest scrutiny is given to genetic
association studies in DD. Disc degeneration among young individuals is
emphasized when possible. Future possibilities are itemised. Animal studies with
intervertebral disc degeneration are generally excluded. This thesis focuses on the
lumbar intervertebral discs.
2.2

Human spine

The human spine is usually understood as the vertebral column. The back is
understood as the posterior part of the trunk between the neck and buttocks and it
includes also skin, subcutaneous tissue, ligaments, spinal cord and meninges, ribs
as well as various nerves and vessels (Moore 1999).
2.2.1 Development
The axial skeleton (the articulated bones of the skull, vertebral column, ribs and
sternum) is derived from the somites, structures of the developing embryo located
on both sides of the neural tube. These blocks of epithelial cells originate from the
paraxial mesoderm (Kornak & Mundlos 2003). During early development, a
flexible supportive structure is found in all chordate embryos. This notochord,
which is localized ventral to the neural tube and between the paraxial somites, is
vital to the development of intervertebral discs (IVDs) (Fleming et al. 2001). The
notochord induces paraxial somite cell differentiation into sclerotome. Sclerotome
cells then migrate to form a perinotochordal sheath that develops condensed and
uncondensed regions of mesenchyme (Aszodi et al. 1998). These regions adjacent
to the notochord act as the source of IVDs and vertebrae. A remnant of the
notochord is found in the central part of the IVDs, but not normally in the bony
21

vertebrae (Chan et al. 2011, Risbud & Shapiro 2011). Currently, there is no celltracking data to confirm the origin of the outer parts of the IVD. However, it is
currently thought to originate from somites. Additionally, because some of the
data on IVD development are nearly two decades old and are based on anatomic
analyses, it has been recently suggested that these data of IVD development
should be confirmed using modern tools of molecular genetics (Chan et al. 2011).
2.2.2 Structure and function
The human spine is a movable complex structure that bears a great amount of the
body’s weight. The spine consists of vertebral bodies (VB), IVDs, ligaments and
adjacent muscles. Anatomically, a normal adult spine has a movable column
composed of 24 VB (Prescher 1998). Five sacral vertebrae are normally fused to
form the sacrum and another four form the coccyx hence a total of 33 VBs are
usually present. The 24 movable VBs in a typical adult VC can be further divided
based on location and anatomy; the first seven from the skull down are called
cervical (C), next twelve thoracic (Th) and the five above the sacrum are lumbar
(L). The VC extends from the skull to the tip of the coccyx and forms the skeleton
of the neck and back and most of the axial supportive structures. The VC protects
the spinal cord and nerves, supports the body’s weight, provides flexible yet
partly rigid axis for the body and a pivot for the head and also has an important
role in posture and locomotion (Moore 1999).
Approximately 25% of the vertebral column consists of fibrocartilaginous
IVDs that are located between the bony VBs. The VBs and IVDs are also
connected with each other by stabilizing ligaments (Figure 1). The main function
of the IVD is to work as a shock absorber for axial compressive loads. The
anterior longitudinal ligament (ALL) is a strong structure that maintains stability
between VC joints and takes part in preventing hyperextension of the VC. The
posterior longitudinal ligament (PLL) is a weaker and narrower structure
compared to the ALL. The PLL takes part in preventing hyperflexion of the VC
and herniation or posterior protrusion of the IVD (Moore 1999).

22

Fig. 1. Median sagittal section of two lumbar vertebrae and the main stabilizing
ligaments. (Original image from the 20th U.S. edition of Gray's Anatomy of the Human
Body, originally published in 1918. Modified from the Wikimedia Commons public
domain; http://en.wikipedia.org/wiki/File:Gray301.png. This image is in the public
domain because its copyright has expired. This applies worldwide.)

2.2.3 Structure of healthy intervertebral disc
The IVD is a functional structure that lies between the vertebral bodies linking
them together. The IVDs are the main joints of the VC; their major function is
mechanical. The discs constantly transmit biomechanical loads between the VBs
arising from the muscle activity and body weight. They are behind the flexibility
of the VC, allowing bending, flexion and torsion (Raj 2008). In humans, there are
normally 25 IVDs from the axis to the sacrum (Chan et al. 2011, Moore 1999).
The IVDs are complex structures that consist of three components (Figure 2). The
central and softer gel-like nucleus pulposus (NP) is surrounded by the annulus
fibrosus (AF), which forms the outer part of the IVD. At the top and bottom of the
disc are located the vertebral endplates (EP). All these structures act
synergistically in IVD homeostasis (Guerin & Elliott 2007, Heuer et al. 2008,
Schmidt et al. 2007). This is vital to IVD function, because the disc is the largest
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avascular structure in the human body (Mirza & White 1995). The IVD is
composed mainly of collagens and proteoglycans (Table 1).

Fig. 2. Cut out portion of a normal disc. (Modified from Raj 2008. Reprinted with
permission from John Wiley & Sons, Inc.)

Annulus fibrosus
The AF is made of ca. 15–25 lamellae that construct the discs circumference
(Marchand & Ahmed 1990, Moore 1999). The lamellae are arranged in a specific
criss-cross pattern to resist mechanical pressure and loading. They are subdivided
into inner fibres, which are connected to the cartilaginous EP and outer fibres
(Sharpey’s Fibres), which link the disc to the vertebral body (Martin et al. 2002).
The outer part of the annulus is made of mainly type I collagen together with
types III, V and VI (Eyre & Muir 1977, Nerlich et al. 1998). The amount of type
II collagen increases towards the inner parts of the AF where the structure
becomes less organized (Humzah & Soames 1988). Different collagen types work
cooperatively with each other forming a dynamic network (Engvall et al. 1986,
Schollum et al. 2009). Elastin fibres are also found in the AF. The outer part has a
higher elastin density and it is thought that elastin might function in protecting the
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laminated structure and in recovery after structure deformation caused by
compressive loads (Yu et al. 2007). The boundaries between the inner and outer
AF as well as inner AF and NP become less clear with aging (Boos et al. 2002).
Nucleus pulposus
The soft gel-like NP fills the centre of a healthy IVD. From an in vitro study in
humans it is known that in the newborn, the NP is translucent and composed of ca.
87% water (Antoniou et al. 1996). The hydration level begins to fall thereafter
and it is ca. 80% in young human adults according to a histological study in
humans (Boos et al. 2002). The high water content is mainly due to hydrophilic
proteoglycans (PG), of which aggrecan is the most abundant (Roughley 2004).
The PGs are supported by randomly oriented type II collagen fibres, but also
smaller amounts of type XI and XI collagen are included in the NP structure.
Aggrecan has a bottle brush-like structure (Figure 3), composed of a core protein
and glycosaminoglycan side chains, more specifically chondroitin sulphate (CS)
and keratan sulphate (KS), side chains. Aggrecan is non-covalently bound to
hyaluronan (HA), and the complex is further stabilized by the link protein (LP).
The negatively charged side chains draw water via osmosis thus increasing the
internal IVD pressure, which makes the NP tolerant of compression from axial
loading (Whatley & Wen 2012). In addition to aggrecan and collagens, smallleucine-rich-proteoglycans (SLRP), such as fibromobulin, decorin, lumican,
asporin and chondroadherin are also found in the NP. These components can
interact with collagen fibres and also may have an effect on extracellular matrix
(ECM) homeostasis via growth factors (Chan et al. 2011).
Endplate
The third clearly distinct component of the disc is the vertebral endplate. The
adult EP is a hyaline cartilage layer usually not more than 1 mm thick, but it
provides a vital borderline between the IVD and the VB. In very young
individuals, the EP is thicker and penetrated by vessels (Figure 4). During growth
the EP thins and normal adult endplate is avascular, aneural and partly calcified at
the VB interface (Prescher 1998, Urban & Winlove 2007). Adjacent to this
calcified portion of the endplate are localized specialized VB blood capillaries,
which help to feed the IVDs. In fact, according to our current understanding, the
main IVD nutrient supply as well as a route for metabolites to exit the IVD goes
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through the EPs (Roberts et al. 1989, Urban & Winlove 2007). Unlike many
animal species, the human EP also functions as an epiphyseal growth plate for the
VBs before maturity (Bernick & Cailliet 1982). For reviews, see (Chan et al.
2011, Raj 2008, Roughley 2004, Urban & Winlove 2007, Whatley & Wen 2012).
Table 1. Main IVD components.
Component

Outer AF

Inner AF

NP

Water (per dry weight)

65–75%

75–80%

75–90%

Collagen (per dry weight)

75–90%

40–75%

25%

Proteoglycans (per dry weight)

10%

20–35%

20–60%

Other proteins (per dry weight)

5–15%

5–40%

11–55%

Types I, II, III, V, VI, IX, XI, XII

Modified from Whatley & Wen 2012 with permission from Elsevier.
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Fig. 3. Variation in the composition of the NP with age. The figure illustrates the
collagen fibrils and aggrecan PGs in the NP of fetal, young juvenile, adolescent/young
adult, and mature adult/degenerated IVDs. In the fetus, there is little collagen and the
aggrecan is rich in CS. In the young juvenile, the collagen fibril content is increased,
the aggrecan contains both CS and keratin sulphate (KS), and proteolytic processing
of the proteoglycan aggregates exists. In the young adult, the amount of collagen
peaks, the aggrecan and link protein (LP) have undergone proteolytic processing,
aggrecan is present as both proteoglycan aggregates and nonaggregated fragments,
and the CS chains of aggrecan are of decreased size, whereas its KS chains are of
increased size. In the mature adult, the collagen fibrils show enhanced proteolytic
processing, the aggrecan and LP have undergone extensive proteolytic processing,
the proportion of aggrecan in a nonaggregated form and the hyaluronan content have
increased. (Modified from Roughley 2004. Reprinted with permission from Wolters
Kluwer Health.)
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Fig. 4. Variation in healthy IVD structure with age. In the fetus, the EP is wide, both it
and the AF are vascularized, and the NP has a fluid consistency rich in proteoglycan
and notochordal cells. In the juvenile, the EP decreases in width, the vascularity of the
AF declines, and the NP becomes more gelatinous because of increased collagen
content. There is a decrease in the proportion of notochordal cells in the NP and
replacement by mesenchymal cells. In the adult, the EP is narrow, no longer covers
the entire nucleus and may be calcified. Inner and outer AF becomes less distinct. The
NP is populated only by mesenchymal cells. (Modified from Roughley 2004. Reprinted
with permission from Wolters Kluwer Health.)
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2.3

Disc degeneration (DD)

Human disc degeneration (DD) is a complex phenomenon that occurs as a part of
normal aging. However, the largest avascular structure in the body may start to
show signs putative to aging very early — actually before the individual even
reaches maturity (Boos et al. 2002). It is currently not well known which changes
in the IVD should be truly considered abnormal. Even clear pathology, such as
disc herniations that inflict clinical symptoms occur in asymptomatic subjects
(Bradford & Garcia 1971).
Definition of DD
To assess the structure of degenerated IVDs we must first define what DD is. The
term degeneration may include one or more of the following: real or apparent
desiccation, fibrosis, narrowing of the disc space, diffuse or dynamic bulging of
the AF beyond the disc space, AF tears, mucinous AF degeneration, defects and
sclerosis of the endplates, and bony osteophytes of the adjacent structures. The
different degenerative phenotypes (i.e. DD traits) in magnetic resonance imaging
(MRI) include IVD space narrowing, T2-weighted signal intensity loss, IVD
fissures (annular tears), fluid, vacuum changes and calcification within the IVD,
VB changes (Modic changes), ligamentous signal changes, osteophytosis, disc
herniations (LDH), IVD bulges, alignment changes and spinal stenosis (Modic &
Ross 2007, Zou et al. 2009). Before efforts were made to standardize definitions
of DD, it was stated that the term is “only a symbol of our ignorance” (Pritzker
1977). Fortunately the current definition of DD is not that chaotic, but still some
experts disparage the use of DD as a term (An et al. 2004). Histological
definitions are possible, but they are impractical for large-scale studies in vivo
(Roberts et al. 2006), hence the IVD changes must be defined by imaging. Today,
in some cases, DD may be understood simply as desiccation of the NP (Endean et
al. 2011).
As of yet MRI is the gold standard in DD assessment (Haughton 2006). It is
currently the only ethical way to image degenerative changes within the IVD,
because it does not expose the study subjects to potentially harmful radiation. In
patients, plain radiographs or computed tomography (CT) can provide some
information on the IVD status, but especially in the X-ray acquired data is too
limited. This is highlighted in young individuals with early degenerative changes
that are too subtle to be currently detected with modalities other than MRI
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(Berlemann et al. 1998, Boos et al. 2002). The CT has been used, and is still used
in clinical practice with success when MRI is not available (Thornbury et al.
1993). However, in population-based research the only choice is MRI (Battie et al.
2004, Haughton 2006, Modic & Ross 2007, Urban & Winlove 2007). It has
evolved considerably since its introduction into clinical use in 1980s, and has
almost completely replaced the more invasive imaging modalities (Emch &
Modic 2011), some of which may even predispose to DD (Carragee et al. 2009).
Definitions of DD in MRI are still not uniform, at least in part because the
degenerative cascade is not completely understood. However, during the past
couple of decades there have been multiple justified suggestions of standardized
DD classification schemes. Thompson et al. made one of the first suggestions to
grade DD (Thompson et al. 1990). This MRI scheme of gross disc morphology
was based on 15 human cadaveric spines. It assumes that the process of DD
advances at a similar pace in all IVD structures, which is not always the case
(Battie et al. 2004). Other classifications such as Schneiderman´s (Schneiderman
et al. 1987), Pfirrmann´s (Pfirrmann et al. 2001) and the modified versions of the
latter designed for elderly subjects (Griffith et al. 2007), and young subjects
(Takatalo et al. 2011) provide also discontinuous scales that sum different
measurements of the IVD together. These grades, or other classifications, in
single IVDs have also been used to calculate a summary score of DD in a subject
(Solovieva et al. 2004, Takatalo et al. 2011). The Pfirrmann´s classification is
based on disc signal intensity, differentiation of AF/NP and disc space height
(Pfirrmann et al. 2001).
Other classifications have been developed for more specific changes
including VB and the adjacent EP changes (Modic et al. 1988), LDH (Fardon et
al. 2001), annular tears (AT) (Yu et al. 1988) and high intensity zones (HIZ)
(Aprill & Bogduk 1992). However, all pooled scores that combine different
measurements of IVD characteristics may hide important features and mix
correlations that would shed light on the mechanism of DD. Additionally, the DD
changes are not biologically discontinuous and include multiple different
morphological changes (Urban & Winlove 2007). It has recently been suggested
that different DD phenotypes should be “split” rather than “lumped” (Williams et
al. 2011b).
Despite the lack of solid standards of DD in MRI imaging, it is to be noted
that the T2-weighted image is a valid tool to assess the degeneration of the IVD.
This is especially important in young individuals, since the low signal intensity in
T2-weighted scans presents NP desiccation, which happens in early DD (Emch &
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Modic 2011, Tertti et al. 1991a). The IVD height is reduced in more severe DD
(Frobin et al. 2001), but again this can be misleading in young individuals, since
disc height has been found to possibly increase in early DD (Boos et al. 1996,
Shao et al. 2002, Twomey & Taylor 1985).
Prevalence of DD
The prevalence of MRI evaluated DD in asymptomatic subjects is an issue of
controversy. In a PubMed-based review the range of different degenerative
findings was: 10–81% for IVD bulges, 3–63% for protrusion, 0–24% for
extrusion, 20–83% for IVD signal changes, 3–56% for decrease of disc height, 6–
56% for AT or HIZ and 8–19% for Schmorl’s nodes. One third of the identified
studies did not specify the subjects’ symptom status, thus these studies were
examined separately (Battie et al. 2004). A systematic review on the topic
reported the ranges among asymptomatic subjects as follows: 0–76% for LDH, 3–
36% for nerve root impingement, 6–56% for HIZ, 7–85% for DD characterized as
decreased signal intensity with or without decreased disc height (Endean et al.
2011). Pooled prevalences were: 27% for LDH, 4% for nerve root impingement,
54% for IVD signal changes and 28% for HIZ/AT. The EP defects are also quite
common, as they have been reported in 6–30% of adults (Videman et al. 2008,
Williams et al. 2007).
A recent study with a large dataset of patients with LBP (N=4322) from
Denmark reported prevalences of: 85.7% for DD (data derived from MRI
narrative reports, possibly IVD signal changes), 65.2% for IVD bulge, 50.8% for
LDH, 13.6% for HIZ and 28.7% for nerve root compromise (Albert et al. 2011),
the prevalence of DD increasing with age (Figure 5, Figure 6). Additionally,
multiple studies have found that MRI defined DD is common already at a young
age (Kjaer et al. 2005, Salminen et al. 1999, Samartzis et al. 2011, Takatalo et al.
2009, Tertti et al. 1991b), but not as common as in older subjects. For reviews,
see (Battie et al. 2004, Endean et al. 2011).
Progression of DD
The IVDs are vascularized and have remnants of the notochord during early life
(Risbud & Shapiro 2011). The EPs are similarly in a premature form thus
providing good nutrition to the IVDs (Figure 4). Hence, the IVD understandably
presents very few histological DD changes during the first two years of life while
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the fetal IVDs are intact. However, different DD changes become more common
quite early. The prevalence of DD increases after the first 10-year milestone has
been reached (Boos et al. 2002).
Investigations on the DD progression (DDP) are infrequent compared to
cross-sectional studies. Among adults, longitudinal studies have reported annual
progression of DD in ca. 5–10% of subjects (Borenstein et al. 2001, Elfering et al.
2002). Progression of IVD signal changes (Figure 5) has been reported in 9–24%
of individuals after a three-to-five year follow-up (Borenstein et al. 2001, Elfering
et al. 2002, Jarvik et al. 2005). A study on adult Finnish male twins reported that
new ATs or HIZs were present in ca. 3–5% of subjects after a five-year follow-up.
The annual incidence of reported progression in EP irregularities was ca. 0.4%
(Videman et al. 2008). Based on the low annual incidence of endplate changes in
later life, the authors of the previous study suggested that endplate changes might
develop primarily before middle adulthood (Videman et al. 2008).
It is not completely understood which individuals at an early age are the ones
that will develop clinically relevant DD in later life. However, a 17-year followup study among young male conscripts with LBP showed that early IVD signal
changes at baseline were associated with LDH at follow-up (Waris et al. 2007).

Fig. 5. MRI (0.2T) defined DDP (IVD signal change and LDH at L4/L5) in a young
individual. Progression between time points when the subject is aged 13 (left) and 16
(right) years.
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Regression of DD
While the prevalence of DD increases with age, there are differences between
individuals in the progression rate of degenerative changes and occasionally the
DD changes may even disappear. In comparison to cross-sectional studies, DD
has been studied considerably less in a longitudinal setting even though
longitudinal studies would be valuable in increasing our understanding of the
natural course of DD and to sharpen our ability to distinguish pathological DD
changes from normal aging. Optimally, the natural course of DD should be
studied in a long-term serial follow-up setting with high-field MRI. The imaging
phenotypes should then be combined with data on clinical symptoms and need of
care in order to be able to discriminate the most important clinical phenotypes in
early DD.
In the light of previous studies, it is generally considered that DD only
progresses. Still, in the studies evaluating DD progression it has been found that
some of the DD traits can also regress. In a study based on adult Finnish male
twins aged 49 years (mean, range 35–69 at baseline) the narrowing of IVD space
(disc height) in the lumbar IVDs (L1–L4) was seen in 69% of subjects at the 5year follow-up assessment. However, the changes in disc height ranged from a
41% decrease to a 13% increase in disc height. Similarly, both worsening and
improvement was observed in IVD bulges although the more common trend was
worsening (Videman et al. 2008).
In a 7-year follow-up study of adults aged 52 years (mean, range 26–68 at
follow-up), the investigators observed radiographic improvement in some of the
intervertebral disc abnormalities. However, the three evaluators of both baseline
and follow-up MRIs were able to reach a concensus of IVB bulge improvement in
only one of the 31 subjects (Borenstein et al. 2001). In a 5-year MRI follow-up
study of 41 subjects, the course of DD was characterized by slow progression; no
regression in DD was seen (Elfvering et al. 2002). Another study of 131 subjects
aged 52 years (mean, range 35–70 at baseline) found that 60% of subjects had
some new DD change after 3 years while ca. 5% had regression of DD — mostly
in IVD contour (Jarvik et al. 2005). A 10-year follow-up of 234 twin pairs aged
54 years (mean, range 40–69 at baseline) reported that only one individual (0.2%)
had an improved DD summary score at follow-up (Williams et al. 2011b).
Furthermore, it is well known that LDHs often heal spontaneously and surgical
treatments are required only for a minority of patients (Guinto et al. 1984, Rapan
et al. 2011, Ryu & Kim 2010).
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In all, it is to be concluded that occasional regression of DD in MRI may
occur, but this issue is not fully elucidated. Furthermore, as mentioned above,
differences in spontaneous regression of changes have been reported between DD
traits.

Fig. 6. Prevalence of IVD degeneration, bulges and herniations according to age
category among 4322 Danish LBP patients. The prevalences increase steeply between
the first two age-categories. The prevalence information is based on MRI narrative
reports dictated by radiologists and specific definitions for these changes are not
available. (Adapted from Albert et al. 2011. Reprinted with permission from Springer.)

2.3.1 Structure of degenerated intervertebral disc
In addition to MRI studies of DD in vivo, the structure of degenerated IVD has
been investigated in biochemical and histological studies ex vivo and in vitro
using also animal models. This approach is justified to increase our understanding
of the DD cascade.
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The composition of a healthy IVD (Table 1) deteriorates significantly in DD.
The distributions of the main IVD components, collagens and proteoglycans,
change during DD. The amount of type I collagen increases in the NP while the
amount of type II collagen decreases. The structures between collagens can also
change (Pokharna & Phillips 1998, Schollmeier et al. 2000). The PG content
(mainly aggrecan) of the NP decreases (Roughley 2004), and because of this the
amount of water within the IVDs is reduced (Antoniou et al. 1996). These
changes lead to NP fibrosis while the macroscopic IVD tissue colouration also
changes from pale to brownish (DeGroot et al. 2004). The borderlines between
inner and outer AF and between AF and NP become less distinct (Figure 4) while
radial tears in the AF may appear (Figure 7). Furthermore, the internal formation
of AF lamellae may be altered already in early DD (Figure 8). IVD bulging may
appear due to loss of PGs and water (Brinckmann & Horst 1985, Heuer et al.
2007). Structural changes to the IVD emerge not only because of DD but also as a
part of normal aging. It is not easy to differentiate changes that occur solely due
to aging from those in DD (Raj 2008). While discrimination of the IVD changes
is not straightforward, it has been suggested that DD may mimic premature aging
of the IVD (Adams & Roughley 2006, Le Maitre et al. 2007).
The IVD’s well-being is roughly dependent on two factors, ECM synthesis
and breakdown, which are in part reliant on cell type, cell density and metabolite
transport, all of which may be changed in DD or aging (Urban et al. 2001, Zhao
et al. 2007). Aging leads to loss of metabolically active notochordal cells from the
NP, while only less active chondrocyte-like cells remain (Guehring et al. 2008,
Kim et al. 2003, Kim et al. 2005). In addition, IVD cell death rate increases
during aging and DD (Boos et al. 2002, Gruber & Hanley 1998, Trout et al. 1982).
Furthermore, at the time toddlers start to walk, the vascularization of their IVDs
decreases rapidly (Figure 4). In middle age, vascularity of the IVD increases from
the outer parts, which may be related to DD, but also the EP sector is likely to be
affected (Repanti et al. 1998, Yasuma et al. 1990).
In addition to changes in the IVD cell types it has been shown that cell
senescence may contribute to DD (Le Maitre et al. 2007). It has been considered a
separate entity from change in cell phenotype, since phenotypic changes do not
always result from cell senescence (Zhao et al. 2007). All in all, as a result of DD,
the IVD cells seem to lose the ability to produce the correct ECM components.
Multiple such changes have been identified, which, along with possible
implications, are summarized in Table 2.
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It has been argued previously (Adams & Roughley 2006) that true DD should
be considered when structural changes lead to significant weakening of IVD
function, causing severe NP decompression, increased local AF stress, reduced
stability or increased load to the vertebral arch (Adams et al. 1996, Pollintine et al.
2004, Zhao et al. 2005). In any case, the reference state of a healthy IVD is a
moving target. Furthermore, the emerging field of mechanobiology may help to
increase our understanding of cascades behind the changing IVD structure in DD.
For reviews, see (Adams et al. 2010, Hsieh & Twomey 2010, Raj 2008, Smith et
al. 2011, Whatley & Wen 2012, Zhao et al. 2007)

Fig. 7. Histological section of the outer AF of a disrupted middle-aged IVD. A blood
vessel (arrow) has grown into a posterolateral radial fissure (*) close to the disc
periphery. (Adapted from Adams et al. 2010. Reprinted with permission from Elsevier.)
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Fig. 8. MRIs illustrating different stages of DD. (A) Healthy IVD exhibiting distinct AF
lamellae (AF) and central NP region (NP). (B) IVD exhibiting early DD, including
moderate height reduction, decreased NP signal intensity and inward bulging of AF
lamellae (*). (C) IVD exhibiting advanced stage of degeneration, including severely
reduced height, large fissure (*) and generalized structural deterioration. Images
obtained using a 7T Siemens MRI scanner. (Adapted from Smith et al. 2011 under
Creative
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Share
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License

[http://creativecommons.org/licenses/by-nc-sa/3.0]. This adaptation is subject to the
same licence.)
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Table 2. Biochemical changes due to alteration of IVD cells during aging and DD.
Change types

Parameter

Matrix synthesis

Collagen

Major variation

Possible implication

Type I

Occurs and increases in NP

Fibrosis of NP

Type II

Decreases, especially in NP

Fibrosis of NP

Type III

Increases

Repairing tendency

Type IV

Exists only in IVDs aged 16–30

Early DD

years
Type V

Slight increase in NP and EP

Probably DD indicator

Type VI

Significantly increases

Possibly IVD repair

Type IX

Decreases, similar to Type II

Fibrosis of NP

Type X

Exists in fetal NP, EP and in

Advanced DD

severely degenerated IVD
Decreases1

Disrupted ECM?

