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Acta Univ. Oul. D 1584, 2020
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Lumbar degenerative bone marrow changes, Modic changes (MC), are visible in the bone marrow
adjacent to the degenerated intervertebral discs in magnetic resonance imaging (MRI). MC are
categorized into three types: Type 1 (MC1) appears as inflamed bone marrow and is composed
mainly of fibrovascular tissue proliferation, Type 2 (MC2) appears as fat and is composed of
yellow fat replacement, and Type 3 (MC3) appears as dense bone and is composed of highly
mineralized, sclerotic bone marrow.

This thesis investigated the associations of MC with bone turnover in bone scintigraphy and
with prospective low back symptoms, and the treatment response of MC to a single intravenous
infusion of zoledronic acid (ZA), an osteoporosis drug.

Bone scintigraphy is a method of nuclear imaging which shows active bone turnover as
increased tracer uptake in the skeleton. Patients who had undergone lumbar MRI and bone
scintigraphy within six months of each other in 2007–2008 were included in the study. Bone
turnover was increased in the area of MC1 more often than in other MC types. This reflects the
inflammatory nature of MC1 and is consistent with increased vascularity and bone turnover.

Patients with MC and low back symptoms were followed for over a two-year period. MC1 was
associated with pain intensity and disability, whereas the same correlation was not found for MC2.

In a randomized controlled trial, the effect of ZA on MC was compared with that of intravenous
saline. MRI was examined at baseline and approximately 12 months after the infusion. A trend of
MC1 converting to MC2, and a reduction in the volume of MC1 was noted as a result of ZA.

In conclusion, MC1 is more consistently associated with increased bone turnover and low back
symptoms than other MC types. ZA may offer an alternative treatment for MC1. However, more
research must be conducted to confirm the benefits of ZA.

Keywords: bone marrow, bone scintigraphy, bone turnover, disc degeneration, low back
symptoms, lumbar spine, magnetic resonance imaging, Modic changes, placebo,
zoledronic acid
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Tiivistelmä

Selkärangan välilevyrappeumaan liittyvät selkänikamien luuydinmuutokset näkyvät magneetti-
kuvauksessa (MK) ja niitä kutsutaan Modic-muutoksiksi. Modic-muutokset jaetaan kolmeen
tyyppiin: tyyppi 1 (MC1) on tulehduksellisen näköinen ja sisältää korostunutta verisuonitusta ja
luuturvotusta, tyyppi 2 (MC2) sisältää rasvoittunutta luuydintä ja tyyppi 3 (MC3) sisältää mine-
raalipitoisuudeltaan korostunutta, skleroottista luuydintä.

Tämä väitöskirjatutkimus sisältää kolme osatyötä, joissa on tutkittu Modic-muutosten yhteyt-
tä luun aineenvaihduntaan luustokartassa, yhteyttä kipuun ja toimintakyvyn laskuun kahden vuo-
den seurantatutkimuksessa sekä hoitovastetta suonensisäiseen kerta-annoshoitoon tsoledroniha-
polla.

Luustokartta on isotooppitutkimuksen muoto, joka osoittaa kiihtyneen luun aineenvaihdun-
nan korostuneena merkkiainekertymänä. Tutkimusotoksen potilailta oli kuvattu alaselän MK ja
luustokartta 6kk sisällä toisistaan vuosina 2007–2008. Tutkimuksessa havaittiin MC1:n alueella
muita Modic-tyyppejä useammin kiihtynyttä luun aineenvaihduntaa, joka sopii muutoksen tuleh-
dukselliseen ilmiasuun ja kudosnäytteissä aiemmin todettuun verisuonituksen lisääntymiseen.

Kahden vuoden seurantatutkimuksessa potilailla oli alaselkäoireita ja Modic-muutoksia. Tut-
kimuksessa havaittiin MC1:n olevan yhteydessä alaselkäkipuun ja toimintakyvyn laskuun, kun
taas vastaavaa yhteyttä ei todettu MC2:n suhteen.

Satunnaistetussa kaksoissokkotutkimuksessa verrattiin tsoledronihappoa lumelääkkeeseen
Modic-muutosten hoidossa alaselkäkipuisilla potilailla. 12 kuukautta kerta-annoshoidon jälkeen
tehdyssä MK:ssa todettiin tsoledronihapporyhmässä MC1:n muuttumista MC2:n suuntaan ja
MC1:n tilavuuden pienentymistä, mutta muutokset eivät olleet tilastollisesti merkitseviä.

Tutkimusten yhteenvetona voidaan todeta, että MC1 liittyy muita MC- tyyppejä useammin
kiihtyneeseen luun aineenvaihduntaan ja alaselkäoireisiin. Tsoledronihappo saattaa tarjota hoito-
vaihtoehdon MC1:lle, mutta tämän vahvistaminen vaatii lisää laadukkaita tutkimuksia tulevai-
suudessa.