Elastic fibres

Decreases

Reduced IVD elasticity

Proteoglycans

Significantly decreases,

Decreased IVD hydration

especially in NP

i.e. desiccation

Type XI

Aggrecan

Transient increase in AF, then
decreases throughout

Decorin

Decreases after adolescence

Versican

Transient increase in AF, then

Fibromodulin

Contradictory findings

Unclear

Asporin

Increases2

Effect via TGF- β?

Increases

Breakdown of IVD matrix

MMP-19

Decreases

Reduced IGF-mediated

TIMP-1,2,3

Contradictory findings

Possibly not very

ADAMTS-4

Increases

More important in DD?

Cathepsin

Exists at degenerated

AF matrix degradation

decreases throughout

Catabolic

MMP-1, 2, 3,

metabolism

7, 8, 9, 13
proliferation
important in DD?

D, G, K, L
Growth factors

bFGF

and their receptors
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sites of AF
Increases in degenerated and

Linked to proteolysis?

herniated IVD
EGF

No expression in herniated IVD

Matrix depletion

IGF-1

Increases in degenerated IVD

Possibly IVD repair

PDGF

Exists in herniated but not

Neovascularization, cell

degenerated IVD

proliferation?

Change types

Parameter

Major variation

Possible implication

TGF-α

Occasionally expressed in

Matrix depletion

herniated IVD
TGF-β

Contradictory findings

Matrix remodelling?

BMP-RII

Expressed in both DD and

Matrix remodelling?

healthy IVD
FGF-R3
IGF-RI

Pro-inflammatory

TGF-β-RII

Contradictory findings

Matrix remodelling?

EGF-R

No expression in herniated IVD

Matrix depletion

Increases in degenerated and

Enhancement of

herniated IVD

catabolic metabolism

IL1-α

cytokines
IL1-β

Increases in degenerated and

IL-6

Increases in degenerated and

IL-1-RI

Increases in degenerated and

IL-1-Ra

Decreases in degenerated and

IL-6-R

Exists in herniated IVD

herniated IVD
herniated IVD
herniated IVD
herniated IVD
TNF-α

Increases in degenerated and
herniated IVD

ADAMTS: a disintegrin and metalloprotease with thrombospondin type 1 motifs; AF: annulus fibrosus;
EP: cartilaginous endplate; IVD: intervertebral disc; MMP: matrix metalloproteinase; NP: nucleus
pulposus; PDGF: platelet-derived growth factor; TGF: transforming growth factor; TIMP: tissue inhibitor of
metalloproteinase. bFGF: basic fibroblast growth factor; BMP-R: bone morphogenetic protein receptor;
EGF: epidermal growth factor; IGF: insulin-like growth factor; IL: interleukin; IVD: intervertebral disc;
PDGF: platelet-derived growth factor; TGF: transforming growth factor; TNF: tumour necrosis factor.
(Majority of the data from Zhao 2007 et al. with permission from Elsevier.) 1 Mio et al. 2007, 2Song et al.
2008.

2.3.2 Changing the view of aetiology
Initiating event
The initiating event in DD is not currently known, although decreased nutrition of
the IVD via impaired EP function might be one of the first mechanisms in the
degenerative cascade (Adams et al. 2000, An et al. 2004, Martin et al. 2002,
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Rajasekaran et al. 2008). However, this theory has been tested in a dog model, in
which the EP nutrition route was blocked by injecting cement into the VB. This
procedure did not lead into DD during the 1-year follow-up (Hutton et al. 2004).
Nevertheless, different kinds of direct traumas to the IVD or EP have been shown
to lead to DD in animal studies (Holm et al. 2004, Moore et al. 1996, Osti et al.
1990). Similarly, trauma caused to human IVDs by invasive diagnostics can result
in DD (Carragee et al. 2009). Among very young children falls and other highenergy traumas may be the only cause of LDH requiring surgical intervention
(Cahill et al. 2011), but in older subjects it is likely that the IVD function is
compromised by DD before LDH (Dang & Liu 2010, Kumar et al. 2007,
Papagelopoulos et al. 1998, Parisini et al. 2001, Waris et al. 2007).
Risk factors
The traditional view that DD is caused mainly by mechanical factors (wear and
tear), has dominated most of the last century. Conventional risk factors of DD
include age, gender, occupation, obesity, cigarette smoking and exposure to
vehicular vibration (Frymoyer 1992, Hangai et al. 2008, Liuke et al. 2005).
Regardless of what is the exact definition of DD, it increases with age and is
most common in the lower lumbar spine (Cheung & Al Ghazi 2008, Kalichman et
al. 2009, Videman et al. 1995). This supports the biomechanical theory since the
lower lumbar IVDs at levels L4–S1 carry most of the mechanical load (Jensen et
al. 1994). Occupation may predispose to DD via increased axial loading and
torsion movements in physically demanding jobs, which may contribute to
decreased EP function via traumatic events as well (Adams et al. 2000).
Smoking has also been found to be a risk factor for DD (Battie et al. 1991,
Livshits et al. 2001). These findings are supported by recent studies that have
found smoking to be a risk factor to LBP and sciatica (Rivinoja et al. 2011, Shiri
et al. 2010b). However, it is to be noted that LBP, sciatica and LDH are not
independent of one another. Smoking might have an effect to DD via IVD
nutrition, as disc cell viability depends on diffusion of nutrients into the IVD
(Grunhagen et al. 2006, Urban et al. 1977). From animal studies it is known that
smoking affects endplate blood microcirculation and IVD gene expression (Holm
& Nachemson 1988, Uei et al. 2006). Smoking has been also shown to have
affects on type I and III collagen synthesis and MMP-8 levels in human skin
(Knuutinen et al. 2002). Lumbar artery narrowing caused by smoking is a
biologically plausible risk factor for DD. Furthermore, obesity has been reported
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as a risk factor for DD in multiple studies (Liuke et al. 2005, Samartzis et al. 2011,
Solovieva et al. 2002). Yet, it is not clear whether obesity affects via increasing
the IVD mechanical load or by some other way.
A back trauma reported by the patient does not seem to predict future DD
(Hancock et al. 2010), and neither does a stabile vertebral fracture (Moller et al.
2007). Participation in competitive sports, especially swimming and baseball,
might also be a risk factor for DD (Hangai et al. 2009, Kaneoka et al. 2007).
Familial predisposition
In addition to mechanical and environmental factors that contribute to the DD risk,
it has long been known that some spine problems may be inherited (Bull et al.
1969). During the 1970’s two reports gave some attention to positive family
history in relation of disc failure (Grobler et al. 1979, Wiltse 1971). At the end of
the 1980’s, 13-year-old identical twin girls in Australia suffered from strikingly
similar LDHs at L5–S1 within months of each other. Both girls had a LDH on the
right side of their body and they were also both active in competitive sports. This
sparked Gunzburg et al. to write a case report and review of the literature in 1990
(Gunzburg et al. 1990). An American case-control study reported the next year
that subjects aged less than 21 years had approximately five times greater risk for
LDH if they had positive family history (Varlotta et al. 1991). A larger Japanese
study reported the next year that LDH had a familial predisposition among
individuals aged 18 years or less (Matsui et al. 1992). One year later, an Italian
author reported familial aggregation of LDH often requiring surgery and also
noted that in the large family many individuals also had chronic low back pain
syndrome. The author was convinced that there has to be a genetic predisposition
to early DD to explain such a large aggregation of individuals with lumbar disc
disorders (Scapinelli 1993). It is possible that the underlying aetiology of these
early-onset more severe phenotypes differs from that of the sporadic, age-related
DD. In any case, the subsequent studies have indicated familial predisposition in
DD (Bhardwaj & Midha 2004, Matsui et al. 1998, Richardson et al. 1997, Saftic
et al. 2006, Simmons et al. 1996).
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Heritability estimation in DD
Familial aggregation of a trait per se does not prove that the trait has a genetic
component; family members normally also share the same environment. In twin
studies the phenotypes of monozygotic (MZ) and dizygotic (DZ) twins are
compared. MZ twins develop from a single ovum fertilized by a single sperm and
thereby share many characteristics; hence they are called identical twins. In
contrast to the MZ twins that are genetically identical, DZ twins share only about
half of their genetic variations, similar to “normal siblings”. The heritability,
which is an estimate of the contribution of genetic effects to variation within a
trait, can be derived by using the data acquired from twin studies. Heritability can
be calculated using the Falconer's formula, hb2=2(rmz - rdz), where hb2 is the broad
sense heritability, rmz is the MZ twin correlation, and rdz is the DZ twin correlation
(Falconer & MacKay 1996). The results of twin studies are applicable especially
to the population from which the twins have been selected.
The traditional view that DD is mainly caused by environmental factors
began to change at the latest in 1995 when the Twin Spine Study was published
(Battie et al. 1995b). Only about three years before this study was published a
review on aetiology of “degenerative disc disease” stated that ‘‘Among the factors
associated with its occurrence are age, gender, occupation, cigarette smoking,
and exposure to vehicular vibration. The contribution of other factors such as
height, weight, and genetics is less certain’’ (Frymoyer 1992). The Twin Spine
Study, which started in 1991, was a collaboration between researchers mainly
from Canada, Finland and the United States that used a population-based Finnish
Twin Cohort. In this study with 115 MZ twin pairs the familial aggregation,
representing both genetic and early shared environmental factors, explained 61%
of the variance in DD. The knowledge gained from this study and from another
report published the same year (Battie et al. 1995a) has had a very important
input to the present conception that DD is largely caused by genetic factors
(Battie et al. 2009). Subsequent studies have supported this view. A classic twin
study with 172 MZ and 154 DZ twins (mean age 51.7 and 54.4 years, respectively)
used a total DD summary score. After adjustments for age, weight, smoking,
occupational manual work and exercise this score showed a heritability of 0.74
(95% CI 0.64–0.81) (Sambrook et al. 1999). Another study of six Arabic
pedigrees, which included a total of 221 individuals, analysed the heritability of
LDHs. After adjustments for age, weight, smoking and gender, the heritability
estimate for multiple LDHs was 0.73 (Livshits et al. 2001). A study that recruited
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a total of 257 siblings evaluated DD using radiographs. They adjusted their
analyses for age, sex, BMI and bone mineral density (BMD), after which the
heritability estimate was 0.75 (95% CI 0.30–1.00) (Bijkerk et al. 1999).
Heritability estimates have varied a little between studies and according to the DD
traits used, but still the heritability estimates are significant and high enough to
justify the study of the genetic component in DD.
Heritability estimation in disc degeneration progression (DDP)
A recent twin study with a 10-year follow-up period found that, similar to DD,
disc degeneration progression (DDP) heritability varies between different DD
traits (Williams et al. 2011b). However, at the moment this is the only study to
estimate the heritability of DDP. The study population consisted of 90 MZ and
144 DZ twin pairs. Of all the subjects, 95% were female. IVD height change was
not heritable at all, while posterior IVD bulge was heritable in all age categories.
However, the influence of age varied between different DD traits. The heritability
estimates for IVD bulge progression were 0.28 (95% CI 0–0.65) for the age group
under 50 years, 0.51 (95% CI 0.28–0.74) for 50–60-year-olds and 0.53 (95% CI
0.13–0.94) for those over 60 years. The authors suggested that in the genetic
studies of DDP, at least among women, the focus should be on individuals less
than 50 years of age. This is well justified because disc signal changes (the most
commonly used DD trait) were heritable only among those under 50 years old.
For that age group the heritability estimate for IVD signal changes was 0.76 (95%
CI 0.44–1.00) for disc signal changes and 0.74 (95% CI 0.42–1.00) for anterior
osteophytes (Williams et al. 2011b).
In a summary of the aetiology of DD, it has to be noted that while genes play an
important role in DD including LDH, these conditions are believed to have a
multifactorial aetiology (Figure 9). For reviews, see (Adams et al. 2000, Adams &
Roughley 2006, Ala-Kokko 2002, Battie et al. 2009, Kalichman & Hunter 2008a,
Masuda & Lotz 2010).
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Fig. 9. A model showing multiple risk factors of DD. Interactions including additive
effects and epistasis between genes are possible.

Associating conditions
Depending on the definition the prevalence of DD can vary, but still it is a
common condition (Battie et al. 2004). As such, associations with other common
conditions or measurements have been reported. Atopic dermatitis, developmental
hip dysplasia, osteoarthritis (OA) and BMD have been previously related to DD
in one way or another (Gruber et al. 2009, Ito et al. 2003, Livshits et al. 2010,
Loughlin 2011, Näkki et al. 2011). These associations do not imply causality, but
are rather suggestions of possible shared underlying aetiology, that require more
rigorous investigation.
2.3.3 Clinical relevance and treatment
According to the latest research, DD is associated with LBP and other clinical
symptoms (Adams et al. 2010, DePalma et al. 2011, Endean et al. 2011),
especially among young individuals (Paajanen et al. 1997, Samartzis et al. 2011,
Takatalo et al. 2011). LBP itself is a common condition already during

44

adolescence (Auvinen 2010, Kjaer et al. 2011, Leboeuf-Yde & Kyvik 1998), and
it decreases the quality of life when untreated (Fontecha et al. 2011).
LBP has been defined as pain between the lower rib cage and gluteal folds
often radiating to the thighs (Frymoyer 1988). The definitions of LBP vary in
spine research and it has been noted that the country where the study has been
done should be considered (Auvinen 2010, Paalanne 2011). Low back stiffness
and other phenotypes with minor symptoms should be avoided, unless it has been
shown that these phenotypes have some clinical relevance. Duration and severity
of the pain should be also evaluated (Dionne et al. 2008). LBP has often been
classified in three categories based on duration: acute (less than 6 weeks),
subacute (between 6 and 12 weeks) and chronic (more than 12 weeks) (van
Tulder et al. 2006). The majority of LBP is non-specific (Nachemson et al. 1985,
Paalanne 2011, Koes et al. 2006), in which imaging at the acute phase rarely leads
to any changes in treatment, and is therefore usually to be avoided (Chou et al.
2009). Furthermore, LBP is often episodic (Cheung & Ghazi 2008) while DD is
not. This issue has not been fully elucidated, but there is evidence that genes play
a role also in the variation of LBP perception (Tegeder & Lotsch 2009). In all, it
has been estimated that LBP is one of the great banes at the individual, society
and health-care system levels (Andersson 1999, Dagenais et al. 2008, Deyo &
Tsui-Wu 1987, Ekman et al. 2005, Katz 2006, Wieser et al. 2011).
Among adults, DD is often seen as the source of LBP, but the association of
DD with pain is more complicated than in young individuals (Cheung et al. 2012,
Chou et al. 2011, de Schepper et al. 2010, Paajanen et al. 1989, Visuri et al. 2005).
According to a recent systematic review, multiple DD traits are associated with
LBP (Endean et al. 2011). In the meta-analyses the odds ratios were; 3.6 for LDH,
2.5 for DD (signal changes) and 2.5 for HIZ/AT. However, it was also noted in
this review that every second (54%) asymptomatic individual has DD (signal
changes) (Endean et al. 2011). Clearly, the evidence for the relationship between
DD (as defined by current imaging modalities) and LBP is still controversial.
A specific entity related to both DD and LBP is lumbar facet joint
osteoarthritis (LFJOA). LFJOA is considered to be one of the factors affecting
LBP, but the role of different imaging abnormalities seen in patients with LBP is
still controversial (Kalichman & Hunter 2007). LFJOA is associated with DD and
it has been suggested that DD might precede LFJOA but also contrary evidence
exists (Kalichman & Hunter 2007). However, LFJOA is not considered to be
relevant in the very early DD as is it not seen before maturity (Stelzeneder et al.
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2011). In fact, there is even evidence that LFJOA does not occur before the age of
45 years (Carrino et al. 2009, Fujiwara et al. 1999).
Clinical manifestations of DD include LBP as well as sciatica often caused by
LDH. The treatment of very severe LDH is straightforward and surgical
procedures are performed in order to avoid permanent damage from e.g. cauda
equina syndrome (Gitelman et al. 2008, Olivero et al. 2009). However, in more
mild clinical phenotypes surgery (discectomy, fusion of motion segments,
artificial IVD etc.) is an option only for a few patients thus the current treatments
of choice are mainly conservative. Specific exercises do not seem to be effective
in acute LBP but staying active is beneficial (van Tulder et al. 2006). Informing
the patient about the natural course of acute LBP is very important, and also
pain/relaxant medication is often used with some success (van Tulder et al. 2006).
Early physical therapy after acute LBP may reduce subsequent medical service
usage (Gellhorn et al. 2010). In chronic LBP the situation is increasingly
multimodal, while patient education, physical therapy and cognitive behavioural
therapy have some proven effect (Karppinen et al. 2011). Patients also tend to
engage in treatments outside conventional medicine (Brinkhaus et al. 2011).
It is to be noted that while most patients with symptomatic DD are treated
conservatively, young individuals with LDH and clear indication for surgery seem
to respond relatively well to operative treatment (Dang & Liu 2010). For reviews
on current and emerging treatments of DD-related LBP, see (Adams et al. 2010,
Clouet et al. 2009, Jacobs et al. 2011, Karppinen et al. 2011, Kepler et al. 2011,
Raj 2008, Whatley & Wen 2012).
2.4

Genetic studies of complex disorders

The history of genetics dates back to the 19th century. The efforts of friar Gregor
Mendel and Thomas Morgan led to the foundation of genetics and to Mendel’s
laws of genetics. These laws are not valid as such for the study of heritable
diseases with polygenic and multifactorial aetiology. However, there might be
rare monogenic forms of complex disorders (Peltonen et al. 2006). The
contribution of genes compared to environment can be investigated in twin
studies (see chapter 2.3.2).
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2.4.1 Variation in the human genome
The haploid human genome consists of ca. 3.2 billion base pairs and codes for
about 20,000–25,000 genes (Lander et al. 2001). Individuals differ from each
other for only 0.1% of their genomes, but still each genome contains millions of
variations (Marian 2012). The prevalence of the different variation type varies.
Microsatellites (or STR, short tandem repeats) are repetitive sections of DNA
consisting of a few base pairs (bp) while minisatellites (or VNTR, for variable
number of tandem repeats) are a bit longer; dozens of bp that are similarly
repeated. Copy number variations (CNV) are large regions of the genome that
have been deleted or replicated. The importance of common CNVs in the studies
of complex disorder genetics has been recently questioned as the majority of them
are tagged by single nucleotide polymorphisms (SNP) that are responsible for
only one bp change in the DNA. However, the importance of rare CNVs requires
further investigations (Wellcome Trust Case Control Consortium et al. 2010).
Recent findings have also indicated that it may be too early to neglect the CNVs
in the study of complex diseases as they have not been exhaustively studied
(Gamazon et al. 2011).
The initial whole genome sequencing project identified ca. 1.2 M SNPs
(Lander et al. 2001), but more SNPs have been discovered since. According to a
recent update, the human genome includes ca. 15 M SNPs, 1 M insertions and
deletions and 20,000 structural variants. It was also estimated that de novo
germline base substitution mutations occur in ca. 1 out of 100 Mbp (The 1000
Genomes Project Consortium 2010). In genetic studies with specific diseases the
linkage analyses are largely based on the STRs while candidate gene studies are
driven by hypotheses that have been often tested using SNPs. The SNPs can be
either selected to cover a certain part of a locus/gene (tagSNPs), or to include
variations that have previously shown associations with gene function or related
phenotypes of interest (International Hap Map Consortium et al. 2007). Today,
SNPs can be genotyped using multiple different methods and commercial kits,
and chips are often used so that the number of included variations may exceed
1,000,000 (Haberlandt et al. 2012).
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2.4.2 Approaches to genetic studies of complex disorders
According to the current knowledge the risk of many complex disorders is
affected by the environment and multiple genes (Bodmer & Bonilla 2008). A
common variation is unlikely to cause a significant increase in an individuals risk
for disease (Figure 10). However, there is evidence suggesting that common
variants do have a role in common diseases (Lohmueller et al. 2003), and that the
more prevalent the disorder the greater the number of alleles predisposing to the
disease (Figure 11) (Marian 2012). Despite the possible rare monogenic forms
(Peltonen et al. 2006), it is not very likely that in a common disease a single
disease causing variation, that is replicable between populations of different
ethnicity, would be found. Different genes may be involved in different phases in
complex cascades and they may have nonadditive interactions with other genes
(epistasis) and the environment (Khoury et al. 2007).

Fig. 10. Rare and common variants and their relation to putative effect sizes. (Adapted
from Manolio et al. 2009, originally from McCarthy et al. 2008. Reprinted by permission
from Macmillan Publishers Ltd: Nature, copyright 2009 and Nature Reviews Genetics,
copyright 2008.) GWA=GWAS.
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Fig. 11. Schematic presentation of disease prevalence and the effect sizes of the
causative alleles. (Adapted from Marian 2012 with permission from Elsevier.)

Furthermore, it may also be that the disorder consists of a spectrum of phenotypes.
This phenotypic heterogeneity may lower the robustness of the data obtained
from each study as well as decrease applicability of the findings to an individual
(Ioannidis et al. 2008, Marian 2012).
The rare alleles causing rare monogenic forms of complex diseases with large
effect sizes are presumably easier to identify than the common variations and can
increase knowledge of the complex trait, but in general the mode of inheritance is
not known in complex disorders (Peltonen et al. 2006). The smaller the effect the
larger the study population needs to be in order to result in true positive
association, and thus the required study population may need to include tens of
thousand of subjects (Ioannidis et al. 2008, Marian 2012). It may even be that a
single predisposing genetic variation yields so small an effect on the phenotype
that it is not possible to identify by any current investigation approach.
The genome-wide association studies (GWAS) studies are based on the
“common disease-common variation” (CD-CV) theory (Altshuler et al. 2008).
This theory proposed that multiple common polymorphisms (minor allele
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frequency, MAF; >0.5–1%) with small effect sizes might predispose to common
disorders (Figure 10). According to this theory the common predisposing alleles
have also formed so early in history that different groups of individuals can be
combined and compared in large consortiums. The usage of this approach enables
the identification of low-effect variations. Indeed, many low-effect common
variants have been identified while bigger effects are usually caused by rare
variants (Bodmer & Bonilla 2008). However, it has been suggested that these rare
variants might also cause common disease (the RV-CD -theory, explained in more
detail subsequently).
Genetic studies of complex disorders can be based on a prori knowledge of
underlying biology or gene location that suggests a potential involvement in the
disease cascade for the gene that is investigated. On the other hand, this candidate
approach is also limited to the previous knowledge, unlike the more recent
methods, such as GWAS, that are hypothesis free, and in that sense unbiased.
Different approaches are presented in Table 3.
Table 3. Current approaches to study complex disorder genetics.
Candidate approach
Candidate genes
Biologic plausibility1

Unbiased approach
Genome-wide association studies (GWAS)
Expression quantitative trait loci analysis

Chromosomal position mapped through linkage
or GWAS
Candidate SNPs

Next generation sequencing

Biologic function1

Targeted subgenomic sequencing

Locus position mapped through

Next generation sequencing in combination

linkage or GWAS

with linkage in families2

Linkage disequilibrium structure
Novel and known SNPs

Whole-genome sequencing
Whole-exome sequencing

Direct sequencing of the candidate gene
Modified from Marian 2012 with permission from Elsevier. 1Approach used in this thesis (II, III, IV). 2For
more information, see Bailey-Wilson et al. 2011.

Candidate approach
It is possible to search for disease causing genes via association analysis using the
candidate gene approach. In this method, previous knowledge of the disease
cascade or the components of target tissues are utilized. Variation distributions in
the genetic regions, or loci, of interest are compared between affected and
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unaffected individuals most often in a cross-sectional case-control setting. If allele
and/or genotype frequencies are significantly higher or lower in either group, a
plausible link for the disease has been established. It is also possible to investigate
only certain candidate SNPs based on their known or presumed function, and
previously identified locus (Virtanen et al. 2007b) or they may be selected based
on the linkage disequilibrium (LD) structure (explained in more detail
subsequently). While these kinds of association analysis are among the most
frequent genetic studies to date (Little et al. 2009), the validity of the results
obtained from these studies has been criticized as many identified associations
have not been replicated in subsequent studies (Ott 2004, Sullivan 2007).
However, they are still useful especially for validating previously identified
associations. Furthermore, it is to be noted that some of the disease associating
genes have later withstood validation studies in larger datasets (Kere 2010).
While most of the association studies have been performed using populations or
case-control settings, additional approaches with simultaneous usage of family
and association data are also possible (Ott et al. 2011).
Linkage analysis
Prior to genome-wide association studies, the genetic component of complex
disorders has been investigated using a linkage analysis approach. Linkage
analysis may be a powerful tool if the inheritance pattern of a disease is known,
which is not the case in complex disorders. In this method multiple variations
sites, usually microsatellites and SNPs, spanning the whole genome are compared
between unaffected and affected members of preferably large families to detect
disease loci. Two loci in the genome are in linkage if they are inherited together
from a parent to offspring more often than what would be likely with independent
inheritance (Schork 1997). If a marker, either microsatellite or SNP, is adjacent or
close enough to a locus that contains a disease associated variant, it is likely that
these two are inherited together without a recombination taking place between
them during meiosis and are thereby linked. This method may enable the
identification of a chromosomal region in which the gene affecting the phenotype
may lie when the genetic markers are genotyped from each individual of the
family and the inheritance of the marker (co-segregation) is followed through the
pedigree (Dawn Teare & Barrett 2005). The identified regions are nevertheless
large, possibly spanning over millions of bp. Additionally, the reduced effect size
(or penetrance), phenocopies and variable expressivity are factors that increase
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complexity in common disorders and complicate the usage of linkage analysis
(Kere 2010). Linkage studies have been successful with monogenic diseases, but
in complex disorders the mapping has not proved to be a very effective approach
(Altmuller et al. 2001, Altshuler et al. 2008). Often studies on the complex
disorders have been reported to map to one chromosome after another but the
earlier linkage results have been rarely replicated (Kere 2010). However, metaanalyses on multiple linkage studies might provide additional guidance on where
to direct the next efforts (Bouzigon et al. 2010). Additionally, it is possible that
with advancing computational approaches the application of linkage analysis in
complex disorders may become more successful in the future. Furthermore, it
may be that the linkage studies in large families may detect variants of rare
Mendelian diseases that mimic complex disorders. These variants may have an
infinitesimal effect at the population level, but the same cascades may be
associated with complex disorder susceptibility in a wider scale (Peltonen et al.
2006). Phenotype definition is also an important issue in studies based on families.
Linkage versus association
The main difference between association and linkage analysis is that in
association analyses the study population is unrelated whereas linkage analysis
utilizes the available information about the families. This leads to the situation in
which the association setting is better suited to investigations focused on finding
common predisposing variants with low effects, whereas linkage analysis is
applied to discover wider genetic regions in which variants leading to greater
effect may lie (Hirschhorn & Gajdos 2011). An additional possibility is to
combine these analyses (Ott et al. 2011).
Genome-wide studies
One of the most significant technical achievements in the study of complex
disorders has been the development of the genome-wide association approach
(GWAS). These studies do not require previous knowledge of the specific genes
behind the studied complex disorder and are therefore unbiased compared to
candidate approaches (Table 3). The shift to this technology from the earlier
candidate association approach required four achievements (Hirschhorn & Gajdos
2011): the discovery of linkage disequilibrium (LD) between groups of common
variants close to each other (Gabriel et al. 2002), databases of common variants
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and correlations between them, i.e. haploblocks (International Hap Map
Consortium 2005, International Hap Map Consortium et al. 2007), highthroughput genotyping methods (Ragoussis 2009) and statistical methods to
artificially calculate (impute) missing information from the genotyped variations
(Li et al. 2009, Marchini & Howie 2010). LD is the non-random correlation
between polymorphisms at two or more loci that may or may not be proximal to
each other. The known LD structure and specific tagSNPs can be used to
mathematically fill in genotypes that are not in fact genotyped. This method is
called imputation, and it understandably requires that the LD structure of the
investigated locus has been studied earlier (Gabriel et al. 2002). Additionally, it is
to be noted that the LD structure is representative for the ethnic population it has
been derived from. It has also been noted that the use of sufficiently large and
bias-free populations has been crucial for the GWAS studies (Kere 2010).
Because the number of genotyped variations is high, the “new” p-value to
mark genetic association in these GWAS studies has been lowered to p=5 x 10-8
(McCarthy et al. 2008) This has resulted in a situation where many of the
previously identified associations do not reach genome-wide significance (Kere
2010), but it is to be noted that this "new" threshold applies only if the whole
genome is tested. It is very reasonable that the positive association threshold has
been adjusted when these GWAS studies have been taken into broad use.
Otherwise there would be a significant possibility for false association because of
multiple testing (Gao et al. 2010, McCarthy et al. 2008).
To date hundreds of GWAS studies have been performed, many of them in
large international collaboration groups. More than 1000 associations between
polygenic disorders and genetic markers were identified by the year 2010
(Hirschhorn & Gajdos 2011), and the number is growing rapidly (Zuk et al. 2012).
These associations do not necessarily identify the exact location of a disease
causing mutation, but may point out markers in important regions, which help
researchers decide where to direct their next efforts. Although it is now accepted
that the GWAS studies are usable in gathering evidence, the results have been
often quite surprising (Kere 2010). They may have pointed to genetic regions that
no one would have examined based solely on the previous information of genes
and disease cascades (i.e. it would have been unlikely that any candidate gene
association analysis would have been done) (Kere 2010). One such discovery is
the association between FTO and obesity (Frayling et al. 2007).
The trend has been to increase the sample size in the GWAS studies in order
to find alleles with moderate effect sizes (Figure 10). However, to detect effect
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sizes smaller than 2-fold, typically more than 10,000 subjects in both case and
control groups are necessary requiring truly large scale collaborative GWAS
(Newton-Cheh et al. 2009, Teslovich et al. 2010, Sotoodehnia et al. 2010). It is to
be noted that while the GWAS studies have provided us with considerable
information, a big part of the variability between individuals in most cases
remains to be explained. In contrast to the CD-CV hypothesis, the "rare variantcommon disease" (RV-CD) theory that suggests that heritability of the complex
phenotypes is mainly a consequence of numerous rare variants with larger effect
sizes (Bodmer & Bonilla 2008). The recent findings have led to a concept referred
to as “missing inheritance”, the still unexplained inheritance that might be partly
explained by these rare variants (Eichler et al. 2010, Kere 2010, Manolio et al.
2009, van et al. 2010, Zuk et al. 2012). The rapid technologic advantages and
significant drop in DNA sequencing cost have now brought us into the postGWAS era meaning the possibility to feasibly sequence the entire genome or
exome in order to investigate the aetiology of complex disorders (Marian 2012).
Expression quantitative trait loci analysis
Technical advancements have generated another unbiased method for the study of
complex disorders, the expression quantitative trait loci (eQTL) analysis. In the
eQTL, the mRNA or protein levels in a specific tissue sample are compared for
example with SNPs or microsatellites using linkage or association analysis
(Goring et al. 2007, Kwan et al. 2008). The eQTLs may lie close to the regulated
genes (i.e. cis-acting) or they may have affect to the gene from a distance (i.e.
trans-acting) (Michaelson et al. 2009). In most cases the specific mechanism by
which the eQTLs have an effect on the gene expression is not yet elucidated.
Additionally, it is to be noted that many eQTLs may be specific to the
investigated tissue or cell type (Gerrits et al. 2009). To date, thousands of eQTLs
and their respective target genes have been identified and this method is likely to
continue increasing our understanding on complex disorder genetics (Cookson et
al. 2009). However, this method has not yet been used for any DD trait.
Next generation sequencing
The significant reduction in the cost of DNA sequencing per base pair has
improved the possibilities to obtain more and more sequencing data on subjects in
studies of complex disorders. Next generation sequencing (NGS) makes it
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possible to identify all the structural variations in an individual (large CNVs may
be possible exceptions). The NGS methods have improved considerably since the
introduction of the first commercial pyrosequencing platform in 2005 (Margulies
et al. 2005). The different approaches in NGS can be divided into three categories:
targeted subgenomic sequencing, whole-genome sequencing and whole exome
sequencing (Table 3).
The targeted subgenomic sequencing (i.e. targeted resequencing) enables the
capture of multiple selected sequence regions of the genome that have been
previously linked to the phenotype of interest. The selected regions may include
exons, splice sites, regulatory regions or the whole genomic area of interest. This
kind of method has been used in mutation screening in genes coding for
sarcomere proteins in patients with cardiomyopathies, autosomal-recessive
cerebellar ataxia and nonsyndromic deafness (Meder et al. 2011, Vermeer et al.
2010, Rehman et al. 2010). However, due to higher sequencing output and lower
cost per bp this method is likely to be replaced by whole-exome and wholegenome approaches.
At the moment, the whole exome sequencing is likely to be the most widely
used method to investigate the genetic causes of complex disorders. This is
because of practical reasons such as cost, data handling and biostatistical analyses.
The whole-exome sequencing has been used successfully in multiple Mendelian
disorders (Choi et al. 2009, Choi et al. 2011, Comino-Mendez et al. 2011), but
this approach has also faced challenges in complex disorders (Marian 2012).
The NGS method with the most complete output of the DNA primary
structure, whole-genome sequencing, has been used successfully in both rare
Mendelian disorders and sick sinus syndrome (Roach et al. 2010, Sobeira et al.
2010, Holm et al. 2011). The costs of the whole-genome sequencing are
presumed to decrease in the future. After development of new bioinformatics
solutions to handle the enormous amount of data obtained from this approach, it is
likely that this method will be the next widely used tool to investigate complex
disorder genetics. However, a large number of individuals are still likely to be
needed to identify the causal genetic components from this whole-genome data
(Marian 2012).
For reviews on the history and recent advances in complex disorder genetics,
see (Hirschhorn & Gajdos 2011, Kere 2010, Zuk et al. 2012, Marian 2012).
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2.5

Finnish disease heritage

Finland is a good location to perform genetic studies. The Finnish population
originates from small founder populations, but due to the geographical structure
of the country, the structure of the society in previous centuries along with other
factors have led to the formation of internal genetic isolates within Finland. This
has made it possible for certain diseases to enrich in these isolates and later in
Finland compared to other countries. This is today known as the Finnish disease
heritage (FDH) (Perheentupa 1972, Norio et al. 1973). The FDH includes rare
monogenic disorders, mostly autosomal recessive conditions that are
overrepresented in Finland. The diseases affect many organ systems and require
the attention of many medical specialities, but paediatricians are the first to
encounter them in most cases (Norio 2003c). Quite often FDH diseases affect
cognition and they may be lethal as well. Currently there are nearly 40 identified
individual diseases in the FHD and it is possible that more will be found in the
future. The definition of FDH does not currently include complex disorders,
despite the fact that these may also have some specific aspects among the Finns
(Sarantaus et al. 2000). In addition to the rare monogenic FDH diseases, such as
aspartylglucosaminuria, we may have heritable forms of common disorders, such
as familial hypercholesterolemia (Vuorio et al. 2001). For more information on
the FDH, see reviews by Norio (Norio 2003a, Norio 2003b, Norio 2003c).
Because of the origin of the population the Finns are genetically more
homogenous compared to Central Europeans. Still, due to the internal isolates it
may be useful to include study subjects only from one geographic region of the
country (Salmela et al. 2008, Salmela et al. 2011). This is because genetic
heterogeneity might hinder efforts to identify genetic variants that have only a
modest effect on a phenotype. To reduce this effect, one of the studies included in
this thesis has focused on a Finnish subpopulation living geographically in a
relatively small area, within a 100 km radius of Oulu, a city in Northern Finland
(II).
2.6

Genetic studies in disc degeneration

The exploration of the genetic factors that predispose to disc degeneration (DD) is
in its infancy compared to many other complex disorders. One of the most
important factors explaining this situation is the fact that the clinical
manifestations of DD, low back pain (LBP) and neurologic deficits, are often self56

limiting and curable. Even though the accumulated impact on society is
significant, other complex disorders with apparent resultant mortality or more
severe morbidity have understandably been investigated more rigorously.
Furthermore, the phenotyping problems in DD may have hindered efforts to
produce results with strong credibility.
However, the situation is similar in many other non-fatal or less common
complex disorders. For most diseases, the number of published genetic
association studies is less than 100, mostly on single gene/polymorphisms, only
few meta-analyses (if any), and no strong international network or consortia
between investigators (Ioannidis et al. 2008).
The stage of accumulation of evidence for DD is contrasted against five other
selected diseases in Table 4. It is clearly indicated that the stage of accumulation
of evidence is not high for DD at the moment.
Table 4. Variation in the volume of genome epidemiology evidence for selected
diseases.
Disease

Published

Genes

Meta-analyses

articles

studied

(HuGE reviews)

GWAS1

Consortia

Type 2 diabetes

2246

555

56 (7)

35

Established

Breast cancer

1020

275

24 (3)

23

Established

Osteoporosis

503

128

11 (2)

5

Established

Pre-term birth

176

112

1 (1)

0

Emerging

Childhood leukaemia

102

76

1 (1)

6

Emerging

Disc degeneration

52

51a

0 (0)

1

Suggested

a

Dependent on the DD phenotype definition. 1 Number of published GWAS studies: Hindorff LA et al. A

Catalog of Published Genome-Wide Association Studies. Available at: www.genome.gov/gwastudies.
Accessed October 6th 2012. (Table modified from Ioannidis et al. 2008, reprinted here with permission
from Oxford University Press.)