Asiasanat: alaselkäkipu, lanneranka, lumelääke, luun aineenvaihdunta, luustokartta,
luuydin, magneettikuvaus, Modic-muutos, tsoledronihappo, välilevyrappeuma
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Abbreviations 

AF annulus fibrosus 

BM bone marrow 

BMI body mass index 

BVN basivertebral nerve 

CA cutibacterium acnes 

Ca2+ calcium ion 

cm centimetre 

DD disc degeneration 

DWI diffusion-weighted imaging 

ECM extracellular matrix  

EP endplate 

FLAIR fluid-attenuation inversion recovery 

FSE fast spin echo 

ICC intraclass correlation coefficients 

IL interleukin 

i.v. intravenous 

IVD intervertebral disc 

κ kappa 

LBP low back pain 

LNB lesion-to-normal-bone 

L1 the first lumbar vertebra 

L5 the fifth lumbar vertebra 

MC Modic change 

MC1 Modic Type 1 

MC2 Modic Type 2 

MC3 Modic Type 3 

MK magneettikuvaus 

mm millimetre 

MRI magnetic resonance imaging 

NP nucleus pulposus 

PGE-2 prostaglandin E2 

r Pearson’s correlation 

RCT randomized controlled trial 

ROI region of interest 

SD standard deviation 
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SE standard error 

SI signal intensity 

SPECT single-positron emission computed tomography 

SPECT-CT SPECT with combined computed tomography 

SpA spondylarthritis 

STIR short tau inversion recovery 

S1 the first sacral vertebra 

T Tesla 
99mTc 99mTechnetium 

TE echo time 

TI inversion time 

TNF-α tumour necrosis factor alpha 

TR repetition time 

TSE turbo spin-echo 

T1WI T1-weighted image 

T2WI T2-weighted image 

T12 the twelfth thoracic vertebra 

VAS visual analogue scale 



13 

List of original publications 

This thesis is based on the following publications, which are referred to throughout 

the text by their Roman numerals: 

I  Järvinen, J., Niinimäki, J., Karppinen, J., Takalo, R., Haapea, M., & Tervonen, O.(2020). 
Does bone scintigraphy show modic changes associated with increased bone turnover? 
European Journal of Radiology Open, 7, 100222. doi:10.1016/j.ejro.2020.100222 

II  Järvinen, J., Karppinen, J., Niinimäki, J., Haapea, M., Grönblad, M., Luoma, K., & 
Rinne, E. (2015). Association between changes in lumbar modic changes and low back 
symptoms over a two-year period. BMC Musculoskeletal Disorders, 16, 98-3. 
doi:10.1186/s12891-015-0540-3  

III  Koivisto, K.*, Järvinen, J.*, Karppinen, J., Haapea, M., Paananen, M., Kyllonen, E., . . . 
Niinimäki, J. (2017). The effect of zoledronic acid on type and volume of modic 
changes among patients with low back pain. BMC Musculoskeletal Disorders, 18(1), 
274. doi:10.1186/s12891-017-1632-z  

* Authors contributed equally to this work. 
  



14 

  



15 

Contents 

Abstract 

Tiivistelmä 

Acknowledgement 9 

Abbreviations 11 

List of original publications 13 

Contents 15 

1  Introduction 19 

2  Review of the literature 21 

2.1  Anatomy and function of the lumbar spine ............................................. 21 

2.1.1  Vertebra ........................................................................................ 22 

2.1.2  Intervertebral disc ......................................................................... 23 

2.1.3  Vertebral endplate ......................................................................... 25 

2.2  Disc degeneration .................................................................................... 26 

2.3  Vertebral endplate degeneration .............................................................. 28 

2.3.1  Morphologic changes ................................................................... 28 

2.3.2  Biochemical changes .................................................................... 29 

2.4  Imaging of the lumbar spine ................................................................... 30 

2.4.1  MRI .............................................................................................. 30 

2.4.2  Bone scintigraphy ......................................................................... 32 

2.5  Lumbar Modic change ............................................................................ 33 

2.5.1  Definition...................................................................................... 33 

2.5.2  Distribution and prevalence .......................................................... 34 

2.5.3  Pathogenesis ................................................................................. 36 

2.5.4  Natural course ............................................................................... 39 

2.5.5  Differential diagnosis ................................................................... 39 

2.5.6  Association with LBP and disability ............................................ 41 

2.5.7  Treatment ...................................................................................... 42 

3  Aims of the thesis 45 

4  Materials and methods 47 

4.1  Study population ..................................................................................... 47 

4.1.1  Patients ......................................................................................... 47 

4.2  Imaging methods ..................................................................................... 49 

4.2.1  MRI .............................................................................................. 49 

4.2.2  Bone scintigraphy (I) .................................................................... 50 

4.3  Image analysis ......................................................................................... 51 



16 

4.3.1  MRI .............................................................................................. 51 

4.3.2  Bone scintigraphy (I) .................................................................... 52 

4.4  Treatment intervention (III) ..................................................................... 54 

4.5  Statistical analysis ................................................................................... 54 

4.5.1  First paper (I) ................................................................................ 54 

4.5.2  Second paper (II) .......................................................................... 54 

4.5.3  Third paper (III) ............................................................................ 55 

5  Results 57 

5.1  Does bone scintigraphy show MC to be associated with 

increased bone turnover? (I) .................................................................... 57 

5.1.1  Number and distribution of MC ................................................... 57 

5.1.2  Association of MC type with increased tracer uptake in 

scintigraphy .................................................................................. 57 

5.1.3  Intensity of tracer uptake in bone scintigraphy ............................. 58 

5.1.4  Effect of time interval between imaging studies on LNB 

ratios ............................................................................................. 59 