2.7

Candidate gene studies in disc degeneration

The majority of published genetic studies in DD are candidate gene studies. These
studies include the hypothesis that the investigated gene(s) may predispose to DD
based on what is previously known about the genes. For example, vitamin D is
required for normal bone homeostasis, calcium absorption, phosphate and
calcium homeostasis and parathyroid hormone secretion control. Vitamin D
receptors (VDR) bind the hormonally active form of vitamin D (1,25(OH)2D3) that
produces multiple biologic effects. Bone, cartilage and IVD share similar connective
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tissue characteristics. Therefore the VDR has been considered to be a good candidate
for DD (Videman et al. 1998).
Other studied candidate genes express proteins that are similarly biologically
plausible to have effect in DD due to their known functions. These groups of
genes include the structural components of IVD (collagens, proteoglycans,
cartilage intermediate layer protein), catabolic proteins that may unbalance
connective tissue turnover in IVD (matrix metalloproteinases) and genes affecting
to the regulation of inflammation (interleukins) and other genes that have been
studied because of know association to another complex disorder, such as
osteoarthritis (OA).
A systematic literature review was conducted as part of this thesis (I). The
systematic approach identified 52 association studies reporting on DD defined
using MRI imaging. During the review process it became obvious that there is
gold standard in the coding of MRI for degenerative IVD changes. In almost
every study the specific DD phenotype is different and there is no reliable data
available on how these different phenotypes could be combined or how the
heterogeneity between the studies could be corrected in statistical analyses.
Therefore, in order to present all the available data without inflating of deflating
the available evidence, the identified studies in each gene (or gene group) are
presented here according to the specific DD phenotype. The approach that focuses
on separate phenotypes has been previously suggested to be adapted in genetic
studies with DD (Williams et al. 2011b). However, this results in a rather cataloglike presentation. For more condensed results of the systematic review, see
Appendix 1 and the article (I).
2.7.1 Vitamin D receptor
The polymorphisms in the Vitamin D receptor gene were the first ones associated
with disc degeneration. A quantitatively assessed decrease in disc signal was
originally reported to associate with the Ff, ff, Tt and tt genotypes (Videman et al.
1998). The original study along with six other studies was eligible for review
(Cheung et al. 2006, Eser et al. 2010, Eskola et al. 2010, Kawaguchi et al. 2002,
Nunes et al. 2007, Videman et al. 2001). The reports focus on two distinct exon
single nucleotide polymorphisms (SNP), FokI (rs10735810) and TaqI (rs731236),
the latter of which has been more extensively studied as described in more detail
below. One study was found where an ApaI polymorphism had been studied
without any positive associations (Kawaguchi et al. 2002).
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Intervertebral disc (IVD) signal changes
Initially the FokI minor allele f was associated with decreased disc signal among
middle-aged Finnish male twins (Videman et al. 1998). Data in this early genetic
study is not presented in a way that easily allowed for post hoc OR calculations
nor are allele frequencies given. The TaqI minor allele t was similarly originally
associated with decreased disc signal and reported in a similar way (Videman et
al. 1998). The minor allele frequency (MAF) was close to 0.34 calculated from
another study, which likely used the same population of origin (Videman et al.
2001). Subsequent Asian studies have reported positive associations between the
TaqI t allele and disc signal summary scores among Chinese (OR 2.61 [CI 1.15–
5.90]) and Japanese populations (Cheung et al. 2006, Kawaguchi et al. 2002).
The subjects of the former study were mostly females aged 20–29 years, while
age structure of the latter population was broader, 18–55 years, and gender not
reported. A trend to greater effect was seen among the Chinese when using a
younger 18–40-year-old subgroup (OR 5.97 [CI 1.69–21.15]). However, no such
effect for the t allele or the f was seen among Danish schoolchildren (III, IV). In
both Asian studies the MAF was substantially smaller (ca. 0.13) than that among
Caucasians (ca. 0.34) (Videman et al. 2001). In another Japanese study of elderly
women (N=60), semiquantitatively assessed DD was not associated with either of
the TaqI alleles (Oishi et al. 2003). A recent study of a clinical population of fairly
young age (mixed gender; aged 20–30 years) from Turkey reported no significant
differences in allele frequencies of the total population (Eser et al. 2010).
Statistically significant differences were seen, however, among small subgroup
analyses: the FF genotype was associated with subjects having Grade 0 or 1 discs
(i.e. normal discs) using Schneiderman´s classification (Schneiderman et al.
1987). Lastly, the Turkish study reported no significant association in the total
population while the TT genotype was more common among LBP subjects with
mild signal changes (Eser et al. 2010).
IVD contour
The original study (Videman et al. 1998) reported an association between a sum
score of degenerative findings (bulges, signal changes and height) and the FokI f
allele as well as an association between the TaqI t allele and disc bulges in T6–
T12 levels in a Finnish population. The association between lumbar level IVD
bulges and the t –allele was strengthened with the Japanese and the Chinese
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studies (OR 2.85 [CI 1.08–6.14]) (Cheung et al. 2006, Kawaguchi et al. 2002).
The same allele was controversially associated with reduced risk for disc bulges
in levels T12–S1 and L1–L4 in the Finnish population (Videman et al. 1998,
Videman et al. 2001). The Turkish study again reported a significant association
with herniations based only on a subgroup analysis (Eser et al. 2010).
Other findings
A Brazilian study with clinical patients (N=66) from Sao Paólo characterized with
discopathia and unspecified degenerative findings in MRI reported a positive
association with the FokI Ff genotype. The controls (N=88) for the study were
only clinically assessed and recruited from a different geographical area some 400
km away (Nunes et al. 2007). ATs were significantly associated with the TaqI t allele among the Finnish male twins, but the result was non-significant after
multiple testing corrections (Videman et al. 2001). Neither TaqI nor FokI were
associated to Modic changes among Finnish males (Karppinen et al. 2008). Four
papers were excluded from the review either because of different phenotype
(spondylosis, spinal stenosis) or phenotyping method (x-ray) (Jones et al. 1998,
Jordan et al. 2005, Koshizuka et al. 2006, Noponen-Hietala et al. 2003).
2.7.2 Collagen IX genes
Experiments with transgenic mice led to two collagen IX gene examinations with
Finnish sciatica patients (Annunen et al. 1999, Paassilta et al. 2001). In addition
to these, seven more studies were identified and found eligible for the review
(Higashino et al. 2007, Jim et al. 2005, Kales et al. 2004, Seki et al. 2006,
Solovieva et al. 2002, Videman et al. 2009). Collagen IX gene polymorphisms
were also investigated in the present studies (II, III, IV).
Sciatica
The first examinations were made on Finnish sciatica patients with unilateral
discogenic pain radiating from the back to below the knee that lasted at least one
month. The majority of the patients had a confirmed disc herniation mainly at the
two lowest levels. In the first study a Trp to Gln substitution was identified in the
α2 chain of collagen IX (Trp2 allele) in six out of 157 Finnish patients aged 19–
78 years, but in none of the 174 mixed (population and other disease patients)
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controls (Annunen et al. 1999, Paassilta et al. 2001). A family based approach
was also used in the primary study and the results showed that all the family
members with the allele had LDD. This finding was supported by a family-based
approach and by another report from the same subject group reviewing
degenerative phenotypes of the cases (Karppinen et al. 2002). However, a Greek
study found that the Trp2 polymorphism did not exist in their population at all
(Kales et al. 2004). Seki et al. (Seki et al. 2006) further studied the Trp2 allele in
a larger sample (N=1128). Their results showed that Trp2 was common (MAF >
0.10) in the general Japanese population, but that it was under-represented among
the Japanese sciatica patients. Instead, they found a positive association between
severe disc degeneration and a different haplotype (“221” from –2066C>A,
c.977A>G, IVS19+1147G>C) not in linkage disequilibrium (LD) with the Trp2
(Seki et al. 2006). Even after phenotypic sub-grouping, the Trp2 did not show any
association (Seki et al. 2006).
Besides the COL9A2 gene, the two other type IX collagen genes, COL9A1
and COL9A3, were analysed in a slightly expanded set of 171 Finnish patients
with sciatica and 321 mixed unrelated controls (healthy N=186, other
musculoskeletal disease N=135) aged 21–75 years (Paassilta et al. 2001). This
resulted in the identification of another Trp allele (Trp3, rs61734651) in the
COL9A3 gene. Trp3 was found in 12.2% of the patients aged 19–78 years while
only 4.7% of the controls carried the allele (p=0.000013). The risk for the disease
was increased nearly 3-fold in individuals with at least one Trp3 allele. Similar to
the prevalence differences of the Trp2 allele, the Trp3 prevalence is different
between populations. Trp3 was absent among subjects from Southern China and
Japan (Higashino et al. 2007, Jim et al. 2005) and not as common as in Finland
among cases (8.6%) and controls (4.9%) from Greece (Kales et al. 2004).
IVD signal changes
The first independent association study between IVD signal changes and Trp2
was reported from a Chinese volunteer population (N=804) aged 18–55 years that
consisted of mostly males (60%). However, there was no significant difference
between the Trp2 alleles or haplotypes (constructed of Trp2, E21 + 9 G>A, IVS30
+ 17 g>a and IVS27-61 c>a) in the total population (Jim et al. 2005). Allele
frequency was again different from other populations as the Trp2 was present in
20% of the population and approximately the same in the controls. However, a
sub-group analysis of individuals aged 40–49 (N=436) found an association
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between disc degeneration and Trp2 (OR 2.38 [CI >1.00–<5.00]). A trend towards
more severe degeneration in Trp2 carriers was also seen. A similar trend was seen
in a sub-group of a small-scale study comparing the disc signals of 37 Japanese
surgery cases aged less than 40 years (Higashino et al. 2007). The Trp2 allele was
seen in three out of 135 Finnish middle-aged men, and all three had dark nucleus
pulposus and two had single level bulges. In the same study the Trp3 allele was
not an independent risk factor for decreased disc signal (Solovieva et al. 2006).
The present studies among Danish children (III, IV) found no significant
differences between subject groups mainly divided according to IVD signal
changes. The Trp3 allele was a bit more common among subjects without DD, but
not significantly (III). In the present study of Finnish young adults (II) neither
Trp2 nor Trp3 associated with IVD signals. A positive association from a SNP
(rs696990) upstream of the COL9A1 was reported in one Finnish study. The
rs696990 associated with decreased IVD signal at L1–L4 (not in L4–S1) and with
bulges at L4–S1 (not in L1–L4) (Videman et al. 2009).
IVD contour
In a recent study with Finnish subjects (Videman et al. 2009), bulges were
significantly associated with the COL9A2 rs7533552 G-allele at L1–L4 levels
(p=0.036), but not at L4–S1. However, a significant deviation from the HardyWeinberg equilibrium was seen (p=0.0286). The study’s subjects consisted of 588
Finnish male MZ and DZ twins (35–70 years old).
Other findings
Solovieva et al. have also studied the additive effects of gene variants and
environmental factors among 135 occupationally active men. Trp3 was found to
be a risk factor for dark NP (OR 7.0 [CI 1.3–38.8]) and joint occurrence of
degenerative changes (OR 8.0 [CI 1.4–44.7]), but only in the absence of the IL1B
rs1143634 T-allele (Solovieva et al. 2006). Furthermore, in the same sample, the
Trp3 allele and persistent obesity (BMI ≥ 25 kg/m2 from 25 years to 40–45 years)
acted synergistically to increase the risk of dark NP, posterior IVD bulge, and
decreased IVD height (Solovieva et al. 2002). These findings have not been
replicated since.
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2.7.3 Other collagen genes
The associations between IVD collagen gene polymorphisms and DD phenotypes
have been studied beyond collagen IX SNPs. The search identified five such
studies (Bei et al. 2008, Eskola et al. 2010, Mio et al. 2007, Solovieva et al. 2006,
Videman et al. 2009). Additionally, some collagen gene SNPs were included in
the present investigations (II, III, IV).
Sciatica
The T-allele of rs1676486 in COL11A1 was associated with unilateral sciatica in
Japanese individuals (OR 1.42 [1.23–1.65], p=0.0000033) (Mio et al. 2007). All
the cases (N=823) had LDH. The finding has not been replicated, but the original
study consisted of three groups of Japanese subjects, and a significant difference
in the gene expression was also reported. Furthermore, no difference was seen in
allele frequencies of 188 cases with IVD signal changes and 179 controls (Mio et
al. 2007). A Greek study (N=90) investigated COL1A1 by comparing a 4-base
insertion in the gene. Subjects consisted of 24 army recruits with unilateral leg
symptoms below the knee with a compatible disc prolapse whose allele carriage
was compared to 66 healthy individuals. No association was observed (Bei et al.
2008).
IVD signal changes
A variation (not well specified) in the COL2A1 gene, coding for a major
component of the IVD, was reported in one Finnish study without any significant
difference (Solovieva et al. 2006). The present studies with Danish children (III,
IV) analysed a variation in COL11A2 (rs1799907) and reported no association,
which is in contrast to results of a study of elderly people in Finland with spinal
stenosis (Noponen-Hietala et al. 2003). Among Finnish twin males aged 35–70
years, a different polymorphism (rs2076311) in COL11A2 was associated with
disc signal decrease in L4–S1, as was rs2075555 in COL1A1 (Videman et al.
2009).
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IVD contour
A study with occupationally active middle-aged Finnish males (N=135) included
also a SNP in intron 9 of COL11A2, and a borderline association between IVD
bulges and the A allele was seen (OR 2.1 [CI 1.0–4.2], p=0.04) (Solovieva et al.
2006). The study using Finnish twin males reported associations between
COL11A1 gene polymorphisms (rs1463035 and rs1337185, in the same linkage
disequilibrium block) and disc bulges (Videman et al. 2009).
2.7.4 Aggrecan
The first report identified, in which the association of a polymorphism in the
aggrecan gene (ACAN) with DD was analysed, was done in Japan (Kawaguchi et
al. 1999). Eight other studies were identified (Cong et al. 2010a, Cong et al.
2010b, Eser et al. 2010, Mashayekhi et al. 2010, Roughley et al. 2006, Solovieva
et al. 2007, Videman et al. 2009).
IVD signal changes
A study on multilevel DD carried out in Japan (N=64) investigated a genetic
polymorphism in a variable number of tandem repeats (VNTR), with an
overrepresentation of rare shorter alleles (A18 and A21) in cases with multilevel
DD (Kawaguchi et al. 1999). The finding was not replicated in a Canadian study
(N=102) (Roughley et al. 2006). However, findings of a very recent Korean study
(N=104) partially agree with the initial findings. The A21 allele was significantly
overrepresented in subjects with multilevel disc degeneration (p<0.006) (Kim et
al. 2011). Solovieva et al. studied the aggrecan VNTR among the Finnish
working males (N=135). Carrying two copies of the A26 allele increased the risk
of dark NP (OR 2.77 [CI 1.24–6.16]) (Solovieva et al. 2007). Cong et al. studied
Chinese individuals, a cohort subgroup with chronic LBP including also trauma
patients. Inclusion was restricted to males aged 14–49 years. Disc degeneration
was determined using Schneiderman’s classification, where Grade 1 indicates
normal discs and Grades 2 and 3 different degrees of degeneration. Subjects who
smoked more than one pack-year and carried one or two alleles with ≤25 repeats
were found to have an increased risk for symptomatic DD (OR 4.5 [1.589–
12.743]) (Cong et al. 2010b). In addition to the aforementioned findings, the
associations between IVD signal decrease and different allele lengths were
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somewhat contradictory in a Turkish population aged 20–30 years (N=300) with
the statistically most significant association between multilevel DD and the A27
allele (Eser et al. 2010). Videman et al. reported in the aforementioned twin study
(N=558) significant associations between ACAN rs1042631 and quantitative IVD
signal intensity decrease (at L1–L4) (Videman et al. 2009).
IVD contour
Associations between ACAN alleles and LDH were also investigated in the
Turkish study (N=300). However, no clear association was identified, even
though the authors saw some statistically significant allele distribution
characteristics in a sub-group of protrusion type LDHs (Eser et al. 2010). In a
previous Finnish study, the carpenters and machine drivers with the A26 allele
had a statistically significantly higher risk of degenerative changes (disc bulge
and decreased disc height) than non-carrier office workers (OR 2.91 [CI 1.25–
6.77] and OR 3.38 [CI 1.29–8.87], respectively) (Solovieva et al. 2007).
Additionally, the rs1042631 and rs1516797 in ACAN were associated with
qualitative disc bulging (at L4–S1) and qualitative disc height reduction,
respectively, among the Finnish male twins (Videman et al. 2009).
Other findings
In a recent Iranian study, IVDs at L4/L5 and L5/S1 were evaluated using
decreased signal intensity of NP, posterior IVD bulges and decreased IVD height
as a pooled definition of DD. A total of 71 mixed-gender adult patients and 108
controls were analysed. Carriers of shorter VNTR alleles (24 or fewer repeats)
were more frequently seen among patients than among controls (OR 3.28 [CI
1.62–6.65]) (Mashayekhi et al. 2010). Noponen-Hietala et al. found no
association between ACAN alleles and spinal stenosis in a Finnish study (N=85)
with elderly subjects (Noponen-Hietala et al. 2003).
2.7.5 Cartilage intermediate layer protein
Human osteoarthritic articular cartilage from the hip was used in the
characterization of cartilage intermediate layer protein in 1997 (Lorenzo et al.
1998). The first genetic association study between polymorphisms in the
corresponding gene, CILP, and DD was published in 2005 (Seki et al. 2005).
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Three other studies reporting on the same gene were found (Min et al. 2009, Min
et al. 2010, Virtanen et al. 2007a). The CILP rs2073711 was also investigated in
the present study with Finnish young adults (III).
Sciatica
The first association study included Japanese individuals with symptomatic disc
disease (N=467, about 85% underwent spinal surgery) and controls (N=654). Of
the 20 SNPs studied, the + 1184T>C (rs2073711) was shown to be the most
significantly associated with the disease (OR 1.61 [CI 1.31–1.98], p=0.00020
after correction for multiple testing) (Seki et al. 2005). Functional analysis
showed that the C allele was associated with increased binding and inhibition of
TGF-β1, suggesting that regulation of TGF-β1 signalling by CILP has an
important role in symptomatic disc disease (Seki et al. 2005). However, two
subsequent studies in Finnish and Chinese samples (N=502 and N=691,
respectively) failed to replicate the association (OR 1.35 [CI 0.97–1.87] and OR
1.05 [CI 0.77–1.43], respectively) (Virtanen et al. 2007a).
IVD signal changes
The aforementioned negative replication study of rs2073711 from China (N=691)
was population based and DD was defined using Schneiderman’s classification
(Jim et al. 2005, Virtanen et al. 2007a). However, another Japanese research
group studied the CILP rs2073711 and DD defined using Pfirrmann grading
(Pfirrmann et al. 2001). The subjects were Japanese collegiate high-level judo
athletes (N=89, all young males). Despite the small sample size, analysis resulted
in a significant association between DD and the rs2073711 minor allele C (OR
4.1 [CI 1.57–10.71]) (Min et al. 2009). The same authors studied the SNP in a
larger sample (N=601) of collegiate athletes again using Pfirrmann grading, and
used grades 1 and 2 as the control group while grades 3, 4 and 5 were defined as
DD, as previously. The results indicated an increased risk for DD with the C allele,
but with a smaller effect size (OR 1.4 [CI 1.05–1.86]) (Min et al. 2010). However,
a clear difference between genders was seen (males OR 1.8 [CI 1.27–2.59],
females OR 0.9 [CI 0.57–1.52]). In the present study with Finnish young adults
(II), the CT/TT genotypes, compared to the CC genotype, increased risk for DD,
but only among women (OR 2.04 [CI 1.07–3.89], p=0.025 (corrected p=0.05)
(Kelempisioti et al. 2011). This finding is in contrast to the Japanese findings
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(Min et al. 2009, Min et al. 2010, Seki et al. 2005), but also the minor allele is
different; T in Europeans and C in Asians.
2.7.6 Asporin
Findings with CILP led to new searches of DD candidates especially on the TGFβ signalling pathway. Asporin, another extracellular protein, is one of the small
leucine-rich proteoglycans of IVD playing an important role in cartilage
homeostasis. A unique aspartate (D) repeat in the asporin gene (ASPN) was earlier
found to associate with OA of the knee (Kizawa et al. 2005). OA and DD are both
degenerative diseases of skeletal joints, and many of the genes expressed in
cartilage are also expressed in the IVD.
Sciatica
The search identified only one association study with ASPN D-repeats (Song et al.
2008a). However, the initial study consisted of two independent cohorts of
Japanese and Chinese origin. The Japanese cohort was an extension of the
previous study with CILP (Seki et al. 2005). Moreover, in this study all cases
(N=745) had a history of sciatica for longer than three months and disc herniation
confirmed by MRI. The association between the presence of at least one D14
allele and disease was found to be significant (OR 1.78 [CI 1.26–2.51],
p=0.00087). The D14 allele frequency was 7.8% in cases and 4.8% in controls
(Song et al. 2008a).
IVD signal changes
The same report included also a Chinese population (N=1055) in which the IVDs
were graded according to Schneidermann’s classification. The subjects were then
divided into two groups (cases and controls) using adjustment for age. The
association between IVD signal changes and the presence of at least one D14
repeat was found to be significant (OR 1.66 [1.17–2.35], p=0.0039). The D14
allele was also infrequent among the Chinese, with a frequency of 9.3% in cases
and 6.4% in controls (Song et al. 2008a).
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Other findings
The authors also did a meta-analysis using the abovementioned phenotypes and
cohorts. The meta-analysis showed significant associations both for the allele
frequency (OR 1.58 [CI 1.26–1.99], p=0.00081) and “D14/D14+D14/other vs.
other/other” genotype comparison (OR 1.70 [CI 1.35–2.20], p=0.000013) (Song
et al. 2008a).
2.7.7 Matrix metalloproteinase genes
The enzymes linked with remodelling of the extracellular matrix have also been
investigated in association studies with disc degeneration. Matrix
metalloproteinase 3, also known as stromelysin-1, was previously associated with
cardiovascular problems (Ye et al. 1996), and a few years later with DD
(Takahashi et al. 2001). The search identified a total of five eligible studies
focusing on matrix metalloproteinase (MMP) gene polymorphisms (Dong et al.
2007, Karppinen et al. 2008, Song et al. 2008b, Sun et al. 2009, Takahashi et al.
2001). The present study with Finnish young adults also investigated MMP
polymorphisms in MMP9 and MMP10 (II).
Sciatica
Dong et al. reported a positive association between MMP2 -1306C/T (rs243865)
and sciatica/discogenic LBP in a case (N=162) vs. control (N=318) setting. The
participants of the study were Chinese young adults. Subjects with the CC
genotype had nearly threefold increased risk for sciatica/discogenic LBP (OR
3.08 [CI 1.84–5.16]) compared to subjects carrying at least one variant T allele
(Dong et al. 2007). A Japanese study included subjects (N=847) with lumbar disc
herniation and positive sciatica history and compared them with controls (N=896).
After genotyping 15 tagSNPs and resequencing exons and exon borders of MMP9,
the rs17576 showed the most significant association with LDH (OR 1.29 [CI
1.12–1.48]) (Hirose et al. 2008). The finding has not yet been replicated. Another
Chinese study compared the MMP9 -1562C/T (rs3918242) polymorphism
between cases (N=458) and controls (N=451). The cases had herniation/bulge and
discogenic LBP/sciatica while the controls were not examined by MRI and
included both patients with different diseases and healthy individuals. All subjects
were Hans from Northern China. The subjects with at least one minor allele (TT +
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CT) had a significantly increased risk of LDD (OR 2.14 [CI 1.55–2.96])
compared with the CC genotype subjects (Sun et al. 2009).
IVD signal changes
The first study on MMP2 in Japan consisted of 103 individuals (Takahashi et al.
2001). The total disc degeneration score was defined by MRI among young
individuals but only x-ray was used in elderly subjects. The 5A genotype (a run of
only five instead of six adenosines in the promoter region of the gene) was
associated with the number of degenerated discs; however this finding was only
significant among the elderly (Takahashi et al. 2001). The aforementioned
Chinese study by Dong et al. analysed also IVD signal changes and the MMP2 1306C/T (rs243865) in 133 patients. The patients with a CC genotype had more
severe DD (Dong et al. 2007). A polymorphism at the MMP1 promoter -1607
rs1799750 was examined in another Chinese population of volunteers (N=600)
aged 18–55 years (Song et al. 2008b). The deletion allele resulted in a
significantly higher risk for degeneration (OR 1.41 [CI 1.04–1.90]) defined also
by Schneiderman's classification (Song et al. 2008b). The study with North
Chinese Hans (N=809) by Sun et al. examined also the association between IVD
signal changes and the MMP9 -1562C/T (rs3918242). The total degenerative
score using Scheiderman’s classification (0–15) was ca. 1.7 points higher among
patients carrying at least one T allele compared to the patients with the
homozygous CC genotype (Sun et al. 2009). The MMP9 rs17576 T-allele shown
to associate with sciatica in the Japanese study did not associate positively with
IVD signal changes in young Finnish adults (II) (N=396) (Kelempisioti et al.
2011).
Other findings
Ten polymorphisms from the genes MMP3 (rs645419, rs646910), MMP8
(rs1940475, rs2509013, rs1276283), MMP9 (rs3918241, rs2664538, rs20544) and
MMP13 (rs2252070, rs3819089) were studied among middle-aged Finnish twin
males (Videman et al. 2009) while the 5A/6A polymorphism of the MMP3 was
studied in subjects with spinal stenosis (Noponen-Hietala et al. 2003). No positive
association with decreased disc signal, disc bulging or decreased disc height
(Videman et al. 2009) or spinal stenosis (Noponen-Hietala et al. 2003) was found.
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The results of MMP3 analysed together with another polymorphism (Karppinen et
al. 2008) are presented in the following chapter on interleukins.
2.7.8 Interleukin genes
Interleukin-1 (IL1) was the first interleukin cloned in the 1980s after which it was
shown to be an important element in the regulation of inflammation (Gabay et al.
2010). Inflammation is considered a key factor in pain – probably because it has
been implicated also in degenerative processes (DeLeo 2006, Goldring et al. 1994,
Loeser 2006, Shinmei et al. 1989). Polymorphisms in the two distinct IL1 genes
were the first interleukin SNPs associated with DD (Solovieva et al. 2004). The
systematic search identified also nine other studies analysing interleukin
polymorphisms in disc degeneration phenotypes (Eskola et al. 2010, Karppinen et
al. 2008, Karppinen et al. 2009, Kim et al. 2010, Lin et al. 2011, NoponenHietala et al. 2005, Paz Aparicio et al. 2010, Solovieva et al. 2006, Videman et al.
2009).
Sciatica
In a Finnish study by Noponen-Hietala et al. ten cytokine candidate genes were
analysed in 155 unrelated sciatica patients (males and females, aged 19–78 years).
The polymorphism distributions were compared to 179 sedentary workers and
students (males and females, aged 20–69 years) (Noponen-Hietala et al. 2005).
The allele frequencies of interleukin-6 gene (IL6) promoter polymorphisms G597A (rs1800797), G-174C (rs1800795), T15A (rs13306435) differed
significantly between the two groups. Furthermore, a relatively rare haplotype
GGGA (derived from G-597A (rs1800797), G-572C (rs1800796), G-174C
(rs1800795) and T15A (rs13306435) polymorphisms) was significantly
associated with the disease (OR 4.80 [CI 1.59–14.45]). The other polymorphisms
in the genes IL1A, IL1B, IL1RN, IL2, IL4, IL4R, IL10, IFNG, and TNFA did not
differ significantly between the two groups (Noponen-Hietala et al. 2005). A
recent study with Chinese subjects (N=281) of both genders evaluated the
relationship between an 86-bp VNTR polymorphism in the interleukin 1 receptor
antagonist gene (IL1RN) and the DD phenotype. All cases had single level
paracentral and/or lateral recess subligamentous LDH with definite neural
compression on T2-weighted MRI (Kim et al. 2010). The prevalence of the A3
allele was significantly higher among the patients (N=54) compared to controls
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(N=227) found healthy without MRI scans (OR 3.86 [CI 1.37–10.90]) (Kim et al.
2010). The same polymorphism presented only alleles A1 and A2 (which were
evenly distributed) among Finnish cases and controls (Noponen-Hietala et al.
2005).
IVD signal changes
Multiple interleukin SNPs were investigated in the Finnish study with male twins
(Videman et al. 2009). The rs2071375 in IL1A (L1–L4 levels) and rs1420100 in
IL18RAP (both upper and lower lumbar spine) were associated with quantitative
IVD signal intensity (Videman et al. 2009). Among the 12–14-year-old Danish
schoolchildren (III) the rs1800587 in IL1A was associated with subjects with
early DD characterized mainly by a decreased disc signal, but only among girls.
The CT/TT genotypes, compared to CC, were more common among subjects with
DD (OR 2.85 [CI 1.19–6.83]). The IL6 promoter polymorphisms showed results
similar to that of the relatively rare haplotype GCG (derived from G-597A
(rs1800797), G-572C (rs1800796), G-174C (rs1800795), which associated with
degeneration, but only among girls (OR 6.46 [CI 1.61–26.0]) (III). In the present
study with Finnish young adults (II) the G allele of both IL6 rs1800797 and IL6
rs1800795 was the risk allele for decreased IVD signal (OR 1.37 [CI 1.02–1.85]
and OR 1.45 [CI 1.07–1.96], respectively. In another Finnish report, the absence
of the IL1B T-allele with carriage of COL9A3 Trp3 was associated with increased
risk for DD (Solovieva et al. 2006). A recent Chinese study reported significant
differences in IL10 -592A>C (rs1800872) and -1082G>A (rs1800896) between
cases (N=320) and controls (N=269). The risk allele A for both (OR 1.68 [CI
1.23–3.46] and OR 1.34 [CI 1.12–3.03], respectively) was associated also with
decreased IL-10 mRNA expression (p<0.05) (Lin et al. 2011).
IVD contour changes
The initial association study with the interleukins done using Finnish subjects
reported an association with IL1 polymorphisms (Solovieva et al. 2004).
Occupationally active males with disc bulges were more often carriers of the T
alleles of rs1800587 and rs1143634 in IL1A (OR 2.4 [CI 1.2–4.8]) and IL1B (OR
1.9 [CI 1.0–3.7]), respectively (Solovieva et al. 2004). Furthermore, the joint
effect of being a carpenter instead of machine driver or office worker increased
the risk even further. The joint effect was seen also for the IL-1RNC1887
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polymorphism (Solovieva et al. 2004). A recent Spanish study analysed the
genetic association of polymorphisms in the cytokine and nitric oxide synthase
genes in relation to LDH. The study included LDH patients (N=50). The controls
(N=129) were patients admitted for primary lower limb arthroplasty. The IL1B
(rs1143634) minor allele C was detected more frequently in the group of patients
with LDH than in controls (OR 1.7 [CI 0.98–2.93], non significant) (Paz Aparicio
et al. 2010). The risk allele in the Spanish study (C) was the opposite of the
Finnish (T) (Solovieva et al. 2004). However, in another report of the same
Finnish cohort, the absence of the IL1B T allele with carriage of COL9A3 Trp3
was associated with increased risk for DD (Solovieva et al. 2006).
Other findings
The first study to evaluate genetic factors in relation to Modic changes was
published only a few years ago (Karppinen et al. 2008). The study with male train
engineers exposed to whole body vibration (N=159) and male paper mill workers
(N=69) included thirteen SNPs from eight previously identified putative risk
genes (COL9A2, COL9A3, COL11A2, IL1A, IL1B, IL6, MMP3 and VDR), but
found no significant association. However, when the rs1800587 in IL1A and the
5A/6A polymorphism in MMP3 were analysed together, a significant interaction
risk for type II Modic changes was observed (OR 3.2 [CI 1.2–8.5]) (Karppinen et
al. 2008). The haplotype T-C of IL1A rs1800587 and IL1B rs1143634 combined
with MMP3 5A (rs3025058) synergistically increased the risk of Modic type II
(OR 8.1 [CI 1.7–38.4]) (Karppinen et al. 2008). In another Finnish study, six
single SNPs in the IL1 gene cluster were analysed further in the occupational
cohort of Finnish middle-aged males studied earlier (Karppinen et al. 2009,
Solovieva et al. 2004). The minor T allele of rs1800587 in IL1A was more
frequent among subjects with any type of Modic change (OR 2.50 [CI 1.09–
5.71]), the majority (N=39, 87%) of which had type II Modic changes (Karppinen
et al. 2009). A relatively rare (frequencies 0.8% vs. 7.5%) haplotype constructed
from the six SNPs was also associated with the Modic changes (Karppinen et al.
2009).
2.7.9 Findings in other genes
The systematic search and reference tracking identified also six includable recent
studies on genetic associations in DD (Hirose et al. 2008, Karasugi et al. 2009,
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Paz Aparicio et al. 2010, Sun et al. 2011, Williams et al. 2011a, Zhu et al. 2011).
These studies have focused on variations in GDF5, THBS2, SKT, CASP9, FAS,
FASLG, NOS2 and NOS3.
Sciatica
The aforementioned Japanese study with MMP9 first examined two
thrombospondin genes (THBS1 and THBS2) as candidate genes for LDH (Hirose
et al. 2008). Multiple polymorphisms of the THBS2 were associated with LDH
further characterized by a history of unilateral leg pain. The study size was
sufficient (N=847 cases and N=896 controls) and supportive evidence for the
involvement of THBS2 in LDH was found through biological studies (Hirose et
al. 2008). This very interesting and remarkable finding has not yet been replicated.
The present study (II) with Finnish young adults (N=396) did not find any
significant difference in allele frequencies or genotypes between groups defined
according to the presence or absence of moderate DD using Scheiderman´s
classification (Kelempisioti et al. 2011). Another very recent study reported an
association between yet another gene, SKT (KIAA1217), and LDH (Karasugi et al.
2009). Of the 68 SNPs studied, the rs16924573 was the most significantly
associated with LDH among Japanese subjects (OR 1.31 [CI 1.11–1.55]) while
the finding was also replicated among Finnish subjects (OR 2.81 [CI 1.09–7.24])
(Karasugi et al. 2009). The allele frequencies were quite different between
Finnish and Japanese populations, but nevertheless the meta-analysis of over
2200 subjects supported the association (OR 1.34 [CI 1.14–1.58]) (Karasugi et al.
2009). SKT rs16924573 is also included in the present study with Finnish young
adults (II).
IVD contour
Among the most recent candidate genes for disc degeneration phenotypes is
Caspase 9 (CASP9), which has been suggested to have a central role in initiating
the intrinsic apoptotic pathway (Li et al. 1997). The polymorphism Ex5+32 G>A
(rs1052576) was analysed in Chinese subjects with LDH and unspecified clinical
symptoms (N=387) and compared to matched healthy controls (N=412) (Sun et al.
2011). The minor allele A was associated with LDH (OR 1.91 [1.29–2.81]).
Furthermore, the patients with the AA genotype had a significantly more severe
DD compared to subjects with the GG genotype (Sun et al. 2011). A Spanish
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study reported an association between a NOS2 polymorphism (exon22 G>A,
rs1060826) and LDH. The AA genotype was absent in cases (N=50) while the
frequency was 14.7% in controls (N=129). Additionally, the CC genotype of a
polymorphism in NOS3 (–786 T/C, rs2070744) was overrepresented in controls
(OR 0.12 [0.03–0.43]) (Paz Aparicio et al. 2010).
Other findings
A recent study included Chinese Hans patients with chronic LBP (N=348) and
healthy controls (N=215). Minor alleles A and T in FAS −1377G/A (rs2234767)
and FASL (rs763110) −844C/T associated with the disease (OR 1.411 [CI 1.096–
1.816], p=0.007 and OR 2.773 [2.104–3.654], p<0.001), respectively (Zhu et al.
2011). Another recent study investigating a SNP (rs143383) in GDF5 was found
by reference tracking (Williams et al. 2011a). Out of the total population
(N=5269), one cohort (N=613) was examined using MRI therefore making the
study eligible for review. The rs143383 showed a significant association among
female subjects for a combined phenotype of disc space narrowing and
osteophytes (OR 1.72 [CI 1.15–2.57]) (Williams et al. 2011a). However, the result
seems to be dependent mainly on the osteophytes in radiographs; a positive
association was not observed in the cohort examined using MRI. Still, the large
number of subjects increases the credibility of association for this phenotype.
2.8