5.1.5  Reliability of image readings ........................................................ 59 

5.2  Association between MC and low back symptoms (II) ........................... 59 

5.2.1  Study population ........................................................................... 59 

5.2.2  MRI findings ................................................................................ 59 

5.2.3  Clinical symptoms ........................................................................ 60 

5.2.4  Association between MRI findings and symptoms ...................... 61 

5.2.5  Reliability of image readings ........................................................ 62 

5.3  Effect of ZA on type and volume of MC among patients with 

LBP (III) .................................................................................................. 62 

5.3.1  Study population ........................................................................... 62 

5.3.2  MRI findings ................................................................................ 64 

5.3.3  MRI findings and LBP ................................................................. 67 

5.3.4  Reliability of image readings ........................................................ 70 

6  Discussion 71 

6.1  Theoretical summary of each study ........................................................ 71 

6.1.1  MC and tracer uptake in bone scintigraphy (I) ............................. 71 

6.1.2  MC and LBP (II) ........................................................................... 74 

6.1.3  Treatment intervention with ZA (III) ............................................ 76 

6.2  Limitations and strengths ........................................................................ 79 

6.2.1  MC and tracer uptake in bone scintigraphy (I) ............................. 79 

6.2.2  MC and LBP (II) ........................................................................... 80 



17 

6.2.3  Treatment intervention with ZA (III) ............................................ 80 

6.3  Practical implications and future prospects ............................................. 81 

7  Summary and conclusions 83 

References 85 

Original publications 109 

 

  



18 

 



19 

1 Introduction 

Low back pain (LBP) affects hundreds of millions of people worldwide and has a 

huge influence on society. The Global Burden of Diseases, Injuries, and Risk 

Factors Study 2017 reported that the effect of declined mortality rates from 1990 

to 2016 has led to an increase in people’s expected life span, an ageing global 

population, and an expansion of the burden of non-fatal disease and injury. LBP is 

the greatest cause of disease burden globally in terms of years lived with disability 

(GBD 2017 Disease and Injury Incidence and Prevalence Collaborators, 2018; 

Mathew, Singh, Garis, & Diwan, 2013; Walker, 2000). 

The vast majority of LBP is categorized as non-specific and only 10–15% as 

specific with a known pathoanatomical cause (Hartvigsen et al., 2018). In recent 

years, researchers have been inspired by a growing interest in finding subgroups of 

LBP. The aim is a comprehensive assessment of pathobiology, a more accurate 

diagnosis and better understanding of the course of LBP (Brennan et al., 2006; 

Hopayian & Notley, 2014; Li et al., 2016). The benefit of increasing the proportion 

of specific LBP of the whole LBP population is the possibility of determining a 

more precise prognosis and individualized treatment plan for these patients. It could 

also offer more specific new treatment options. 

Medical imaging is a tool for investigating the pathoanatomical background of 

LBP (Maus, 2010). Magnetic resonance imaging (MRI) of the lumbar spine offers 

structural and morphological information, which may be compared to the clinical 

features of  LBP. It is a safe, non-irradiant and non-invasive method. (Emch & 

Modic, 2011; Haughton, 2006). The disadvantage of MRI is its fairly poor 

specificity in relation to LBP. Degenerative findings in MRI are frequent in both 

the symptomatic and asymptomatic population. The cost of imaging is also high, 

especially if the indication for imaging is not carefully considered (Brinjikji et al., 

2015; Jenkins et al., 2018). 

In the late 1980s, vertebral degenerative bone marrow (BM) changes, Modic 

changes (MC), were first introduced (de Roos, Kressel, Spritzer, & Dalinka, 1987; 

Modic, Steinberg, Ross, Masaryk, & Carter, 1988). MC are closely linked to disc 

degeneration (DD) (Jensen, Tue Secher et al., 2010; Mok et al., 2016). Based on 

MRI characteristics, MC are divided into three types: Modic Type 1 (MC1) appears 

as an inflammatory reaction in the subchondral BM and is mainly composed of 

fibrovascular tissue proliferation; Modic Type 2 (MC2) appears as fat and is 

composed of yellow BM conversion; and Modic Type 3 (MC3) appears as dense 

bone and is composed of highly mineralized, sclerotic bone (Modic et al., 1988; 
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Modic, Masaryk, Ross, & Carter, 1988). Since their discovery, MC have 

progressively been focused on as a subgroup of specific LBP. Several studies link 

MC to LBP, MC1 more significantly than the other types (Albert et al., 2008b; 

Kuisma et al., 2007; Mok et al., 2016). However, the results concerning the 

relationship between MC and LBP intensity or back-related disability are not 

consistent (el Barzouhi et al., 2014; Keller, Boyle, Skog, Cassidy, & Bautz-Holter, 

2012; Kovacs, Arana, Royuela, Estremera, Amengual, Asenjo, Sarasibar, Galarraga, 

Alonso, Casillas, Muriel, Martinez, Abraira, & for the Spanish Back Pain Research 

Network, 2012). 

Bone scintigraphy is a nuclear imaging method that is performed after an 

intravenous (i.v.) injection of bone-seeking radionuclide tracer. It shows areas of 

increased bone turnover in the skeleton. Conditions such as infection, inflammation, 

fracture or neoplasm may increase bone turnover (Kanstrup, 1997). Although some 

studies have shown increased bone turnover in areas of MC (Modic et al., 1988; 

Mulconrey, Knight, Bramble, Paknikar, & Harty, 2006; Perilli et al., 2015; Russo 

et al., 2017), the specific correlation between MC and the findings of bone 

scintigraphy have not been evaluated. 