Linkage analysis studies in disc degeneration

To date three linkage analysis studies have been reported in DD (Table 5). An
Italian group reported a preliminary linkage analysis in 2002. The study was
performed with subjects from only one family and consisted of eight siblings in
total. The phenotype in this possibly rare Mendelian form of DD included LDH at
multiple levels and paraplegia while varying among the affected four individuals.
It is possible that the underlying aetiology of this specific phenotype is different
from that of the sporadic, age-related DD. Nevertheless, the analysis reported an
association on chromosome 6 (Zortea et al. 2002).
The first multifamily linkage analysis was performed in Finnish families with
a total of 189 individuals. The study included families with increased prevalence
of lumbar disc disease characterized by sciatica (LDD). Suggestive linkage was
obtained on chromosomes 4, 6 and 21, 21 being the most promising (Virtanen et
al. 2007b).
74

The most recent linkage analysis on DD has been performed in the UK. Only
female DZ twins were included in the study for a total of 348 individuals. A total
DD score was calculated for each individual after evaluation of each IVD using
MRI. The most significant linkage resulted from chromosome 19, while
chromosomes 1 and 5 showed also some interesting results (Williams et al. 2008).
In all these published linkage studies in DD the specific phenotype is
different. Therefore, when attempting to sum up everything that is known about
DD genetics, this fact must be noted. There is no validated method to adjust for
this phenotypic heterogeneity between the definitions of DD because the
pathogenic cascade and it´s relation to normal aging is not understood well
enough (see chapter 2.4).
Table 5. Linkage analysis studies in disc degeneration.
Ethnicity

Study size

Phenotype

Chromosomes

Reference

Italian

8

LDH + paraplegia

6

Zortea et al. 2002

Finnish

189

LDD + sciatica

4, 6, 21

Virtanen et al. 2007

UK

384

DD summary score

1, 5, 19

Williams et al. 2008

2.9

Genome-wide association studies in disc degeneration

At the time of preparation of this thesis (October 2012) the first GWAS study in
DD had just been published (Williams et al. 2012). The authors of this study
developed a continuous DD trait based on IVD space narrowing and formation of
osteophytes. Notably, this specific phenotype can be defined on multiple imaging
modalities (plain X-ray, CT and MRI). The different cohorts of this GWAS with
meta-analysis included 4683 individuals with European ancestries and the
genotypes for 2.5 M SNPs (using imputation based on 100K–500K SNP data).
The mean age was 57.7 years and the majority (67%) of the subjects were women.
Genome-wide significance (unadjusted) resulted for four markers (rs17034687,
rs2187689, rs7767277, rs926849) in chromosomes (Chr) 3 and 6. The
rs17034687 on Chr 3 is an intergenic marker that is not in LD with any known
gene-based marker. The rs926849 is in intronic region of the Parkinson protein 2,
E3 ubiquitin protein ligase (PARK2) gene on Chr 6. The rs2187689 and
rs7767277 lie also on Chr 6 and are in perfect LD. Both of these SNPs are in
strong LD with a proteasome subunit, β type 9, large multifunctional peptidase 2
gene (PSMB9) that is located in the class II region of the major histocompatibility
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complex (MHC). None of these four SNPs are in LD with known functional SNPs
in either PARK2 or PSMB9 (Williams et al. 2012).
The previously identified associations in studies using candidate approaches
were not confirmed in this first unbiased GWAS approach. However, the
phenotypes between the studies are different. Notably Chr 6 has been indicated
previously in studies with the linkage approach (Table 5).
2.10 Summary and research problem
Previous knowledge of genetic risk factors of DD is limited and scattered while
there is a lack of a gold standard in the coding of MRI images for degenerative
change. Nevertheless, DD is shown to be clinically important. The cascade of DD
is not completely understood, but it is known that DD begins already at a young
age. Despite the fact that DD has multifactorial aetiology, the inherited
component seems to be predominant. However, also in heritability studies the
importance of rigorous phenotyping has appeared as heritability estimates for
IVD signal intensity have varied from 0 to 50% when different phenotyping
methods have been used. Studies in DD have focused on adults while genetic
association studies on disc degeneration progression (DDP) have not been
published before. Previous literature suggests that early DD represents a
particularly important phenotype; with aging the prevalence of age-related IVD
changes increases as well as cumulative effects of predisposing environmental
factors e.g. physical workload and smoking (pack years) thus investigations in
young individuals are needed. By identifying new genetic associations with
different DD traits potential new pathogenic pathways might be found. This can
lead to efficient identification of individuals predisposed for back diseases or new
treatments for these diseases in the future. Additionally, systematic analyses of
previously published information are crucial in order to direct future efforts.
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3

Outlines of the present study

Despite the fact that genetic analyses have gained a more central role in the
exploration of the underlying causes of lumbar disc degeneration (DD), its
aetiology and pathogenesis have not been elucidated. The present study aimed to
refine the knowledge on DD by systematically analysing all known genetic
association studies in DD defined by MRI and to increase the knowledge of the
genetic component in early DD by investigating relevant candidate gene
polymorphisms in two different study cohorts consisting of young individuals.
The included polymorphisms and genes have been earlier found to associate with
some DD trait or an associated condition in adults.
The more specific aims of the present study were:
–

–

–

to systematically review previously published genetic association studies in
human lumbar disc degeneration (DD) and analyse the evidence level of these
associations
to investigate the possible associations between genetic polymorphisms in
ADIPOQ, CILP, COL9A2, COL9A3, COL11A2, COL22A1, IL1A, IL1B,
IL1F10, IL6, LEPR, MMP9, MMP10, SKT, THBS2, VDR and moderate DD in
a well-defined and characterized cohort of young Finnish adults
to investigate the possible associations between genetic polymorphisms in
COL9A3, COL11A2, IL1A, IL1B, IL6 and early DD and progression of early
DD (DDP) over a 3-year period in a Danish teenager population

Based on the aims, specific research questions (Q) were formed. These questions
were investigated and answered in original articles as defined in Table 6. The
questions were:
–

–
–

Q1: What is the current cumulative evidence level and current clinical
relevance of previously identified associations between genetic markers and
lumbar DD on MRI?
Q2: Are there associations between selected candidate gene polymorphisms
and lumbar DD on MRI among Finnish adolescents?
Q3: Are there associations between selected candidate gene polymorphisms
and early lumbar DD or progression of DD on MRI among Danish teenagers?
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Table 6. Research question investigations in the original articles.
Question

I

Q1

X

Q2
Q3

II

III

IV

X

X

X

Research hypotheses
Previous literature suggests that early DD represents a particularly important
phenotype. It was hypothesised that at least some of the candidate genes
identified earlier are important in the DD cascade and polymorphisms in these
genes may be associated with DD among young individuals. However, it was also
hypothesised that some of the previously identified associations are likely to
possess only modest cumulative association credibility. It was further
hypothesised that systematic analysis of previously identified genetic association
studies can refine our understanding on the credibility of these associations.
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4

Materials and methods

The study materials and methods are described in more detail in the original
articles (I–IV). Article I is a systematic review in which the data acquisition and
analysis differ substantially from the other articles. The key methods of original
articles I–IV are summarized in Table 7.
Table 7. Summary of key methods used in the studies.
Method

Original article

Study design
Systematic literature search and analysis

I

Conventional designing methods

II, III, IV

muPlex oligo designer

II

Laboratory
DNA acquisition
venous whole blood sample
DNA extraction
Polymerase Chain Reaction (PCR)
Multiplex PCR
Sequencing

II, III, IV
II, III, IV
II, III, IV
II, III, IV
II, III, IV

Restriction enzyme digestion

III, IV

SNaPshotTM

II, III, IV

Agarose gel electrophoresis

II, III, IV

Ultraviolet light

II, III, IV

MRI imaging
1.5T unit

II

0.2T open unit

III, IV

Data handling software
OsiriX

IV

ABI Seq Scanner & Peak Scanner & GeneMapper

II, III, IV

Statistics
Chi-square test

II, III, IV

SAS

II, III, IV

Logistic regression

II, III, IV

Linear regression

II, III

SNPStats

II, III, IV

PHASE

II, III, IV

Markov-chain

II, III, IV

Likelihood ratio test

III

Bonferroni-Holm

II, III, IV

Mann-Whitney U-test

IV

79

4.1

Study populations

4.1.1 Finnish study population (II)
The study population consisted of members of the 1986 Northern Finland Birth
Cohort with an expected date of birth between July 1, 1985 and June 30, 1986
(N=9479) in the two northernmost provinces of Finland; Oulu and Lapland. The
2969 that lived within 100 km of the city of Oulu received a postal questionnaire
in 2003. Altogether 67% responded (N=1987, with a mean age of 18 years) and
were invited to participate in a physical examination, which took place in 2005–
2006 at a mean age of 19 years. The individuals who participated in the
examination (N=874) were invited to participate in MRI (N=563 participated).
Subjects with claustrophobia were excluded (N=5). Individuals with a DNA
sample and MRI data were included in the final genetic study (N=538). To
evaluate selection bias the MRI participants were compared with the rest of the
postal questionnaire respondents (N=1424) and the rest of individuals invited to
participate in MRI (N=311). The results of these comparisons have been
published earlier; there was some selection bias. In short, the MRI participants
were mostly females, physically more active and more likely to be non-smokers
than non-participants, and a higher proportion of them suffered from LBP
(Takatalo et al. 2009).
4.1.2 Danish study population (III, IV)
The subjects for this study were a subgroup of a Danish cohort of 771 children
sampled for the European Youth Heart Study in 1997 (Andersen et al. 2003). In
2001, the children who had previously participated in that study (N=589) and who
were still living in the Odense municipality (N=552) were invited to take part in
MRI at the age of 12 to 14 years (Kjaer et al. 2011). In all, 439 (80%) children
were scanned at the baseline time point. The whole cohort (N=771) was re-invited
in 2003 and interviewed on average 2.7 (range 2.2–3.1) years after the MRI study
baseline (Kjaer et al. 2011). As many as 443 individuals participated in the
follow-up interview about back pain and underwent new MRI scans (N=439)
within the same day. A total of 318 subjects participated in both baseline and
follow-up MRI.
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4.1.3 Study ethics
The Ethics Committee of the Northern Ostrobothnia Hospital District approved
the study in Finland (II), and the ethics committee of the Vejle and Funen counties
approved the studies in Denmark (III, IV). Written informed consent was obtained
from all individuals (II) and also from their parents when the study subjects were
minors (III, IV). Participation has been voluntary, and the studies have been
performed according to the Declaration of Helsinki.
4.2

MRI methodology

4.2.1 Finnish young adult study (II)
MRI scans were performed using a 1.5 tesla unit (Signa, General Electric,
Milwaukee, WI) and phased array spine coil (USA Instruments, Aurora, OH,
USA) with the imaging protocol of a sagittal T1-weighted (440/14 [repetition
time msec/echo time msec]) spin echo, a sagittal T2-weighted (3960/116) fast
spin echo (FSE), and the axial T2-weighted FSE (5160/107) of the entire lumbar
spine (Takatalo et al. 2009).
Definition of DD in the study (II)
The degree of DD was graded from T2-weighted images using a modified
Pfirrmann classification: Grade 1 (normal shape, no horizontal bands, distinction
of nucleus, and annulus is clear), Grade 2 (non-homogeneous shape with
horizontal bands, some blurring between nucleus and annulus), Grade 3 (nonhomogeneous shape with blurring between nucleus and annulus, annulus shape
still recognizable), Grade 4 (non-homogeneous shape with hypointensity, annulus
shape not intact and distinction between nucleus and annulus impossible, disc
height usually decreased), and Grade 5 (same as Grade 4 but collapsed disc space)
(Pfirrmann et al. 2001, Takatalo et al. 2009). In the modified Pfirrmann
classification, hyperintensity or isointensity of the intervertebral disc to
cerebrospinal fluid (CSF) ratios were not used as criteria for Grades 1 through 3,
due to the fact that CSF was hyperintense compared to the discs in all the MR
sequences. Moderate DD was defined as Grade 4 degeneration at one or more
lumbar levels, or Grade 3 degeneration at three or more levels. Subjects with
Grade 1 and Grade 2 findings and no other pathology in MRI were defined as the
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reference group, i.e. subjects without DD. Information on inter-rater reliability
and comparison of the MRI study population and the rest of the survey
respondents have been published elsewhere (Takatalo et al. 2009).
4.2.2 Danish teenager studies (III, IV)
MRI was performed using an open low-field 0.2 tesla MRI unit (Magnetom Open
Viva, Siemens AG, Erlangen, Germany). Axial and sagittal T2-weighted turbo
spin echo sequences were used to obtain images of the lumbar spine as described
elsewhere (Kjaer et al. 2005). All images were evaluated by an experienced
radiologist who was blinded to the gender and all health data of the subjects. The
latest international nomenclature for describing disc pathology was generally used
in the definitions (Fardon et al. 2001). The signal intensity changes of the disc in
sagittal sections on T2-weighted images was graded using a scale from 0 to 3
where 0 = homogeneous hyper-intense (white), 1 = hyper-intense with visible
intranuclear cleft (white with a dark band in the equator plane of the disc), 2 =
intermediate signal intensity (all colours between white and black), and 3 = hypointense (dark disc without visible nuclear complex) (Eyre et al. 1989, Weishaupt
et al. 1998). Changes in the disc contour were described on a nominal scale: 0 =
normal, 1 = bulge, 2 = focal protrusion, 3 = broad based protrusion, 4 = extrusion
and 5 = sequestration (Fardon et al. 2001, Milette 1997). Defects in endplates
were graded: 0 = normal endplates, 1 = defects and 2 = large defects and
Schmorl’s nodes (Videman et al. 1995). ATs including radial tears and HIZ
lesions were analysed according to the existing definition (Aprill & Bogduk 1992,
Yu et al. 1988).
Of the baseline genetic study subjects (N=220, 66 with DD and 154 without),
a total of 166 participated in the follow-up. Children both with and without DD at
follow-up were defined and the follow-up status was compared to the baseline
DD status. We identified different patterns (eg. no lumbar DD – lumbar DD, no
lumbar DD – no lumbar DD, no lumbar DD – not eligible, lumbar DD – no
lumbar DD and lumbar DD – lumbar DD). Because some of the patterns seemed
strange (lumbar DD to no lumbar DD) and because there was 2.7-years between
the radiologist ratings, we compared baseline and follow-up images in 2011 to
ensure correct classification of children with and without DD. All other patterns
except for no lumbar DD – no lumbar DD (N=78) were re-evaluated in consensus
sessions by two of the authors (PK and PE) using the software OsiriX v.3.9.1 32bit (Pixmeo SARL, Geneva, Switzerland). We evaluated sagittal MRI images
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from both time points simultaneously side-by-side while axial images were used
to confirm herniations, bulges, HIZ lesions, annular tears or unclear signal
changes. Previous MRI ratings (JSS) were available during the sessions. No more
than 25 sets of images were analysed per day to minimize the fatigue effect.
Definition of early DD in the studies (III, IV)
At both baseline and follow-up, the DD was defined the same way. Early lumbar
DD was defined if there was either a signal intensity change (Grade 2 or 3) or a
change in disc contour (Grade 2 or higher) at one or more lumbar levels. Those
with normal signal intensity (Grade 0 and 1), normal disc contour (Grade 0 or 1),
no AT, normal endplates and no other pathology in MRI were classified as
subjects without DD.
Definition of early DDP (IV)
Progression was defined separately at follow-up (N=166). Progression in DD
status was defined if a subject had either a worsened or new decrease in disc
signal intensity, a new bulge or a herniation, new endplate changes, or a new
Modic change at one or multiple lumbar levels, compared to baseline (Figure 13).
We also rated significant new annular tears (AT) and significant high intensity
zone lesions (HIZ) as progression (DDP). Individuals without these findings or
the same degenerative findings as at baseline were considered non-progressive
(no-DDP). Image sets without unequivocal ratings in lumbar DD or progression
after joint sessions (PK and PE) were re-evaluated and confirmed by JSS in 2011.
4.3

Genetic analyses

Candidate SNPs selection
At the time the studies (II, III, IV) were initiated we listed the known DD
candidate genes and polymorphisms. Most of the previous approaches as well as
the present studies in this thesis focus on the genes that code for known
functioning molecules of the IVD/ECM, including the components of collagen IX
(COL9A2, COL9A3), collagen XI (COL11A2), collagen XXII (COL22A1),
cartilage intermediate layer protein (CILP), skt protein homolog KIAA1217
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(SKT), catabolic enzymes and their regulators; matrix metalloproteinase 9
(MMP9), matrix metalloproteinase 2 (MMP2) and signalling molecules such as
different interleukins (IL1A, IL1B, IL1F10, IL6) and other mediators such as
Vitamin D receptor (VDR), leptin receptor (LEPR), and adiponectin (ADIPOQ).
The majority of the SNPs have been associated previously with some DD trait in
adults (see chapter 2.6) and the rest are good candidates based on the known
biological function or biological plausibility (see chapter 2.5, Table 3). The genes
related to obesity and atherosclerosis (ADIPOQ, LEPR) were included because of
the suggestive association between these conditions and DD (see chapter 2.4.2),
and the specific polymorphisms were selected because of their previously
reported function or association (Table 8).
Because the IL6 promoter polymorphism haplotype GGGA has been
previously associated with LDH characterized by sciatica, we analysed also the
IL6 haplotypes in the present studies.
Table 8. Information on the selected genetic variations (II).
Nr

Gene

dbSNP1

Location

Allele change References

1

ADIPOQ

rs22411766

Exon 2

T/G

Yang & Chuang 2006

2

CILP

rs2073711

Exon 8

C/T

Min et al. 2009

3

COL9A2

rs137853213

Exon 19

C/T

Annunen et al. 1999

4

COL9A3

rs61734651

Exon 5

C/T

Paassilta et al. 2001

5

COL11A2

rs1799907

Intron

T/A

Noponen-Hietala et al. 2003

6

COL22A1

rs2292927

Exon 3

C/T

Unpublished results

7

IL1A

rs1800587

Promoter

C/T

Solovieva et al. 2004

8

IL1B

rs1143634

Exon 5

C/T

Solovieva et al. 2004

9

IL1F10

rs3811058

Exon 2

T/C

Sims et al. 2008

10

IL6 †

rs1800797

Promoter

G/A

Noponen-Hietala et al. 2005

11

IL6

rs1800796

Promoter

G/C

Noponen-Hietala et al. 2005

12

IL6

rs1800795

Promoter

G/C

Noponen-Hietala et al. 2005

13

LEPR

rs1137100

Exon 4

A/G

Fairbrother et al. 2007

14

LEPR

rs8179138

Exon 12

G/A

Fairbrother et al. 2007

15

MMP9

rs17576

Exon 6

G/A

Hirose Y et al. 2008

16

MMP10

rs470154

Intron

A/C

Unpublished results

17

SKT

rs16924573

Intron

G/A

Karasugi et al. 2009

18

THBS2

rs9406328

Intron

C/T

Hirose Y et al. 2008

19

VDR

rs10735810

Exon 9

C/T

Videman et al. 1998

1

Names as they appear in the NCBI SNP data (http://www.ncbi.nlm.nih.gov/snp) † LD: rs1800797,

rs1800795: D’=0.996, r2=0.948; rs1800797, rs1800796: D’=1.0, r2=0.042: rs1800796, rs1800795:
D’=1.0, r2=0.044
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The SNaPshot (II) assay was designed for SNP genotyping thus excluding other
types of genetic variation. After testing different polymerase chain reaction (PCR)
multiplexes we were able to include nineteen SNPs in the study with Finnish
young adults (II). These SNPs were distributed in 16 different genes (Table 8).
Due to the structure of the DNA sequences at the SNP sites we were not able to
include all possible polymorphisms in the analyses.
Genotyping methods
The DNA was isolated from frozen venous blood samples. After PCR and/or
Multiplex PCR, SNaPshotTM Multiplex Kit (Applied Biosystems), direct
sequencing and different restriction enzyme digestions were used in genotyping
(Table 9). The quality of DNA was not acceptable in all samples and therefore
several genotyping methods were used for some SNPs (III, IV, Table 9). A
negative control in the PCR was used as a standard laboratory procedure.
Concordance between different genotyping methods was verified by resequencing 3–7% of the samples for each SNP (III, IV). In the SNaPshot, the
purified PCR product was processed according to the manufacturer’s protocol
with the exception of the halved amount (2.5 μl) of SNaPshot Ready Reaction
Mix. Analysis was carried out using the ABI3031xl Genetic Analyzer (Applied
Biosystems). In the SNaPshot, the genotyping was validated from a randomly
chosen 10% of samples for each SNP by direct sequencing, using the
abovementioned genetic analyzer with BigDye chemistry from the same
manufacturer. The genotypes were generally scored using the GeneMapper
software (Applied Biosystems). The genotyping was blinded towards MRI status.
Table 9. Genetic variations analysed in the Danish studies (III, IV).
Gene

dbSNP1

Risk allele

Genotype call rate Detection methods

COL9A3

rs61734651 (C52T)