As the role of MC as a distinct phenotype of LBP has emerged, the search for 

potential treatments for MC has also been eager. Rest, exercise, pain medication, 

antibiotics and probiotics, physical and manipulative therapy, tumour necrosis 

factor alpha (TNF-α) antagonist, disc injections, and even vertebroplasty have been 

evaluated as treatments (Airaksinen et al., 2006; Albert, Sorensen, Christensen, & 

Manniche, 2013b; Annen, Peterson, & Humphreys, 2018; Buttermann, Glenn R., 

2004; Cao et al., 2011; Eliks, Zgorzalewicz-Stachowiak, & Zeńczak-Praga, 2019; 

Jensen, Ole K., Andersen, Østgård, Andersen, & Rolving, 2019; Jensen, R. K., 

Leboeuf-Yde, Wedderkopp, Sorensen, & Manniche, 2012; Kavanagh, Byrne, 

Kavanagh, & Eustace, 2018; Korhonen et al., 2006). The most recent studies have 

concentrated on medication that modifies bone metabolism (Cai et al., 2018; 

Koivisto et al., 2014; Zhou, Li, Li, & Xue, 2018) or the thermoablation of the 

vertebral innervation (Khalil et al., 2019). However, optimal and effective 

treatment options are yet to be discovered. 
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2 Review of the literature 

2.1 Anatomy and function of the lumbar spine 

The lumbar spine is made up of five vertebrae. Above the first lumbar vertebra (L1), 

lies the twelfth thoracic vertebra (T12). Below the fifth lumbar vertebra (L5), lies 

the first sacral vertebra (S1). A vertebra is formed by the anterior body and the 

posterior neural arch. Between the lumbar vertebrae are four intervertebral discs 

(IVD), which connect the vertebrae. In addition to the IVD, the lumbar vertebrae 

are also connected by the articular processes, which form the facet joints. The facet 

joints are synovial joints and appear in pairs. A thin, hyaline cartilage and bone 

layer-based vertebral endplate (EP) lies in the border zone of the vertebra and IVD. 

Around the vertebrae, IVD and facet joints are ligaments, which bind the structures 

of the spine together and strengthen them. The most notable ligaments are the 

anterior and posterior longitudinal ligaments, which run vertically in front of and 

behind the vertebrae and IVD. The functional motion segment of the lumbar spine 

consists of two consecutive vertebrae, the IVD and the EP between them, the facet 

joints, and the integrating ligaments (Figure 1) (Agur & Dalley, 2017; Moore, 

2006a). 

Fig. 1. Left: Schematic lateral view of the lumbar motion segment. Right: Cross-

sectional view seen caudally from the disc level. 
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The subcostal and lumbar arteries are the most important arteries for the circulation 

of the lumbar spine. The lower part of the lumbar spine is supplied by the branches 

of the middle sacral artery and iliolumbar arteries. The venous plexuses are located 

both inside and outside of the vertebral canal, and drain the spinal veins. Vertebrae 

are innervated by the meningeal branches of spinal nerves. The spine is the central 

weight-bearing bony structure and experiences extensive forces. The muscles 

around the lumbar spine help maintain posture and distribute the force of the body’s 

weight. The spinal muscles are divided into the extrinsic and intrinsic back muscle 

groups. Muscle attachments of the erector spinae, interspinales, intertransversarii, 

latissimus dorsi, rotatores and serratus posterior inferior are in the lumbar vertebrae 

(Agur & Dalley, 2017). 

The major functions of the lumbar spine involve heavy axial load bearing, 

protection of the spinal cord and nerve roots, and bending or torsion of the trunk. 

Thus, the lumbar spine provides great stability while maintaining the mobility of 

the trunk around the hips and the pelvis (Boszczyk, Boszczyk, & Putz, 2001). 

2.1.1 Vertebra 

The five lumbar vertebrae are indicated as L1–L5. A vertebra are is formed by a 

vertebral body, a posterior vertebral arch and seven processes. The parts that form 

the arch are the pedicles and the laminae. The processes are the superior articular 

processes, the inferior articular processes, the transverse processes and a spinous 

process. All processes except the spinous process appear in pairs. Most of the axial 

force is directed towards the body of the vertebra. The size of the vertebral bodies 

expand as the spinal column descends from the base of the skull to the sacrum. The 

inner portion of the vertebral body is composed of trabecular bone which contains 

the red BM. The trabecular bone is surrounded by a thin external layer of compact 

cortical bone. The spinal canal, which covers the spinal cord and the nerve roots, is 

formed by the posterior arch and the posterior edge of the vertebral body (Agur & 

Dalley, 2017; Bogduk, Nikolai, 2012). 

The BM of the vertebrae is hematopoietic. It provides the optimal supply of 

circulating platelets and blood cells to ensure the functions of coagulation, 

immunity and oxygenation. Two types of BM exist in the lumbar spine: red and 

yellow (Tall, Thompson, Vertinsky, & Palka, 2007; Wei & Siegal, 2013). Highly 

cellular red BM is haematopoietically active, and contains about 40% water, 40% 

fat and 20% protein. Fat-rich yellow BM is haematopoietically inactive, and 

contains about 15% water, 80% fat and 5% protein. The MRI appearances of the 
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yellow and red BM are different because of their different chemical compositions 

(Vanel, Dromain, & Tardivon, 2000; Vogler & Murphy, 1988). The distribution of 

BM components is age -related. In adults, the haematopoietic BM is centred in a 

proximal distribution within the axial skeleton. The amount of fatty BM increases 

with growing age (Tall et al., 2007; Wei & Siegal, 2013).  