T

1.000

Sequencing, SNaPshot TM

COL11A2

rs1799907 (IVS6-4A>T)

T

0.964

BsmFI, Sequencing, SNaPshot

IL1A

rs1800587 (C-889T)

T

0.977

NcoI, Sequencing, SNaPshot

IL1B

rs1143634 (C3954T)

T

0.995

TaqI, SNaPshot TM

IL6

rs1800797 (G-597A)

G

0.991

Sequencing

IL6

rs1800796 (G-572C)

G

0.991

Sequencing

IL6

rs1800795 (G-174C)

G

0.995

Sequencing

IL6

rs13306435 (T15A)

A

1.000

Sequencing

IL6

rs2069849 (132 C>T)

T

0.995

Sequencing

VDR

rs2228570 (T2C)

T

0.936

FokI, SNaPshot

TM

TaqI, SNaPshot

TM

VDR
1

rs731236 (T352C)

C

0.991

TM

TM

SNP numbers as they appear in NCBI database and (prior literature).
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Statistical analyses in the Finnish young adult study and Danish teenager
studies (II, III, IV)
We tested the potential deviation from the Hardy-Weinberg equilibrium (HWE)
using the chi-square test. Prior to polymorphism association, the possible effect of
gender, BMI and height on the DD status was analysed using the SAS program
(V9.1 and V 9.2). Crude and adjusted ORs and their 95% confidence intervals
(CIs) were calculated using logistic regression with SAS. The dependent variable
was DD phenotype and independent variables were genotype, allele or haplotype.
Haplotypes were first estimated by SNPStats (Sole et al. 2006) and then
statistically reconstructed from population genotype data, using the PHASE
program and the Markov-chain method for hapotype assignments (Stephens et al.
2001). When testing for associations between the genotype and polymorphisms,
the SNPStats tests automatically for five different inheritance models:
codominant, dominant, recessive, overdominant and log-additive. One mode of
inheritance is tested for alleles (Sole et al. 2006). In candidate gene association
studies, the questions are more specific than in whole genome association studies.
Therefore, in the setting of existing a priori hypotheses, corrections for multiple
testing were restricted to genes with multiple SNPs. The Bonferroni-Holm
method was used for multiple testing corrections (Holm 1979). Possible gendergenotype interactions were analysed using SNPStats.
The effect of cluster (school) sampling was tested by the likelihood ratio test
(III). The null hypothesis was that the variance of random effect school is zero
and the test statistic (LRT) is assumed to follow chi-square distribution with one
degree of freedom. The resulting p-value is conservative.
4.4

Systematic review methods (I)

Data Sources and Searches
A systematic search was conducted in MEDLINE, MEDLINE In-Process, ISI
Web Of Science and SCOPUS from 1990 through to August 2011. On-line
association databases, the Genetic Association Database and the Human Genome
Epidemiology Network were consulted after a search for any missing studies. The
SCI-EXPANDED of ISI Web Of Science was searched from 1990 through to
August 2011. Utilizing Boolean operators, different forms (truncation) of the
keywords allele, polymorphism and genotype in either title or topic were
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combined with the words disc, disk, endplate, lumbar, modic, spondyl(o)arthrosis
similarly in either title or topic, and terms noting macular, retinal and ocular were
used to exclude conditions not related to the intervertebral disc. A search in
SCOPUS was performed in a parallel way using formulations of the words allele,
polymorphism and genotype in either title, abstract or article keyword. This search
was then combined with the words disc, disk, endplate, lumbar, modic and
spondyl(o)arthrosis similarly in either title, abstract or article keyword with AND
Boolean. The NOT operator was used with words macular, retinal, ocular and
optic. The MEDLINE and MEDLINE In-Process were searched using the MeSH
terms intervertebral disk degeneration and intervertebral disk displacement prior
to combining the word endplate and formulations of spondyloarthrosis to the
search in all fields -manner. Different formulations of the words allele,
polymorphism and genotype were then combined with AND Boolean. Finally the
results were limited to humans. The Genetic Association Database
(http://geneticassociationdb.nih.gov/) was searched using the words disc and disk
in all fields-manner. The Human Genome Epidemiology Network (HuGENet™)
was also searched via the HuGE Literature Finder (http://hugenavigator.net/)
using the words disc and disk. Reference tracking of included studies was
performed after retrieving the full text articles. The citations were handled using
the RefWorks–software (ProQuest LLC, both Classic and 2.0 versions were used).
Study Selection
The criteria for considering studies for this review were formalized in an
inclusion criteria form (Appendix 2), which was piloted to minimize human error.
Two investigators (PE and SL) independently examined the titles and abstracts of
the identified studies. If study eligibility was unclear from the abstract, the full
text of the article was retrieved and independently assessed by the assessors
(Figure 12). Any disagreement was resolved by discussion. Eligible studies
included in this review had the following criteria: relevant outcome or disease
(intervertebral disc changes, vertebral endplate changes, spondyl(o)arthrosis),
reliable definition of outcome (MRI), study subjects not less than fifty, human
subjects, and description of specific genetic variant(s). Studies that did not meet
one or more of the eligibility criteria were excluded. The studies were not limited
to any language.
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Data Extraction
Two investigators (PE and SL) independently extracted the data using a
standardized form (Appendix 2). The form was pilot-tested on three studies to
identify and reduce any potential for misinterpretation (PE, SL and PK). The
following topics were recorded from the included studies: study details and
sponsorship, population structure, phenotypes and details of the MRI, genotyping
details as well as possible biases in selection, performance, detection, attrition and
statistical analyses.
Quality Assessment and Data Synthesis
We developed an instrument for methodological quality assessment (Appendix 2).
The study quality was based on the information reported in the articles and was
simultaneously analyzed with the data extraction phase by two investigators (PE
and SL) independently. However, during the data analysis phase, it was noted
that the formalized summary score did not fully serve all the needs of the current
review (Juni et al. 1999). This discrepancy was resolved through discussion (PE
and SL), after which the synthesized study quality assessment was noted when
estimating protection from bias at the level of evidence analyses. The level of
evidence in each genetic variation was analysed according to the Venice interim
guidelines by The HuGENet Working Group (Ioannidis et al. 2008). These
current guidelines suggest that the level of evidence for genetic association should
be assessed at three main levels: amount of evidence, replication and protection
from bias. The amount of evidence was graded strong (A) in the case of >1000,
moderate (B) in the case of 100–1000 and weak (C) in the case of <100
individuals evaluated in the smallest genetic group of interest. The level of
replication was graded strong (A): extensive replication including at least one
well-conducted meta-analysis with little between-study inconsistency; moderate
(B): well-conducted meta-analysis with some methodological limitations or
moderate between-study inconsistency; and weak (C): no association, no
independent replication, failed replication, scattered studies, flawed meta-analysis
or large inconsistency. Similar tripartite grading was used to analyze the
protection from bias: strong (A): bias, if at all present, could affect the magnitude
but probably not the presence of the association; moderate (B): no obvious bias
that may affect the presence of the association but there is considerable missing
information on the generation of evidence; and weak (C): considerable potential
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for, or demonstrable, bias that can affect even the presence or absence of the
association (Ioannidis et al. 2008, Munafo 2010). For a positive replication, both
the same phenotype and the same genetic variation were required. The possible
additional biological evidence reported in the studies was also acknowledged
(Ioannidis et al. 2008). Credibility of cumulative epidemiological evidence was
recorded for each variation as described in the guidelines (Appendix 2). The level
of evidence is graded strong when the evidence is strong in all three levels (i.e.
AAA), and weak when any of the three is graded weak (i.e. ACA, BBC, CCC,
etc.). All the other gradings lead to a moderate level of evidence. Two
investigators (PE and SL) confirmed the credibility assessments, which were then
further reviewed by the other investigators. We examined the studies and
extracted data with close scrutiny in order to identify possible multiple
association reports from a single study or clear double publications. Multiple
association reports from a single study or population were included if they
reported on different genetic variations or different disc degeneration phenotypes
than those contained in the first report. Multiple association reports were not
allowed to inflate the level of association evidence.
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5

Results

5.1

Genetic association studies on MRI defined lumbar DD (I)

5.1.1 Characteristics of studies and level of evidence
The systematic search resulted in 1,356 citations (Figure 12). Duplications and
clearly unrelated titles (N=1240) were removed and the full-text articles of the
remaining titles were obtained. Reference tracking, independent evaluation and
reviewer discussions found 52 studies eligible for inclusion (Appendix 1). The list
of studies that were excluded after evaluation (N=72) can be found on Appendix 2.
One double publication was identified (Paz Aparicio et al. 2010, Paz Aparicio et
al. 2011), and the more recent report was excluded.

Fig. 12. Study flow of the systematic review (I) on genetic association studies in DD.
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Methods and Phenotypes in Studies
The genetic association studies identified in this review were published from the
year 1998 onwards. All 52 studies included in this review used a candidate gene
approach. The number of studied polymorphisms in each study varied between
one and 163 (Bei et al. 2008, Videman et al. 2009). The accuracy of the study
methodology and reporting improved from the early to the more recent studies.
However, many items still related to error and bias were not consistently reported.
Genotyping methodology was generally found to be suitable for each study
performed, although methods to validate genotyping, as well as blinding of
genotyping towards phenotype or vice versa, were rarely reported. In many cases,
the phenotype of disc degeneration varied between the initial and replication
studies (Appendix 1). The phenotype of disc herniation characterized by sciatica
showed the most convincing evidence for association as it was the phenotype in
80% of the studies with moderate evidence of association in the current review
(Table 10). The other phenotypes used in the original studies included decrease in
disc signal intensity or disc height, disc bulges, disc herniations without
specification of symptoms, Modic changes, osteophytes and lumbar spinal
stenosis. Different modifications and combinations of these were also used.
Despite several studies investigating the same genetic variation, meta-analysis
was not feasible due to the clinical and overall heterogeneity of the studies.
Additional biological evidence was reported in six studies (Hirose et al. 2008,
Karasugi et al. 2009, Mio et al. 2007, Seki et al. 2005, Song et al. 2008a, Zhu et
al. 2011). References for equivalent rs-numbers (Sherry et al. 2001) for the
identified polymorphisms are available on-line as supplementary data (Appendix
2).
Level of Association Evidence
None of the genetic variations reached the level of strong evidence for association
in the current review. We found a moderate level of evidence for variations from
studies investigating asporin (ASPN), collagen XI alpha 1 (COL11A1), growth
differentiation factor 5 (GDF5), Sickle tail (SKT); thrombospondin 2 (THBS2)
and matrix metallopeptidase 9 (MMP9) genes (Table 10). These studies had at
least a moderate amount of evidence, replication in an independent sample (same
or independent report), meta-analysis or a combined analysis performed in the
initial study, sufficient protection from bias, and a high statistical significance
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level in the initial study. Furthermore, additional biological evidence was reported
in the original papers for all these polymorphisms (Table 10). Inadequacy in the
number of subjects, lack of an independent replication report or some
inconsistency in replications, phenotyping problems or missing information in the
report to evaluate protection from bias hindered these associations from reaching
the level of strong association evidence (Appendix 1).
The association study of ASPN consisted of two independent Asian cohorts of
Japanese (N=1353) and Chinese (N=1055) origin as reported by Song et al (Song
et al. 2008a). All Japanese cases had a lumbar disc herniation characterized by
sciatica (LDH) confirmed by MRI, while disc signal decreases were also recorded.
Association between the presence of at least one D14 allele and LDH was found
to be significant, while in the Chinese population the presence of at least one D14
repeat was associated with lumbar disc degeneration. A meta-analysis using the
above-mentioned phenotypes showed that individuals carrying the D14 allele had
increased odds of LDH or disc degeneration 1.7-fold (Song et al. 2008a).
A Japanese study found an association between COL11A1 rs1676486 T-allele
and LDH characterized by sciatica. The original study consisted of three casecontrol populations (N=367, N=645, N=710), each independently showing a
significant association. When the populations were combined for meta-analysis
(N=1661), the minor allele T was more prevalent among cases compared to
controls (Appendix 1). Additional biological evidence was also reported (Mio et
al. 2007). A recent multicohort study with Northern European subjects
investigated the rs143383 of the GDF5 gene. Out of the total population
(N=5259), one cohort (N=613) was scanned with MRI, therefore making the
study eligible for our review. In the meta-analysis rs143383, a significant
association was found among women for combined phenotype of disc space
narrowing and osteophytes (Table 10, Appendix 1). When only the MRI cohort
was investigated, the association was not statistically significant, thus generating
some inconsistency in this association (Williams et al. 2011). However, as this
specific disc degeneration phenotype can be obtained reliably on multiple
imaging modalities, such as radiographs, computed tomography or MRI
(Williams et al. 2012), we included the results of the meta-analysis.
Another recent study analyzed the Sickle tail (SKT) gene polymorphisms. Of
the 68 SNPs studied, the rs16924573 was the most strongly associated with LDH
among Japanese subjects (N=1758) and the finding was replicated among Finnish
subjects (N=506) (Table 10, Appendix 1). Allele frequencies were different
between Finnish and Japanese populations, but the meta-analysis of over 2200
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subjects supported the association (Karasugi et al. 2009). A replication study
between disc signal decrease and SKT rs16924573 has been recently published
(OR 0.27 [95% CI 0.07–0.96], p=0.024) (Kelempisioti et al. 2011). The G-allele
frequency was higher in the case group of both studies, thus indicating an
increased risk. However, the A-allele was rarer in the more recent study and the
association was only seen when the GA-genotype was compared to GG-genotype.
Therefore the OR in the more recent study is protective (Kelempisioti et al. 2011).
Two thrombospondin genes (thrombospondin-1 and THBS2) were examined
in two independent Japanese populations (N=1089 and N=654) as candidate
genes for LDH. Multiple polymorphisms of the THBS2 were associated with
LDH. The polymorphism rs9406328 showed significant association in both
populations independently as well as when populations were combined (Hirose et
al. 2008). The same study also reported a significant association between the
rs17576 of the MMP9 gene and LDH (Hirose et al. 2008).
In this review, the most studied candidate genes for LDD were vitamin-D
receptor (VDR), aggrecan (ACAN), interleukin-1 alpha (IL1A), interleukin-1 beta
(IL1B), collagen IX alpha 2 (COL9A2) and collagen IX alpha 3 (COL9A3)
(Appendix 1). However, a large proportion of the association studies investigating
disc degeneration had some faults, which weakened the evidence for association.
The most common weaknesses were the relatively low number of study subjects
and difficulty in replicating the previous association signal. In general, there was
a lack of replication and where replication did exist, studies were often too
heterogeneous, leading to inconsistencies and differences in the final phenotype.
In some studies, protection from bias seemed to be insufficient. However, due to
failure to report the study details properly, it was often very difficult to adequately
assess studies. In summary, due to general heterogeneity of studies, replications
were inconclusive and meta-analyses were not feasible, thus leading to a weak
level of association evidence in many cases.

94

1

Table 10. Variations with moderate association credibility
Gene

Variation

Amount

Replication Protection Additional Ethnicity

of

level

Allele D14

B

Reference

evidence2

evidence
ASPN

Phenotype

from bias biological

B

B

yes

Japanese sciatica,

Song

Chinese

et al

signal

2008a
COL11A1 rs1676486

B

B

B

yes

Japanese sciatica

Mio
et al 2007

GDF5

rs143383

A

B

A

-

Northern

X-ray3

European MRI
SKT
THBS24

rs16924573 B
rs9406328

B

B
B

A
B

yes
yes

Williams
et al 2011

Japanese sciatica

Karasugi

Finnish

et al 2009

Japanese sciatica

Hirose
et al 2008

MMP94

rs17576

B

B

B

yes

Japanese sciatica

Hirose
et al 2008

1

Based on Venice interim guidelines (Ioannidis et al. 2008), statistical significance level (p-value) of

original association and replication level including also the absence of inconsistent replications. The
amount of evidence increases when alleles are contrasted 2Reported in the included studies 3Combined
phenotype of disc space narrowing and presence of osteophytes 4One negative replication report in disc
signal phenotype and in different ethnicity.

5.2

Associations between SNPs and lumbar DD on MRI among
Finnish young adults (II)

The polymorphisms in SKT, CILP and the IL6 promoter have been associated
before with lumbar disc herniation characterized by sciatica. Therefore, we
analysed these polymorphisms for possible associations with moderate DD in
Finnish young adults (Table 11). We analysed the data also separately by gender.
We hypothesized that as there are differences between genders in back disorders
and many other diseases, there might be differences also in the genetic
associations of DD.
Of all the young adults included in this study (N=538), 45.7% (N=246) did
not have DD, whereas 54.3% (N=292) had DD. Of the 292 individuals with DD,
51.4% (N=150) had moderate DD (Grade 4 DD at one or more lumbar levels, or
Grade 3 DD at three of more lumbar levels). The remaining 142 individuals had
degenerative findings but they were not included in the statistical analysis.
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The mean genotype call rate was 0.98 in the total population (N=538). Two
markers (COL11A1; rs1676486 and VDR; rs731236) did not produce technically
high quality genotyping results (data not shown), thus they were excluded
resulting in a SNP call rate of 0.90. No deviations from the Hardy-Weinberg
Equilibrium (HWE) were observed. Significant associations with DD were
observed in three (IL6, SKT, CILP) of the 16 genes tested. Differences between
genders in the genetic associations with DD were not observed in IL6 and SKT,
but the association in CILP was seen only among women.
5.2.1 IL6, SKT, CILP and DD
Of all the 19 SNPs analysed in Finnish young adults, significant associations with
DD were observed for polymorphisms in IL6, SKT and CILP (Table 11). The IL6
rs1800795 G-allele was associated with the degenerative phenotype in an additive
manner; GC-genotype, OR 1.51 [CI 0.92–2.47] and GG-genotype, OR 2.09 [CI
1.14–3.85]. The G-allele frequencies were 0.490 and 0.398 in subjects with and
without DD, respectively (OR 1.45 [CI 1.07–1.96]).
The rs1800797 was similarly associated with the DD phenotype, suggesting
an additive model; GA: OR 1.55 [CI 0.95–2.54] and GG: OR 1.85 [CI 1.01–3.39],
compared to the AA-genotype. G-allele frequencies were 0.490 and 0.409 among
subjects with and without DD, respectively (OR 1.37 [CI 1.02–1.85]). The
rs1800795 and rs1800797 are in almost complete LD (Table 8), therefore they are
redundant.
The GA genotype of the SKT (KIAA1217) polymorphism rs16924573 was
associated with a reduced risk of DD (OR 0.27 [CI 0.07–0.96], p=0.024). The
frequency of the GA genotype was lower among subjects with DD (2.0%),
compared to subjects without DD (6.5%). The CILP SNP rs2073711 was
associated with DD, but only among women. The CT/TT genotypes, compared to
the CC genotype, resulted in an OR of 2.04 [CI 1.07–3.89], and p=0.025
(corrected p=0.05, correction made for two tests). We did not observe statistically
significant associations between the other SNPs and DD. Table 11 presents the
genotype frequencies and respective ORs for an individual SNP.
Prior studies indicate an association between a particular IL6 haplotype and
LDH. Therefore, we subsequently tested if IL6 haplotypes similarly associate
with moderate DD. The haplotype analyses resulted in an association between the
GGG haplotype (from rs1800797, rs1800796 and rs1800795, respectively) and
DD (OR 1.48 [CI 1.09–2.01]) (Table 12). From this haplotype, only one SNP
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(rs1800796) did not individually associate with DD. The effect of the GGG
haplotype was additive, while the most frequent haplotype irrespective of the
MRI findings was AGC.
Table 11. Genotype frequencies of the analysed genetic variations.
Minor

Subjects without DD1

Subjects with DD1

allele

11

12

11

12

rs22411766

G

94.3

5.7

88.6

11.4

CILP

rs2073711

T

31.7

49.8

24.0

54.0

COL9A2

rs137853213 T

96.7

3.3

96.0

4.0

Gene
ADIPOQ

SNP

22
18.5

OR [95% CI]

22
NS2
22.0

NS
NS

COL9A3

rs61734651

T

78.8

20.8

0.4

85.3

14.7

COL11A2

rs1799907

A

53.2

40.4

6.4

50.7

42.9

6.4

NS
NS

COL22A1

rs2292927

T

59.1

35.2

5.7

59.3

37.0

3.7

NS

IL1A

rs1800587

T

43.1

46.3

10.6

42.7

44.7

12.7

NS

IL1B

rs1143634

T

57.0

36.9

6.2

54.7

35.3

10.0

NS

IL1F10

rs3811058

C

81.2

17.6

1.2

83.3

16.0

0.7

NS

IL6

rs1800797

G

35.4

47.3

17.3

24.8

52.4

22.8

1.37 [1.02-1.85]a

IL6

rs1800796

C

93.8

6.2

94.0

6.0

IL6

rs1800795

G

36.5

47.5

16.0

25.5

51.0

23.5

1.45 [1.07-1.96]b

NS

LEPR

rs1137100

G

39.6

49.8

10.6

48.0

38.7

13.3

NS

LEPR

rs8179138

C

78.0

19.2

2.9

80.5

18.8

0.7

NS

17.1

MMP9

rs17576

G

37.1

45.7

37.6

46.3

16.1

NS

MMP10

rs470154

T

90.6

9.4

90.0

7.9

2.1

NS

SKT

rs16924573

A

93.4

6.6

98.0

2.0

0.26 [0.07-0.96]c

THBS2

rs9406328

T

52.5

41.8

5.7

59.5

31.8

8.8

NS

VDR

rs10735810

T

45.1

48.5

6.4

54.3

37.9

7.9

NS

a

log-additive model, corrected p=0.074 b log-additive model, corrected p=0.042 c p=0.023

1

Values are given as percentages, 2 NS=not statistically significant
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Table 12. Frequencies of IL6 haplotypes and diplotypes.
Haplotype/Diplotype

Subjects without DD

Subjects with DD

n

%

n

%

AGC1

287

59.1

151

50.7

OR [95% CI]
1.00

GGG

177

36.4

136

45.6

1.48 [1.09-2.01] 0.0122

GCG

15

3.1

9

3.0

0.88 [0.37-2.12]

Other

7

1.4

2

0.6

-

AGC/AGC

86

35.0

37

24.7

1.00

GGG/AGC

102

41.5

71

47.3

1.61 [0.97-2.67] 0.0650

GGG/GGG

33

13.4

30

20.0

2.22 [1.17-4.22] 0.0152

GCG/AGC

10

4.1

5

3.3

1.01 [0.31-3.23]

GGG/GCG

5

2.0

4

2.7

1.17 [0.28-4.80]

GGC/AGC

3

1.2

1

0.7

0.70 [0.07-7.28]

other

7

2.9

2

1.3

-

1

p-value

The predisposition (for DD) of haplotypes GGG and GCG is tested vs. the most common haplotype

AGC that is assumed to have OR 1.00

In summary, five variations of the 19 selected candidate SNP s in 16 genes were
associated with susceptibility to moderate DD in our study. The present results
support the role of IL6, SKT and CILP in DD. We oberved significant differences
between genders only in CILP in the Finnish study (II).
5.2.2 Height, BMI and DD
Obesity and height have been associated before with DD and LBP. Therefore, we
analysed also height and BMI for possible association with DD in our study
population of Finnish young adults.
Height and BMI were found to be associated with DD (Table 13), but after
adjustment for height, BMI was no longer associated with DD. DD was more
frequent among men (32.1%) than women (24.9%), but the difference was not
statistically significant when adjusted for height.
Table 13. Anthropometric data of the study population at the age of 19 years
Anthropometric

Subjects

Subjects

without DD

with moderate DD

N

246

150

Gender (females, %)

66.3

52.0

Height (mean; cm)1

167.8

172.3

BMI (mean; kg/m2)2

22.6

23.4

1

p<0.0001, 2 p=0.0384
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5.3

Associations between SNPs and early lumbar DD and DDP
among Danish teenagers (III, IV)

The polymorphisms in IL1A and the IL6 promoter have been associated before
with disc degeneration (IL1A) and lumbar disc herniation characterized by
sciatica (IL6). Therefore, we analysed these polymorphisms for possible
associations with moderate DD in Danish teenagers. We hypothesized that as
there are differences between genders in back disorders and many other diseases,
there might be differences also in the genetic associations with early DD. After
observing differences between genders in DD, we investigated also whether there
are gender differences in the genetic association with DDP.
5.3.1 IL1A, IL6 and early DD in girls
Baseline study (III)
At baseline, we investigated the possible associations between the selected 11
SNPs (Table 15) with DD at among the Danish teenagers at 13 years of age.
Of the 352 children studied, 73 boys and 81 girls had no MRI changes, while
30 boys and 36 girls were classified as having lumbar DD (Table 14). Subjects
with other specific findings (N=132, 37.5%) were excluded from the genetic
analyses thus leaving 220 individuals to be included at baseline.
We were able to successfully genotype all the SNPs (i.e. SNP call rate is 1.00)
using different genotyping methods. The quality of DNA was low in some of the
samples requiring the use of multiple methods to obtain reliable genotyping
results (Table 9). Genotype frequencies for all variations were in HWE. We also
achieved a high sample call rate in the Danish study (Table 15). Among girls, a
positive association between the degenerative phenotype and IL1A rs1800587 was
observed in a dominant genotype model, where CT/TT genotypes were compared
to the CC genotype, OR 2.85 [CI 1.19–6.83], Pcorr=0.028, correction made for
two tests. In the IL6 promoter polymorphism rs1800796, the C-allele was more
frequent among the subjects with DD than the subjects without DD. The OR from
the log-additive model for the C allele was 6.71 [CI 1.71–26.3], Pcorr=0.0105,
correction made for five tests. No association between the studied polymorphisms
and DD was observed among boys.
Subsequent haplotype analysis of IL6 resulted in a haplotype GCG (of
promoter polymorphisms rs1800797, rs1800796 and rs1800795, respectively),
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which associated positively with the degenerative phenotype in girls. The GCG
haplotype was over-represented among subjects with DD (p=0.009; OR 6.46
[1.61–26.0]). Inclusion of the rs13306435 in exon 5 did not increase the OR
(GCGT OR 6.47 [CI 1.62–25.9]). The two most common haplotypes observed
were AGCT (OR 0.58 [CI 0.33–1.02]) and GGGT (OR 1.20 [CI 0.69–2.10]).
Table 14. Prevalence of MRI findings among Danish subjects with and without DD.
MRI findings

Grading

Subjects

Subjects with

Subjects

DD at

without DD at

DD at follow-

without DD at

up

follow-up

baseline

baseline

N

(%)

N

%

N

(%)

N

%

0

(0)

154

(100)

4

(7)

96

(100)

Intermediate (2)

63

(95)

0

(0)

48

(84)

0

(0)

Hypointense (3)

3

(5)

0

(0)

5

(9)

0

(0)

Normal (0)

40

(61)

153

(99)

37

(65)

96

(100)

Bulging (1)

20

(30)

1

(1)

16

(28)

0

(0)

Broadbased protrusion

5

(8)

0

(0)

3

(5)

0

(0)

Signal changes1 Normal (grade 0 and 1)

Disc contour1

Subjects with

(2)

Endplate

Focal protrusion (3)

1

(5)

0

(0)

1

(2)

0

(0)

Extrusion (4)

0

(0)

0

(0)

0

(0)

0

(0)

Sequestration (5)

0

(0)

0

(0)

0

(0)

0

(0)

Normal

55

(83)

153

(99)

37

(65)

0

(0)

changes1
Defects (1)

5

(8)

1

(1)

15

(26)

0

(0)

Large defects (2)

6

(9)

0

(0)

5

(9)

0

(0)

Annular tears
Modic changes
1

13

(20)

0

(0)

10

(18)

0

(0)

Normal (0)

64

(97)

154

(100)

55

(96)

96

(100)

Grade 1 (1)

2

(3)

0

(0)

2

(4)

0

(0)

Prevalence rates are given according to the worst rating of a subject’s lumbar IVDs.
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Table 15. Genetic variations analysed.
Gene
COL9A3

dbSNP1
rs61734651

Risk

Sample

allele3

call rate

T

1.000

rs1799907

T

0.964

rs1800587

T

0.977

(C-889T)2
IL1B

rs1143634

Sequencing,

Paassilta et al. 2001

BsmFI, Sequencing,

Noponen-Hietala et al. 2003

SNaPshotTM

(IVS6-4A>T)
IL1A

References

SNaPshotTM

(C52T)
COL11A2

Detection methods

NcoI, Sequencing,

Solovieva et al. 2004

SNaPshotTM
T

0.995

TaqI, SNaPshotTM

Solovieva et al. 2004

G

0.991

Sequencing

Noponen-Hietala et al. 2005

G

0.991

Sequencing

Noponen-Hietala et al. 2005

G

0.995

Sequencing

Noponen-Hietala et al. 2005

A

1.000

Sequencing

Noponen-Hietala et al. 2005

T

0.995

Sequencing

Noponen-Hietala et al. 2005

T

0.936

FokI, SNaPshotTM

Videman et al. 1998

C

0.991

TaqI,SNaPshotTM

Videman et al. 1998

(C3954T)
IL6

rs1800797
(G-597A)

IL6

rs1800796
(G-572C)

IL6

rs1800795
(G-174C)

IL6

rs13306435
(T15A)

IL6

rs2069849
(132 C>T)

VDR

rs2228570
(T2C)

VDR

rs731236
(T352C)

1

Names as they appear in the NCBI SNP database; http://www.ncbi.nlm.nih.gov/snp and (prior literature).

2

A priori genetic model was dominant.

3

Putative risk allele according to previous studies.

In summary, the baseline Danish study (III) was the first to examine the genetic
determinants of DD in childhood. Our results suggest possible roles for IL1A and
IL6 in early DD among girls and support in part the earlier findings in adult
populations.
Follow-up study (IV)
We investigated the possible associations between the selected 11 SNPs (Table 15)
with DD in the Danish teenagers also at follow-up, at the age of 16 years. Out of
220 individuals included at baseline, a total of 166 (75%) were available for the
analyses at the follow-up. Of these 166 subjects, 57.8% (N=96) were defined as
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subjects without DD while 34.3% (N=57) had DD (Table 18). Subjects with
intermediate findings at follow-up (N=13) were not eligible for either group.
Among girls, the T-allele of IL1A rs1800587 was associated in an additive manner
with DD. The resultant OR was 2.82 [CI 1.29–6.16] in the additive genotype
model (p=0.0064). Gender-genotype interaction for DD was significant; the pvalue of the test for interaction in the trend was 0.024.
5.3.2 IL1A and early DDP in girls
We investigated the possible associations between the selected 11 SNPs (Table 15)
and disc degeneration progression (DDP) in the Danish teenagers at 16 years of
age. DDP was defined based on morphological IVD changes in MRIs taken at 13
and 16 years of age.
Unexpectedly, follow-up improvement in MRI findings was seen in 12
individuals classified as subjects with DD at baseline. After a consensus session
and re-evaluation by the radiologist (JSS), eight individuals were rated as subjects
without DD, and three subjects with intermediate findings were not eligible for
either group (Figure 13).
DDP was seen in 33.8% of the boys (N=25/74) and in 17.4% (N=16/92) of
the girls. Out of the subjects with DDP (N=41), it was defined based on a
decrease in disc signal intensity in 15.7% (N=26), a new or clearly worsened
endplate change in 15.1% (N=25), a new disc herniation in 7.2% (N=12), a new
AT in 2.4% (N=4), a new bulge in 1.8% (N=3), and a new HIZ in 1.2% (N=2).
DDP definition was based on one change in 36.6% (N=15), two changes in 51.2%
(N=21) and three changes in 12.2% (N=5) of the DDP subjects. Multiple level
DDP was present in 56.1% (N=23) of the subjects while the two lowest levels
(L4/L5 and L5/S1) were the most often affected (68.3%, N=28).
Among girls, the T-allele of IL1A rs1800587 was associated in an additive
manner with DDP (OR 2.45 [95% CI 1.03-5.82] in the additive genotype model,
p=0.037. However, the gender-genotype interaction for IL1A was not significant
in DDP.
5.3.3 Height, weight and early DD (III, IV)
Obesity and height have been associated before with DD and LBP. Therefore, we
analysed height, weight and BMI for possible association with DD in our studies
including the population of Danish teenagers at both baseline and follow-up.
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At baseline, the subjects with DD were on average 3 cm taller that those
without DD (Table 16). The effect size of height was the same, but not significant,
when analysed among boys and girls separately. There was no association
between BMI and DD.
At follow-up, the subjects with DD were on average 5 cm taller than subjects
without DD. They also tended to weigh more than subjects without DD (Table 16).
Table 16. a) Gender distribution among study subjects with and without DD.
Gender

Subjects

Subjects

Subjects

Subjects

with DD

without DD

with DD

without DD

at baseline

at follow-up

at follow-up

N

(%)

N

(%)

N

(%)

N

(%)

Boys

30

(45)

73

(47)

30

(53)

36

(38)

Girls

36

(55)

81

(53)

27

(47)

60

(62)

at baseline

Table 16. b) Anthropometric data of study subjects with and without DD.
Anthropometric

Subjects

Subjects

Subjects

Subjects

with DD

without DD

with DD

without DD

at baseline

at baseline

at follow-up

at follow-up

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Age (years)

13.1

0.4

13.1

0.4

15.7

0.3

15.7

0.3

Height (cm)

162

7.7

159a

7.3

173

9.3

168b

7.9

Weight (kg)

51

8.5

49c

8.7

63

10.4

59

9.1

19.5

2.3

19.2

2.8

20.9

2.7

20.8

2.6

BMI (kg/m2)
a

b

c

p=0.029, p=0.008, p=0.042 (Mann-Whitney U-test)
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Fig. 13. Transitions of study subjects between groups. DD=subjects with DD
nDD=subjects

without

DD,

nElig=subjects

with

other

specific

MRI

findings,

DDP=progression of DD, nDDP=no progression of DD. *Additional definition of
phenotype (DDP+nDPP=DD+nDD+nElig at follow up). Dashed line indicates illogical
pathways, in which subjects were re-evaluated three times.
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6

Discussion

6.1

The amount of cumulative evidence is currently modest (I)

In the systematic review 52 candidate gene association studies were identified. All
these studies used MRI for DD definition and defined a specific genetic
polymorphism. The phenotype with the most convincing evidence was LDH
characterized by sciatica.
Based on the present systematic review (I), the quality of the evaluated
studies varied considerably and some recurrent weaknesses were identified.
Definitions of MRI phenotypes were not clearly reported and there was variability
in the selection of subjects; some studies used clinical patients while other studies
were population-based. There is an important difference between subjects
belonging to a population-based cohort and cases recruited from a clinic
specialized in treatment of LBP patients. Results from studies with this
discrepancy alone are not comparable. Further, there were a few studies, where
the control group was not evaluated using MRI or subjects with LBP and/or
sciatica were included as controls. As such, differences in subject selection and
phenotype definition hinder efforts to produce reasonable meta-analyses.
Population based studies with large study samples with adequate statistical power
were rare; in fact, only six studies possessed a sample size greater than 1000
individuals (Appendix 1). Quality control steps, such as control of population
stratification, Hardy-Weinberg equilibrium testing, and statistical power
calculations, were often not consistently reported, even though reporting
improved in more recent publications. An improvement in the quality of reporting
of genetic studies has been observed in the most recent publications (Yesupriya et
al. 2008). Moreover, the publication bias (i.e. negative results are not published)
was clearly visible in the published data under review, whereby nearly 90% of the
included studies reported positive associations between lumbar disc degeneration
and specific polymorphisms.
The earlier non-systematic reviews have suggested that various genes (ACAN,
VDR, COL9A2, COL9A3, COL11A2, IL1, IL6, MMP-3, MMP-2, TIMP-1,
COL1A1, ESR1, MATN3, CILP, COX2, THSD2, NCOR2, CD36, TNA and IGF-1R)
may be related to the development of lumbar disc degeneration (Ala-Kokko 2002,
Battie et al. 2009, Battie & Videman 2006, Chan et al. 2006, Kalb et al. 2011,
Kalichman & Hunter 2008b, Song et al. 2008, Zhang et al. 2008). However,
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based on the present systematic review, these genes have a weak level of
cumulative association evidence. This is probably due to more strict inclusion
criteria applied in the present review; the earlier reviews included, for instance,
studies without MRI evaluation as well as studies with success of surgical
treatments as the phenotype. Moreover, studies with less than 100 subjects, no
replication/meta-analysis or with some bias were considered as having weak
evidence. Furthermore, this first extensive systematic review is the only one that
has used the guidelines by the HuGE Working Group (Ioannidis et al. 2008). The
main difference between the present review compared to the earlier ones is that in
the present review the heterogeneous replication reports between different DD
phenotypes were not considered to be replications at all. This is justified, because
there is no data at the moment on how different DD traits could be combined for
statistical analyses. No adjustment for this heterogeneity can be made because the
interrelations between these traits are not yet elucidated.
There have been reports of clearly different risk allele frequencies between
different ethnic populations (e.g. Caucasians, Asians) in the genetic association
studies on DD (Appendix 1). This suggests that different risk alleles may be
involved in lumbar DD in different ethnic groups. Thus, replication studies are
needed in study populations of different ethnic/geographic origin to provide a
more comprehensive understanding. In the present systematic review, the most
consistent evidence (i.e. moderate evidence) was based on studies in Asian
populations. However, in one study, the association with moderate evidence (SKT
gene and sciatica) was originally reported in Japanese and replicated in Finnish
populations (Karasugi et al. 2009, Kelempisioti et al. 2011). Alternatively, in
many cases, replications were inconsistent, either due to different phenotypes or
different genetic variations examined in the replication study.
The present analysis of the previously published associations indicate that the
level of association evidence remains weak for multiple genetic polymorphisms.
Current results stress the limitations of the present status of genetic association
studies in relation to DD. The main problem in these studies is the lack of a gold
standard in the coding of MRI images for degenerative changes. Collaborative
studies with large population-based cohorts and well-defined phenotypes and
genotypes are necessary for major advances in understanding the genetic
component of DD.
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6.2

IL6 SNPs and DD among young individuals (II, III, IV)

The role of IL6 and in particular the effect of three common promoter
polymorphisms (rs1800797, rs1800796, rs1800795) have been studied previously
for the presence of sciatica (Noponen-Hietala et al. 2005); hence we wanted to
investigate the IL6 haplotypes for possible associations with DD in young
individuals. Furthermore, the haplotype analysis is a way to simultaneously study
the effects of multiple polymorphisms on a dependent variable. In the study with
Finnish young adults imaged with MRI at the age of 21 (II), polymorphisms in
IL6 (rs1800797 and rs1800795) were associated with moderate DD and the G
allele in both of these was the risk allele.
The IL6 haplotype GGG (derived from (rs1800797, rs1800796 and
rs1800795, respectively) was further associated with moderate DD. This finding
is supported by an earlier observation that, among sciatica patients, GGGA was
the risk haplotype (Noponen-Hietala et al. 2005). The two most common
haplotypes (AGC and GGG) observed in the Finnish study (II) were in
accordance with the ones we observed in the study with Danish children (III),
indicating that there are no major differences in allele frequencies of these
polymorphisms between the two study populations.
The baseline study among Danish children (III) found an association between
rs1800796 and early DD in girls. Furthermore, a three SNP GCG haplotype
(derived from (rs1800797, rs1800796 and rs1800795, respectively) was
associated with early DD. The GGGA haplotype that was earlier found to
associate with LDD characterized by sciatica had a frequency less than 0.02 and
was not associated with early DD (III). The lack of association may be related to
sample origin, sample size or different phenotypes; early DD vs. sciatica. The
most significant weakness of the studies (II, III, IV) is the small sample size. With
a haplotype frequency of 0.02 significantly more subjects would be required. To
reach 80% power and 5% significance with the haplotype frequencies observed in
this study (III), more than 30,000 subjects would be needed assuming a 1:1 casecontrol ratio (OSSE, accessed October 2012: http://osse.bii.a-star.edu.sg/). Still,
these retrospective power calculations are a little controversial (Thomas 1997),
but they can give a good estimate of whether lack of association might be due to
lack of power. However, the two most common haplotypes in the present study
were again in accordance with earlier findings (Noponen-Hietala et al. 2005). In
the follow-up study (IV) with the Danish children the association with IL6 among
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boys was refuted after correction for multiple testing and while no associations
were observed among girls.
Biologically, IL6 is a good candidate gene for DD. The pleiotropic cytokine
IL6 is one of the most important mediators of inflammatory reactions (Smith &
Humphries 2009) and it has also been reported that IL-6 is produced at the site of
lumbar disc herniation (Burke et al. 2002). Previous reports of protective effects
of heterozygotes of either IL6 rs1800797 or 1800795 in DD or DDP are not
available. Functional investigations have shown that the production of IL6 is
higher in individuals carrying the same alleles (in the haplotypes, however) that
were here associated with an increased risk for DD (Rivera-Chavez et al. 2003,
Terry et al. 2000). However, based on recent research, the effects of IL6 promoter
polymorphisms on gene expression are likely to be more complex than what has
been initially expected (Smith & Humphries 2009). A recent in vitro study using
blood cells from prepubescent children reported gender differences in IL6
production (Casimir et al. 2010). Furthermore, increased production of IL6 has
been previously associated with a wide range of conditions related to aging
(Omoigui 2007). It is also interesting to note that the same IL6 promoter variant
associated with hand OA (Kämäräinen et al. 2008). DD and OA have a few
similar features and may share some common etiological factors, but this issue is
not well understood (Ryder et al. 2008).
In conclusion, the present findings are parallel to earlier findings among adult
sciatica patients and bring up the importance of IL6 promoter region in DD
among young individuals. However, in the analyses with IL6, as well as with all
the other included genes (II, III, IV), we corrected the p-values only when the
analysis included multiple SNPs in the same gene, and in the corrections we noted
only the markers within each gene for each correction. We did not take into
account all the SNPs that are independent from each other, and for this reason the
statistical significance of the results in IL6 as well as in all the other genetic
associations in young individuals reported in this thesis (II, III, IV) are to be
interpreted with caution.
6.3

IL1A SNPs and DD among young individuals (II, III, IV)

The IL1A rs1800587 T-allele was associated with early DD in both baseline and
follow-up time-points among Danish girls. Such associations were not observed
in boys. Further, there were no associations among the Finnish young adults (II),
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but the TT genotype was bit more common in subjects with DD (non significant
difference).
Additionally, the same allele was associated with progression of DD. Similar
to DD, the association between DDP and IL1A rs1800587 T-allele was significant
only among girls (IV). There is some overlap between DD in baseline, DD in
follow-up and DDP (Figure 13), but separate positive associations in all these
groups increase the value of these findings.
The IL1A rs1800587 T-allele has been associated previously with IVD bulges and
Modic changes in an occupational cohort of Finnish men (Karppinen et al. 2009,
Solovieva et al. 2004). Based on animal studies it is also known that IL-1 is the
dominant cartilage-destructive cytokine (van & Bresnihan 1999). Furthermore,
additional biological evidence is available that makes IL1A also a good candidate for
DD (see III and IV for more details). The present results are in line with the earlier
findings with the exception of gender difference, which is a novel finding.
The sample size was limited at both baseline (III) and follow-up (IV).
However, it is to be noted that the sample size was larger than in the majority of
the previous studies focusing on DDP (Borenstein et al. 2001, Elfering et al. 2002,
Jarvik et al. 2005, Videman et al. 2006). It is possible that the present findings
indicate true sex differences in genetic effects on DD, but these results are to be
interpreted with caution (Patsopoulos et al. 2007). However, in osteoporosis and
osteoarthritis more evidence is available on the gender-specificity of the effects of
genetic variants (Karasik & Ferrari 2008, Valdes et al. 2007). Furthermore, the
gender specific effects in complex disorders are also recognized in the expanding
field of epigenetics (Kaminsky et al. 2006, Ordovas 2007). It is possible that
epigenetic modifications may in part explain gender effects of DNA variations
identified in gender-stratified genetic association studies (Kaminsky et al. 2006).
In sciatica, the prevalence in men has long been considered to be 1.5–3 times
higher compared to women (Frymoyer 1992). This has been conventionally
explained by the fact that men tend to work in more physically demanding
occupations. However, in childhood and adolescence the situation might be even
vice versa, at least when it comes to LBP, as girls have been reported to have a
higher prevalence of pain (Diepenmaat et al. 2006). Similarly, gender differences
in LBP reporting were seen in a study with partly the same population as in the
present study (Kjaer et al. 2011). These dissimilarities on the other hand have
been suggested to be due to hormonal differences and the onset of menstruationrelated pains in girls (Auvinen 2010, Wedderkopp et al. 2005). Interestingly, a
recent very large-scale study among individuals serving in the United States
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Military during the years 1999–2008 (N=14,071,570) found that the incidence of
lumbar degenerative disc disease was higher among women compared to men
(adjusted incidence rate ratio 1.21 [CI 1.18–1.23]) (Schoenfeld et al. 2011).
However, the disease status was based on a previously assigned disease
classification code, a diagnosis, which may have some variability thus presenting
a clear limitation of the study. Based on the current results, it seems that gender
specific effects of IL1A polymorphisms in DD and DDP are possible. However,
further evaluations in larger populations are needed.
6.4

SKT and CILP SNPs and DD among Finnish young adults (II)

The association of the SKT rs16924573 variant with DD (defined using disc
signal changes) has not been previously observed neither has a negative
association been published. It is suggested that Skt acts at the later stage of NP
growth and hypertrophy in mice but the function of its human homolog
(KIAA1217 or SKT) is not well known. However, the SKT is expressed in the
human IVD (Karasugi et al. 2009). In the present study, carriers of the minor
allele A were at a reduced risk of DD (OR 0.26 [CI 0.07–0.96]). The importance
of Skt in the development of caudal intervertebral discs (IVD) in mice has been
established previously (Semba et al. 2006). The mice with homozygously trapped
SKT gene produce a deformed “kinky tail” phenotype – seemingly due to NP
changes – during adulthood (Semba et al. 2006). These observations led to the
first study with human LDH patients characterized by sciatica (Karasugi et al.
2009). In the study an association of SKT rs16924573 G allele with LDHs was
found (OR 1.34 [CI 1.14–1.58]) (Karasugi et al. 2009). DD, the phenotype of the
present study, is believed to be an important intermediate stage in symptomatic
disc disease (Videman et al. 2006), which is often characterized by LDH either
with or without sciatic pain (Frymoyer 1988). The current finding is in line with
the earlier findings, but the differences between the phenotypes in these studies
need to be noted. The earlier study has investigated a clinical phenotype, LDH
with sciatica while our study focuses on moderate DD. The interrelation between
these two phenotypes is far from elucidated. These findings provide some support
to the hypothesis that SKT could have long-term importance in the onset of
symptomatic disc disease by making the discs more vulnerable for DD.
In addition, an association between CILP rs2073711 and DD was observed.
In the present study, the T allele was associated with an increased risk of DD. The
TT/CT genotype compared to the CC genotype showed an OR of 2.04 [1.07–
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3.89]. This association was, however, only found in females. This finding is in
contrast with previously reported associations among Japanese subjects, which
indicated the C allele as the risk allele for symptomatic lumbar disc disease (Seki
et al. 2005) as well as for lumbar DD (Min et al. 2009, Min et al. 2010). However,
a replication study in Finnish and Chinese populations did not find an association
between CILP and symptomatic disc disease or MRI-defined DD (Virtanen et al.
2007a). Interestingly, the C allele was associated with reduced risk of knee OA
(Valdes et al. 2004), which is in accordance with our findings that the T allele,
and not the C allele, is the risk allele. Although functional studies in Japanese
white rabbits (sex not reported) suggest that the C allele is responsible for
increased binding and inhibition of TGF-β1 (Seki et al. 2005), the discrepancies
in the association studies could simply be due to the differences between
European and Japanese populations. It may be possible, that all the Caucasian risk
polymorphisms are not significant in Asians and vice versa. Among Finns, the
minor allele is different and minor allele frequency is over 0.40. Furthermore, it is
to be noted that while in the Japanese collegiate athletes (N=601, aged ca. 20
years) the C was more common among males with DD, the T allele was more
common in females with DD (non-significant difference) (Min et al. 2010).
Therefore, it can be suggested that a true gender difference may exist also in the
association between CILP rs2073711 and DD. These findings highlight the
importance of well-defined phenotypes and support the concept that early DD is a
particularly important phenotype to study.
6.5