2.1.2 Intervertebral disc 

The vertebrae in the lumbar spine are separated by IVDs. IVD represents the 

surrounding two vertebrae from above and below (e.g. L3–L4 or L3/L4), and is 

responsible for about 25% of the total length of the lumbar spine. The important 

functions of IVD include load cushioning, stress reduction and shock absorbing of 

impacts, weight dispersion, allowing for movement of vertebrae, and providing a 

passage for nutrients and fluid to the spine and spinal cord. The flexibility of the 

lumbar spine mostly originates from the IVD, as it allows bending, flexion and 

torsion. At the same time, IVD also provides stability for the lumbar spine (Humzah 

& Soames, 1988; Urban & Roberts, 2003a).   

IVD has a complex structure consisting of three components: a thick outer ring 

of annulus fibrosus (AF), a core called nucleus pulposus (NP), and the vertebral EP 

at the border of the IVD and the vertebra. These three parts of the IVD give 

structural and mechanical integrity to the organ and give rise to the characteristic 

anatomical and physiological properties of IVD. IVD lacks blood vessels 

throughout its internal sections and is therefore avascular tissue, the largest in the 

human body. Nutrition occurs via two routes: from the vessels that reach the 

outermost layers of the IVD, and via passive diffusion (Raj, 2008). 

The AF is a fibrocartilaginous tissue. It is composed of concentric collagen 

fibre lamellae, which surround the NP. The collagen fibre angles of the different 

lamellae alternate, which strengthens the structure (Figure 2) (Smith & Fazzalari, 

2009). The AF is divided into two main sections, the inner and outer AF. The major 

component of the AF is water. Water makes up 70–78% of the wet weight of the 

inner layer and 55–65% of the outer layer. Other components include collagens 

type I and type II (25–40% of dry weight of inner and 60–70% of outer layer), 

proteoglycans (11–20% of dry weight of inner and 5–8% of outer layer), and other 

minor proteins (Galante, 1967; Raj, 2008).  

The NP is located in the middle of the IVD. The AF surrounds it and keeps it 

from extruding into the spinal canal. The structure of the NP is composed of a 

proteoglycan hydrogel (50% dry weight), which contains randomly organized 
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collagen type II fibres (15–20% dry weight) and radially arranged elastin fibres. 

Chondrocyte-like cells are also sparsely interposed in the hydrogel. The main 

substance of the NP is water (80–90% of total) (Perie, Maclean, Owen, & Iatridis, 

2006; Raj, 2008). The NP takes part in dispersing the compressive load, absorbing 

compressive forces, and keeping the inner disc swollen for necessary internal 

pressure (Iatridis, Setton, Weidenbaum, & Mow, 1997).  

Fig. 2. Schematic illustration of multilamellar structure of intervertebral disc with 

alternating fibre angles of lamellae. 

The posterior and some of the posterolateral aspects of the IVD are innervated by 

the recurrent sinuvertebral nerve. This branches off the dorsal root ganglion 

extending from the spinal cord. Also branches from the adjacent ventral primary 

rami and from the grey rami communicantes innervate parts of the posterolateral 

aspects of the IVD. The lateral parts of the IVD are also innervated by the branches 

from the rami communicantes. The anterior aspects of the IVD receive innervation 

by recurrent branches of the rami communicantes (Bogduk, N., Tynan, & Wilson, 

1981). In a healthy individual, the sensory nerve endings of the IVD can only be 

found on the superficial layers of the AF. Nerve endings extend about 3 mm into 

the IVD (Edgar, 2007). However, with ageing and degeneration, the nerves can 

grow deeper into the IVD. This neoinnervation results from granulation tissue, 

which grows in the IVD. Thus, at least middle and inner AF may be innervated. 

There may even be nerve endings in the NP. As innervation progresses, problems 
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can arise in the form of LBP when the IVD and the nerves are exposed to pressure 

(Binch et al., 2015; Freemont et al., 1997). 

The IVD is the largest avascular structure in the body. The IVD of a healthy 

adult has only a few superficial microvessels. In the earlier stages of skeletal 

development, blood vessels are present in the IVD, excluding (mostly) the NP. 

Along with skeletal maturation, the blood vessels within the IVD start to reduce 

and migrate to the outer parts of the AF. Finally, the vessels remain in the outer AF 

and EP (Rudert & Tillmann, 1993). In adult humans, diffusion through the EP and 

AF is the main nutrition pathway for IVD cells. Because of this reduced nutrient 

supply, the regeneration potential of the IVD also decreases and it is vulnerable to 

degeneration. This leads to low structural and functional restoration properties of 

the IVD tissue during ageing (Nerlich, Schaaf, Walchli, & Boos, 2007). 

2.1.3 Vertebral endplate 

Vertebral EPs are located at the top and bottom of the IVD in the interface of the 

vertebra and the IVD. The vertebral EP has a hyaline cartilage and osseous 

components (Moore, 2006a; Rodriguez et al., 2012). The EP creates mechanical 

interlocking between the IVD and the vertebra. Its main function is to act as an 

interface between the hard cortical bone surface of the vertebra and the softer AF 

of the IVD. The EP keeps the NP pressurized and acts as a barrier, keeping the NP 

from bulging into the trabecular bone of the vertebrae (Figure 3). Vertebral EPs are 

the strongest part of the IVD (Moore, 2000). Another important role of the EP is to 

function as the main transporter of oxygen and nutrients to the IVD. This function 

offers the IVD the required components to keep the cells alive and prolongs the 

beginning of degeneration (Lotz, Fields, & Liebenberg, 2013).  

The hyaline cartilage of the vertebral EP and NP contain similar 

macromolecules in their extracellular matrix (ECM), but the ratios of proteoglycan 

to collagen content are clearly different. The typical ratio of glycosaminoglycan to 

collagen in the EP is roughly 2:1, whereas in the NP it is 27:1. This establishes 

higher mechanical properties for the EP (Mwale, Roughley, & Antoniou, 2004). In 

comparison to the AF, the EP has densely arranged fine collagen fibres similar to 

the NP, whereas AF has large collagen fibre bundles. The major collagen type in 

the hyaline cartilage of the EP is type II. Type I, III, V, VI, IX, and XI collagens are 

present in smaller quantities (Miller & Rhodes, 1982; Pattappa et al., 2012; Sophia 

Fox, Bedi, & Rodeo, 2009).  
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The thickness of the vertebral EP is usually under 1.0 mm. Two main structures 

can be observed: the collagen fibres of the cartilaginous section (thickness ~0.1 to 

0.2 mm) and the bony layer of the vertebral section (thickness ~0.2 to 0.8 mm). The 

cartilaginous section connects to the AF and the bony section connects to the 

vertebrae (Raj, 2008). The EP covers the whole surface area above and below the 

IVD. The thickness of the EP varies across the width of the IVD. Generally, the 

thinnest part is in the central region adjacent to the NP. For this reason, the central 

area of the EP is primarily the weakest (Moore, 2006b; Rodriguez et al., 2012). 

Fig. 3. Schematic illustration of the discovertebral junction and close-up of the 

intersection of the annulus fibrosus (AF), nucleus pulposus (NP), endplate (EP) and 

vertebral body (VB).  

2.2 Disc degeneration 

The aetiology of DD is multifactorial. Normal ageing degenerates the tissues in the 

human body, but this ageing process does not necessarily cause symptoms. One 

suggested definition of DD is: ‘disc degeneration is an aberrant cell-mediated 

response to progressive structural failure’ (Adams & Roughley, 2006). It has been 

proposed that DD evolves through nutritional disruption and structural failure 

(Rajasekaran, Venkatadass, Naresh Babu, Ganesh, & Shetty, 2008). At least age, 

impaired nutrition, a history of physical loading, genetic inheritance and cigarette 

smoking play a role in the development of DD (Adams & Roughley, 2006; Battie 

et al., 1991; Kauppila, 2009; Videman et al., 1995). Even single hyperphysiological 
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mechanical compression of a healthy IVD can induce mechanical and biochemical 

processes that lead to degeneration (Alkhatib et al., 2014). 

It is estimated that genetic inheritance explains 50–70% of the variability of 

DD among individuals (Battie, Videman, Levalahti, Gill, & Kaprio, 2008). The 

composition of the ECM of the AF determines for its part the strength of the IVD. 

The production of ECM molecules such as aggrecan, cartilage intermediate layer 

protein, collagen type I and IX, matrix metallopeptidase-3, and vitamin D receptor 

are regulated by the respective genes (Chan, Song, Sham, & Cheung, 2006). 

Lumbar DD may already be present in the second decade (Urban & Roberts, 2003b). 

However, DD is manifested more universally in individuals from their fourth 

decade onwards. The lower lumbar spine is the most common location of DD 

(Battie et al., 2008; Buckwalter, 1995).  

Approximately 20% of the population can show minor signs of DD before the 

second decade of life. As the innervation of the disc progresses, the likelihood of 

low back symptoms increases with age. However, DD is also prevalent among 

asymptomatic subjects. According to a meta-analysis of asymptomatic individuals, 

the prevalence of DD is 37% among 20-year-olds and 96% among 80-year-olds 

(Brinjikji et al., 2015). 

DD affects tissues in several ways. The IVD undergoes alterations in volume, 

shape, structure, and composition. As a result, the biomechanical properties of the 

tissues of the NP and AF are weakened, which alters the biomechanics of the spine 

(Buckwalter, 1995). Due to the compositional changes in collagen, proteoglycan 

and water content, the volume and swelling ability of the NP decreases. In the AF, 

tears and fissures form in the multilayered collagenous structure. After this, clefts 

develop, especially in the NP. Consequently, the tissue morphology of the IVD 

becomes progressively disorganized. Weakened structural properties predispose the 

IVD to displacements of different degrees, from bulging to sequestration (Inoue & 

Espinoza Orias, 2011).  