Height, weight and DD among young individuals (II, III, IV)

In the present studies, subjects with DD were significantly taller than those
without DD (II, III, IV). Furthermore, the Danish teenagers with DD tended to
weigh more than those without DD (IV). The association between IVD signal
changes and height has not been observed before among young individuals.
However, it is to be noted that there are very few MRI studies on young
individuals in relation to DD in total. Regarding other DD phenotypes, the
association between body height and LDH has previously been contradictory
(Heliövaara 1989, Kelsey & Hardy 1975). In another study among middle-aged
women living in the UK (N=796), individuals with radiographically defined DD
progression over a 9-year period were taller than individuals without DD
progression, but the difference (0.7 cm) was not statistically significant (Hassett
et al. 2003). However, in a recent large cohort study (N=13,282) body height
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recorded at baseline was associated with higher likelihood of back surgery and
low back pain during the 12-year follow-up. Although the associations reached
statistical significance only among males, a similar trend was observed among
females as well (Coeuret-Pellicer et al. 2010).
One possible mechanism for the role of body height as a risk factor is lumbar
disc size. Larger discs might be predisposed to DD due to greater diffusion
distances of nutrients into the centre of the nucleus pulposus (Urban et al. 2004).
Furthermore, higher discs might be at an increased risk of mechanical failure
under external loading (Natarajan & Andersson 1999). Finally, facet joint
alterations have been found to be more frequent in taller individuals with LDH
(Karacan et al. 2004). The effects of body height and weight on LBP have also
been reviewed and discussed previously (Coeuret-Pellicer et al. 2010, Shiri et al.
2010a). The associations between height/weight and DD among young
individuals observed in the present studies are other interesting findings and
support the earlier results that these factors are associated with LBP.
6.6

Future possibilities

Rapid advancements in genetics and bioinformatics have led to the situation
where the amount of data under analysis has increased substantially providing
new opportunities to reveal the genetic background of complex traits (Kere 2010,
Mechanic et al. 2011, Montgomery & Dermitzakis 2011, Niedringhaus et al. 2011,
Pattin & Moore 2009, Sethumadhavan et al. 2011). Over the last five years
genome-wide association studies (GWAS) have become a powerful tool for
identifying common genetic variants, which have led to the discovery of common
risk loci for several complex disorders (Day-Williams et al. 2011, Parkes et al.
2007, Sladek et al. 2007, Wellcome Trust Case Control Consortium 2007).
However, at the moment (October 2012) only one GWAS has been published to
address low back disorders (Williams et al. 2012). For further refined discovery
of risk variants for several complex disorders, efforts towards incorporation of
whole-exome or whole-genome sequencing approaches, due to increased capacity
and accuracy of next-generation sequencing, are possible today. While these new
approaches are also possible tools to be used in future studies to increase our
understanding of the cascades of DD, the amount of sequence information
obtained from these approaches is huge, and robust methods of bioinformatics are
required to handle the raw data. Furthermore, new possibilities to define DD with
specific MRI techniques have emerged (Blumenkrantz et al. 2010, Borthakur et al.
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2011, Johannessen et al. 2006, Zou et al. 2009, Zuo et al. 2009). The new ultrahigh-field MRIs (7 tesla and above), that are still rare even in scientific use today,
will likely provide interesting new opportunities to investigate DD in vivo
(Madelin et al. 2012, Regatte & Schweitzer 2007). The present results of the
systematic review (I) emphasize the importance of well-defined phenotypes of
DD, which should be taken into consideration in future studies. Furthermore, the
gender differences observed here (II, III, IV) in associations between genetic
polymorphisms and DD/DDP should be noted and analyses should be made also
for possible gender-genotype interactions.
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7

Conclusions

In conclusion, the results of this thesis indicate that DD defined by MRI is
common already at an early age and suggest that polymorphisms in IL6, SKT,
CILP and IL1A may be important in the development of DD. These results mostly
support earlier findings in adults. However, the population sizes in our studies
were limited, and thus the small effect sizes may not have been robustly detected.
Therefore, it is possible that some of the associations we were not able to observe
in this study could be significant in a larger population. When the cumulative
evidence of previous studies was taken into account, the association in SKT
reached the level of moderate association evidence. However, we investigated for
the first time associations between genetic polymorphisms and DD or progression
of DD in teenagers. Thus, this thesis was the first building block in the “house” of
cumulative evidence of genetics of DD among teenagers, adolescents or young
adults. The findings of this thesis are, however, preliminary, and require further
investigations in a larger setting.
In the systematic analysis of previous reports the polymorphisms in GDF5,
THBS2, MMP9, COL11A1, SKT and ASPN were found to have a moderate level
of association evidence. The majority of these associations were seen in cases of a
clinical DD phenotype; LDH characterized by sciatica. Multiple other
polymorphisms have also been previously reported to associate with the
development of DD. However, due to variations between study designs, sampling
methods, populations, and phenotype definitions, the level of cumulative evidence
is currently modest for the other polymorphims. In order to decrease the
discrepancy between studies, collaboration between investigators and large
population-based cohorts and well-defined phenotypes are required.
Body height was associated with DD in both of the current study populations.
While height has been reported to be associated with LDH, LBP and risk for back
surgery, no reports on the association between height and DD has been published
previously. The mechanism beyond the observed association is not known but it
may relate to early growth pattern.
We observed gender differences in the genetic associations with DD among
Danish teenagers in IL1A and IL6 but not among young Finnish adults, where the
association-difference between genders was seen only in CILP. The genderspecific effects of genetic risk factors are not well known in DD. These
preliminary results suggest possible gender-genotype interaction in IL1A, IL6 and
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CILP but a replication in a larger setting is needed before any solid conclusions
can be made.
This thesis succeeded in increasing the knowledge of the hereditary
component in lumbar DD. However, the majority of the genetic component in DD
is still unexplained. The more advanced genotyping methods, new imaging
modalities and robust methods in bioinformatics are likely to provide us more
information about this interesting and important condition.
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et al. 2008

Karppinen

et al. 2010

Eser

et al. 2007

Nunes

et al. 2003

Noponen

Reference
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D

rs731236

220

228

(N)

Phenotype
E

Individuals

DD1

rs731236

Variation

study

Population

sectional

Cross-

Study type2

-

-

Risk allele

-

[0.6–1.4]

0.9

OR

-

0.77

P-value

Minor allele

0.38

-

frequency

Danish

Finnish

Population

et al. 2010

Eskola

et al. 2008

Karppinen

Reference

Disc degeneration phenotypes D=disc signal changes using different classifications, S=disc herniation with sciatica, N=nonspecific discogenic pain with disc

Study types Case-control: clinical cases vs. controls, Nested case-control: clinical cases vs. matched controls, Population study: a sample of general population or a

subpopulations among subjects, Male twin population: subpopulation of the Finnish Twin Cohort

subpopulation with a common characteristic(s), Clinical population: subjects recruited from e.g. outpatient clinic, Cross-sectional: possibly multiple subgroups or

2

U=unspecified degenerative phenotype,X= plain radiograph, MRI for some subjects, St=stenosis, disc signal decrease also recorded,∑=combination phenotype

degeneration, B=disc contour change; bulge,H=disc contour change; herniation without specified clinical symptoms, E=endplate changes including Modic changes,

1

# Association positive in interaction with another gene, anthropometric or environmental factor. OR= Odds ratio, 95% confidence interval is given in [square brackets].

Gene
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1

Supporting method information

1.1

Study inclusion criteria

Studies that were considered eligible to be included in the review had the
following features:
–
–
–
–
–
–
–
–

Relevant outcome or disease
Intervertebral disc changes
Vertebral endplate changes
Spondylarthrosis
Reliable definition of outcome (MRI)
Number of study subjects 50 or higher
Human study
Specific genetic variant is described

Studies considered not eligible (and were therefore excluded from the review) had
one or more of the following features:
–
–
–
–
–
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Outcome or disease is not relevant
Definition of outcome is not reliable (i.e. is other than MRI)
Number of study subjects is under 50
No specific genetic variant is described
Animal study

1.2

Study quality assessment essentials

Type of bias

Criteria

Classification

Selection bias

Major

No or minor: Defined target population

Selection of study population (inclusion and represents the general population or
exclusion criteria well specified)

subgroup of the general population (e.g.

Representativeness (response rate,

women or men, certain age group,

difference between participants and non-

geographical area, certain occupational

participants, and control for variables in

group) and response rate is above 60%.

case difference found between participants Ethnic origin is known. Control
and non-participants)

population is well defined and is similar

Population stratification (confounding by

to affected individuals while unaffected.

ethnic origin)
Moderate: Defined target population
Minor

represents a narrow subgroup of the

Awareness of study hypothesis

general population and response rate is

Possibility of change in the status of a risk

80 -100%. Selection process or proper

factor as a result of low back pain

characteristics of control population are
not reported.
Severe: Defined target population
represents a narrow subgroup of the
general population and response rate is
60 - 80%. Control population differs from
affected individuals or no information of
controls is available.
Definite: Ethnic origin of the population
is not known. Study population consists
of "self-selected" volunteers if suspicion
of payment to non-patients. Control
population is of different ethnic origin,
nationality or from great geographical
distance. Controls have other
pathological phenotypes.
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Type of bias

Criteria

Classification

Performance bias

Major

No: Validated method, quality control,

Validity genetic analyses method

blinding of assessors of exposure

Quality control (genotyping error)

towards the outcome.
Minor: Blinding not reported.

Minor

Moderate: Validated method, no quality

Blinding of genetic analyses method

control.

towards the outcome

Definite: Non-validated genetic analyses
method, no quality control, genotyping
was not blinded towards the outcome.

Detection bias

Major

No or minor: Clear definition of outcome

Clear definition of outcome

and standardized method of assessing

Standardized validated method of

outcome.

assessing outcome

Moderate: Clear definition of outcome
and not standardized method of

Minor

assessing outcome.

Blinding of assessors of outcome towards

Definite: Unclear definition of outcome

genetic factors

or non-systematic assessment of
outcome.

Attrition bias

Major

No: Less than 20% of missing data.

Magnitude of missing data (including

Participation rate 50-100% for follow-up

unsuccessful genotyping)

time < 5 years, or comparison done for

Completeness of follow-up (if applicable)

lost to follow-up regarding variables of
interest.

Where the magnitude of missing data is not Possible: Missing data between 20%
reported, studies are to be considered

and 40%. Participation rate 30-50% for

having Possible attrition bias.

follow-up time < 5 years, and no
comparison done for lost to follow-up
regarding variables of interest and
Definite: More than 40% of missing
data. Participation rate less than 30%
for follow-up time < 5 years or

Statistical analyses -Population stratification has been
addressed
-Hardly-Weinberg equilibrium was
considered
-Methods used for inferring genotypes and
haplotypes are specified and valid
-Multiple comparison has been addressed /
risk of false positive findings was controlled
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Each item should be responded as
no/yes/unclear

1.3

Data extraction form

Data Extraction Form

DD and Genes – A Systematic
Review

STUDY DETAILS
Title (ID)

Scoring (max. 31 points)

First author, year of publication
Year(s) of study

1 point

if reported, not the year

of publication
Country of study
Study design
Sponsorship of study

POPULATION
Subjects

Clinical

General

Working

1 point

if reported

1 point

if reported and more

Teenage
Symptoms (if reported)

Sciatica

LBP

Asymptomatic
Other;what:
N of individuals in total

Not reported

N=

than 100 individuals
2 points

if reported and more

than 300 individuals
3 points

if reported and more

than 600 individuals
4 points

if reported and more

than 900 individuals
N of cases

Ncase=

N of controls

Ncont=

Gender in total population

F (%)=

M (%)=

1 point

if reported in all

subgroups / properly, or if age and
sex matched controls
Gender in cases (fill in the

Fcase (%)=

reported gender)

(%)=

Gender in controls (fill in the

Fcont (%)=

reported gender)

(%)=

Age (fill in what is reported)

Age range =

Mcase
Mcont
Mean age

and SD=
Age in cases

Age rangecase=
and SDcase=

Mean age 1 point

if reported in all

subgroups (population study=only
one subgroup)
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Data Extraction Form

DD and Genes – A Systematic
Review

Age in controls

Age rangecont=

Mean age

and SDcont=
Ethnicity

Caucasian

Asian

American 1 point

if reported

African
Other, specify:
PHENOTYPES
MRI
Field strength (Tesla)

Field strength

T1/T2 /PD
Slice orientation

Not reported

1 point

if reported

Not reported
Sagittal

Axial

Multi-slice

Coronal

Other

Not

reported
Lumbar disk levels imaged

L1/L2

L2/L3

L5/S1

L3/L4

L4/L5 1 point

if all lumbar levels

Not specified

Other disk levels

1 point

if other levels analysed

separately
Slice thickness (mm.)

Not reported

Other specific technical data on

Not reported

MRI
Number of MRI readers

N=

Qualification of reader(s)

Specialist=

Specialist

(radiology)=
Specialist(surgery)=
Researcher=

Student=

Not

reported
Other:
Reader blinded to genetic data?

Yes

No

Reproductibility tested?

Yes

No

Not reported

Intra/inter-tester

Intra

Inter

Not reported

Results of reproductilibity test
(methods, results: Kappa, ICC or
percentage; i.e. results written
open)
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Not reported

1 point

if ”Yes”

1 point

if ”Yes”

Data Extraction Form

DD and Genes – A Systematic
Review

Degeneration defined by (mark all Disk space narrowing / Disk height reduction
that fit)

Signal intensity loss
HIZ lesions

Presence of fissures (AT)

Bulging

Endplate signal changes
Vertebral malalignment
Central canal stenosis
Swelling
Standardized definition of

Protrusion

Ligamentous signal changes

Osteophytosis
Foraminal stenosis
Nerve root displacement

Dura impression / spinal cord affected

Reference

2 points

degeneration

if reported and

definition is well established
before

GENOTYPES AND OTHER
EXPOSURES
Genotyping methods
Blinding of researchers in

No

Yes

Not reported

genotyping (to degeneration data)
Genes
Polymorphisms

(Report number if multiple

rs numbers (if reported)

(Report number if multiple

variations)
variations)
Other exposures (e.g. smoking,
BMI, height, physical workload)
QUALITY ASSESMENT
Selection bias

No or Minor

(3-0 points)

Moderate

Definite

Definite
Performance bias

No

Minor

3 if No or

Minor, 2 Moderate, 1 Severe, 0

Severe
Moderate

Definite (2-0 points)

3 = ”No”,

2=”Minor” 1= ”Moderate”, 0
= ”Definite”
Detection bias

No or Minor

Moderate

Definite

(2-0 points)

2 = ”No or

Minor”, 1 = ”Moderate”, 0
= ”Definite”

Attrition bias

No

Possible

Definite

(2-0 points)

2 = ”No”, 1

= ”Possible” , 0 = ”Definite”
Statistical analyses

(1 points each if ”Adequate”, max.
4 points)

Population stratification

Adequate

Poor

Unclear

HWE considered

Adequate

Poor

Unclear
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Data Extraction Form

DD and Genes – A Systematic
Review

Methods used for inferring

Adequate

Poor

Unclear

Adequate

Poor

Unclear

No

Not reported

genotypes and haplotypes
specified and valid
Multiple comparison has been
addressed / risk of false positive
findings was controlled
Other exposure issue considered

Yes

in analyses
FINDINGS

Genotype or haplotype or
combined genotypes

Phenotype

Genotype (data for cases and
controls, as presented in the
study)
Measures of association (e.g. ORs
and 95% CI)

Interactions
Interacting phenotypes

Genotype (data for cases and
controls, as presented in the
study)

and
Measures of association (e.g. ORs
and 95% CI)

SOURCE OF DATA

Publication

Online database

From correspondence with
authors
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1 point

if ”Yes”

1.4

Categories for the credibility of cumulative epidemiological
evidence

Supporting information Figure 1. Categories for the credibility of cumulative
epidemiological evidence. The three letters correspond (in order) to amount of
evidence, replication and protection from bias. Evidence is categorized as strong,
when there is A for all three items, and is categorized as weak when there is a C for
any of the three items. All other combinations are categorized as moderate. Modified
from Ioannidis 2008 et al. with permission.

1.5

Protein-protein interaction network analysis methods

The PPI-network was created with InWeb 2.0 (Lage et al. 2007) using all genes
with a positive association to lumbar disc degeneration as input.
InWeb is based on mining of online interactiondatabses String (Jensen et al.
2009), MINT (Zanzoni et al. 2002), Bind (Bader et al. 2003), DIP (Xenarios et al.
2002), GRID (Breitkreutz et al. 2003), HPRD (Keshava Prasad et al. 2009), Kegg
(Kanehisa et al. 2010), Reactome (Joshi-Tope et al. 2005) and IntAct (Aranda et
al. 2010). All experimentally based interactions from each was kept and given a
score between 0 and 1 (Lage et al. 2007). We used all interactions with a score on
0.5 or higher. To avoid highly interacting proteins (hubs) we used a network score
on 0.1, which means all linker-protein (protein not in input) at most is allowed to
interact with 9 other linker-proteins for each input protein they interact with (Lage
et al. 2007). P-values was calculated creating 10.000 random networks.
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2

Supporting results information

2.1

Equivalent rs-numbers

Gene

Variation1

Abbreviation in the

rs-number

Reference for the

study

rs-number

COL9A2

c.976C>T

Trp2

rs137853213

Ensembl 64:

COL9A3

c.307C>T

Trp3

rs61734651

Ensembl 64:

COL11A2

c.877-4A>T

IVS6-4 a/t

rs1799907

Ensembl 64:

-

G>A intron9

rs2744507

Sep 2011

FAS

-

-1377GA

rs2234767

Hu et al. 2008

FASLG

-

-844CT

rs763110

Hu et al. 2008

IL1A

c.1-889C>T

IL-1aT889

rs1800587

Ensembl 64:

IL1B

c.3954C>T

IL-1bT3954

rs1143634

Ensembl 64:

IL10

-

-1082A/G

rs1800896

-

-592A/C

rs1800872

et al. 2008

MMP1

-

-1607

rs1799750

Ju et al. 2005

MMP2

-

-1306C/T

rs243865

Zhai et al. 2007

MMP3

c.1-1171insA

5’UTR -1171a

rs3025058

Tsironi

MMP9

-

-1562C/T

rs3918242

Demacq

NOS2

-

exon22 G>A

rs1060826

Ensembl 64:

NOS3

-

-786T/C

rs2070744

Demacq

VDR

c.2T>C c.1056T>C

FokI

rs2228570

Ensembl 64:

TaqI

rs731236

Sep 2011

Sep 2011
Sep 2011

Sep 2011
Sep 2011
Pereira

et al. 2009
et al. 2009
Sep 2011
et al. 2010

1

According to den Dunnen JT, Antonarakis SE. Mutation nomenclature extensions and suggestions to

describe complex mutations: A discussion
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2.2

Included studies
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dysregulated systemic glucometabolism. BMC Musc Disord (7): 10
-not a relevant outcome, no MRI
Buttle DJ (2007) Factors controlling matrix turnover in health and disease. Biochem Soc Trans 35(4): 643646.
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18(12): 1936-1940.-not a relevant outcome
Eyre DR, Matsui Y & Wu J- (2002) Collagen polymorphisms of the intervertebral disc. Biochem Soc Trans
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study subjects < 50

178

Liu Z, Tang NLS, Cao X-, Liu W-, Qiu X-, Cheng JCY & Qiu Y (2010) Lack of association between the
promoter polymorphisms of MMP-3 and IL-6 genes and adolescent idiopathic scoliosis: A case-control
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-no MRI

179

Podichetty VK (2007) The aging spine: The role of inflammatory mediators in intervertebral disc
degeneration. Cell Mol Biol 53(5): 4-18.
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-unclear whether MRI has been done or not, only abstract, in Chinese;
translation not available
Tang Y, Yuan H-, Wang Z-, Xu J- & Lei L (2007) The genetic polymorphisms of MMP-3 and VDR on
susceptibility of lumbar disc degeneration. Fudan University Journal of Medical Sciences 34(1): 37-41.
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-no MRI
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-no MRI
Urano T, Narusawa K, Shiraki M, Usui T, Sasaki N, Hosoi T, Ouchi Y, Nakamura T & Inoue S (2007)
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-no MRI
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Urano T, Shiraki M, Narusawa K, Usui T, Sasaki N, Hosoi T, Ouchi Y, Nakamura T & Inoue S (2007)
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the constitutive androstane receptor gene with bone mineral density. Geriatr Gerontol Int 9(3): 235-241.
-not a relevant outcome
Valdes AM, Hassett G, Hart DJ & Spector TD (2005) Radiographic progression of lumbar spine disc
degeneration is influenced by variation at inflammatory genes: a candidate SNP association study in the
Chingford cohort. Spine (Phila Pa 1976) 30(21): 2445-51
-no MRI
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Virtanen IM, Karppinen J, Taimela S, Ott J, Barral S, Kaikkonen K, Heikkila O, Mutanen P, Noponen N,
Mannikko M, Tervonen O, Natri A & Ala-Kokko L (2007) Occupational and genetic risk factors associated
with intervertebral disc disease. Spine (Phila Pa 1976) 32(10): 1129-34.
-no MRI

Wang ZC, Chen XS, Wang da W, Shi JG, Jia LS, Xu GH, Huang JH & Fan L (2010) The genetic
association of vitamin D receptor polymorphisms and cervical spondylotic myelopathy in Chinese subjects.
Clin Chim Acta 411(11-12): 794-797.
-not a relevant outcome
Williams FMK, Manek NJ, Sambrook PN, Spector TD & Macgregor AJ (2007) Schmorl's nodes: Common,
highly heritable, and related to lumbar disc disease. Arthritis Rheum 57(5): 855-860.
-no specific genetic variant reported
Wrocklage C, Wassmann H & Paulus W (2000) COL9A2 allelotypes in intervertebral disc disease.
Biochem Biophys Res Commun 279(2): 398-400.
-unclear whether MRI has been done or not
Yamada Y (2000) Association of a Leu(10)-> Pro polymorphism of the transforming growth factor-beta 1
with genetic susceptibility to osteoporosis and spinal osteoarthritis. Mech Ageing Dev 116(2-3): 113-123.
-review article
Yamada Y, Okuizumi H, Miyauchi A, Takagi Y, Ikeda K & Harada A (2000) Association of transforming
growth factor beta 1 genotype with spinal osteophytosis in Japanese women. Arthritis Rheum 43(2): 452460.
-no MRI for all, very small study
Ye W, Ma RF, Su PQ, Huang DS, Liu SL, Chen WJ & Wang XG (2007a) Association of single nucleotide
polymorphisms of IL-1b with lumbar disc disease. Yi chuan = Hereditas / Zhongguo yi chuan xue hui bian
ji 29(8): 923-928.
-only abstract, in Chinese; translation not available
Ye W, Huang D, Chen W, Li C, Peng Y, Liang A & Liu S (2007b) [Association of 86 bp variable number
tandem repeat polymorphism of interleukin-1 receptor antagonist gene with lumbar disc disease]. Nan
Fang Yi Ke Da Xue Xue Bao 27(10): 1485-8.
-only abstract, in Chinese; translation not available
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Yuan H- & Lei L (2007) Current research in candidate genes of lumbar disc degeneration. Fudan
University Journal of Medical Sciences 34(3).
-only abstract, in Chinese; translation not available, likely a review article
Yuan H-, Tang Y, Liang Y-, Lei L, Xiao G-, Wang S & Xia Z- (2010) Matrix metalloproteinase-3 and vitamin
D receptor genetic polymorphisms, and their interactions with occupational exposure in lumbar disc
degeneration. J Occup Health 52(1): 23-30.
-no MRI
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