In addition to structural changes, biochemical changes occur in the IVD. These 

include a decrease in proteoglycan content, mucous degeneration, cell proliferation 

and death, an increase in collagen fibril cross-linking, granular changes, and 

concentric tears in the annulus. This results in the development of clusters of living, 

necrotic and apoptotic cells. Over 50% of cells in adult IVDs are necrotic (Urban 

& Roberts, 2003b). Proinflammatory cytokine expression is also connected to IVD 

degeneration. Interleukin-1 (IL-1) is believed to play a significant role in this 

process (Le Maitre, Freemont, & Hoyland, 2005; Le Maitre, Hoyland, & Freemont, 

2007; Risbud & Shapiro, 2014; Roberts, Sally, Evans, Trivedi, & Menage, 2006; 
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Seguin, Pilliar, Roughley, & Kandel, 2005; Wang, Z. et al., 2016). As a result of 

chemokine upregulation, immune cells are activated, which infiltrate the site of 

damage and induce an inflammatory cascade (Risbud & Shapiro, 2014). An animal 

model has shown that a repeated stab injury to IVD leads to persistent inflammation 

and development of DD (Ulrich, Liebenberg, Thuillier, & Lotz, 2007).  

Compositional and structural degeneration changes progress over time and 

become increasingly apparent. MRI can detect these structural changes, examine 

their status and degree and classify them using the magnetic resonance 

classification system’s grades of I to V. The grading is based on IVD structure, 

signal intensity (SI), distinction between the NP and AF, and the height of the IVD 

(Pfirrmann, Metzdorf, Zanetti, Hodler, & Boos, 2001).  

2.3 Vertebral endplate degeneration 

Vertebral EP undergo deformation and degenerative changes over time. These 

changes include an increase in porosity, flattening of the natural curvature and a 

decrease in thickness up to 50% (Lotz et al., 2013; Rodriguez et al., 2012). It is 

suggested that the EP is the weakest point of the motion segment, thus placing it at 

risk of mechanical failure (Adams & Roughley, 2006; Brinckmann, 1986; 

Rajasekaran et al., 2008). As a consequence of the failure in the EP cartilage, 

diffusion to the IVD changes (Rajasekaran et al., 2004). Progressive structural 

destruction to the IVD is manifested even after minor EP damage (Adams, Freeman, 

Morrison, Nelson, & Dolan, 2000). Calcification of the EP has also been observed 

to disrupt the nutrition of the IVD (Benneker, Heini, Alini, Anderson, & Ito, 2005). 

Structural failure leads to altered compressive stress in the IVD and this provokes 

further nutritional disturbances, especially in the NP. Increasing nutritional 

impairment creates progressive degenerative changes in the IVD (Rodriguez et al., 

2012; Wang, Y., Videman, & Battie, 2012).  

2.3.1 Morphologic changes 

Degenerative changes in the EP are age-related. They increase with advancing age 

and are connected to DD. EP changes precede intradiscal changes (Boos et al., 

2002). The first signs of structural changes in EP, cracks and reduced vascularity, 

are noted during the first decade of human life. Blood vessels and their channels 

vanish at the end of the second decade (Boos et al., 2002; Coventry, Ghormley, & 

Kernohan, 1945). Some minor  vascularity remains in the outer parts of the annular 
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lamellae (Kauppila, 1995; Moore, Osti, Vernon-Roberts, & Fraser, 1992). From 

here on, cartilage cracks and microfractures of the subchondral bone with new bone 

formation appear. The degenerative changes in the EP from the third decade 

onwards resemble the changes in younger age groups. However, they increase in 

size and number. Decreased vertebral strength and density due to the change in size 

and pattern of trabeculae start in the fourth decade (Mazess, 1982). Structural 

incoherence of the EP as a sign of advanced degeneration is seen in the fourth and 

fifth decades. The sixth and seventh decades bring the most severe degenerative 

transformation, involving microfractures and bone sclerosis (Boos et al., 2002). 

Finally, calcification, extensive defects and scar formation occur (Bernick & 

Cailliet, 1982; Boos et al., 2002; Coventry et al., 1945). 

2.3.2 Biochemical changes 

The normal biochemical composition of the EP provides the foundation for intact 

IVD (Roberts, S., Urban, Evans, & Eisenstein, 1996). The proteoglycan molecules 

of the ECM are highly significant in controlling solute transport. They also sustain 

the water content inside the IVD. A loss of proteoglycan is one of the main 

components in the degenerative changes in EP composition (Roberts, S., Menage, 

& Urban, 1989). This degradation loosens the exchange of substances between the 

IVD and EP, and leads to a diminished amount of proteoglycans in the NP (Roberts, 

S. et al., 1996). DD follows the loss of proteoglycans from EP (Pearce, Grimmer, 

& Adams, 1987). One of the main elements behind the proteoglycan downfall may 

be increased calcium ion (Ca2+) content in the EP tissues. Elevated levels of Ca2+ 

decrease collagen and proteoglycan synthesis in the EP cell cultures. This 

interaction is based on the activation of the extracellular calcium-sensing receptor. 

Ca2+ also stimulates the cleavage of aggrecan by ADAMTS5 (a member of a 

‘disintegrin and metalloproteinase with thrombospondin motifs‘ protein family). 

This suggests that higher Ca2+ levels could advance EP degeneration through 

enhanced activity of this aggrecanase (Grant et al., 2016). Reduced proteoglycan 

concentration and progressed calcification diminish tissue hydration and disrupt the 

diffusion of the nutrients into the IVD. The altered flow of substances between the 

EP and IVD may let harmful ingredients such as cytokines or enzymes in to the 

IVD (Pearce et al., 1987). Of the collagen family, type X is perhaps the most 

important representative in the EP as it is linked to hypertrophic chondrocytes and  

cartilage calcification (Aigner, Gresk-otter, Fairbank, von der Mark, & Urban, 

1998). Type II is another important collagen, as inhibition of its gene allele in young 
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mice leads to lower glycosaminoglycan concentration in the EP, and a calcified, 

thick and irregular EP structure (Sahlman et al., 2001). The fat content of the BM 

in the spine increases with growing age (Ricci et al., 1990; Tall et al., 2007). DD is 

often accompanied by changes in the BM adjacent to the EP. Three types of these 

changes have been represented (Modic et al., 1988). The characteristics of these 

BM changes are described in detail later in this doctoral thesis. 

2.4 Imaging of the lumbar spine 

2.4.1 MRI 

The main component of human body tissues is water. The physics of medical MRI 

is based on the magnetic properties of water-rich tissues. The first MRI examination 

of the human body was performed in 1977 (Mansfield & Maudsley, 1977). The 

method has progressed tremendously since then, and Lautebur and Mansfield were 

awarded with the Nobel Prize in 2003 for their MRI-related discoveries (Riederer, 

2004).  

MRI is the method of choice for examining morphological changes in the 

tissues of the lumbar spine. The soft tissue contrast of MRI is superior to that in 

other imaging modalities. The multiplanar capability of MRI makes it a versatile 

tool for examining the complex structure of the lumbar spine. MRI is also 

considered a safe and non-radiative imaging method (Modic et al., 1988; Tall et al., 

2007; Vanel et al., 2000). One of the most fundamental indications of lumbar spine 

MRI is LBP. Clinicians seek degenerative changes such as disc extrusion with nerve 

root impingement (Roudsari & Jarvik, 2010). Other possible reasons for referral to 

a lumbar MRI include a suspicion of spinal stenosis, infection, inflammatory 

disease, tumours and fractures (Bennett et al., 2009; de Graaf et al., 2006; 

Provenzale, 2007; Siemionow, Steinmetz, Bell, Ilaslan, & McLain, 2008; Tins, 

Cassar-Pullicino, & Lalam, 2007).   

Standard sequences of the lumbar spine MRI include T1- and T2-weighted 

images (T1WI and T2WI) on sagittal and axial planes, and often fat-saturated T2WI 

or short tau inversion recovery (STIR) images in the sagittal or coronal plane 

(Mirowitz, Reinus, & Hammerman, 1994; Tall et al., 2007). The vertebral EP and 

IVD are well visualized by sagittal and axial T1- and T2WI (Beattie, 2008). The 

more fibrous outer part of the AF is clearly differentiated from the more watery 
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inner part of the AF and NP by T2WI. Fibrous tissue gives a low signal for T2WI, 

whereas a more watery content gives a higher signal (Cousins & Haughton, 2009).  

Based on the patient’s age and other factors, BM normally consists of a 

combination of red hematopoietic marrow, yellow fatty marrow and trabeculae in 

variable proportions. This combination of BM components is reflected in MRI 

(Ricci et al., 1990; Shah & Hanrahan, 2011; Tall et al., 2007). T1WI effectively 

differentiate between red and yellow BM. The SI of the yellow BM is hyperintense 

in T1WI, whereas the SI of the red BM is considerably reduced. The relative 

differences in fat and water content in red and yellow BM explain these differences 

in SI (Hanrahan & Shah, 2011). For T1WI, both spin echo and fluid-attenuated 

inversion recovery (FLAIR) sequences can be used to examine the vertebral BM 

(Erdem, Erdem, Acikgoz, & Gundogdu, 2005; Melhem, Israel, Eustace, & Jara, 

1997). Many types of BM pathology manifest as increased vascularity, cellularity 

or fluid content, which is distinctly reflected as increased SI in fluid-sensitive MRI 

sequences. Especially useful sequences are the T2W fast spin echo (FSE) with fat-

saturation and STIR sequences, which are highly sensitive to detecting oedemic 

BM pathology (Gerdes, Kijowski, & Reeder, 2007; Mirowitz et al., 1994; Tall et 

al., 2007).  

Contrast media can be utilized in MRI to examine tissues with increased 

metabolic activity or vascularity. A medium that is used in MRI may be either a 

general marker for all tissues, or organ or tissue specific (Niemi, 1991). I.v. 

gadolinium-enhanced images are practical for evaluating the paraspinal soft tissues 

and the enhancement of the IVD in, for example, cases of infection (Van Goethem 

et al., 2000), but are not part of the routine imaging protocol concerning vertebral 

BM (Tall et al., 2007). Semi-quantitative assessment of conventional and contrast-

enhanced MRI offers a method for differentiating MC types from each other. This 

could be used in clinical studies to standardize and increase repeatability. (Tibiletti 

et al., 2017). More recent MRI-based imaging techniques are magnetic resonance 

spectroscopy, diffusion-weighted MRI (DWI), magnetic resonance neurography 

and ultrashort time-to-echo MRI (UTE) (Figure 4). These might be used to 

differentiate painful IVD, to assess EP morphology, or to monitor the treatment 

response of musculoskeletal tumours (Chen, K. C. et al., 2016; Dallaudiere et al., 

2015; Filler, Maravilla, & Tsuruda, 2004; Niinimaki et al., 2009). The field strength 

of clinical MRI scanners varies between 0.25 and 3Tesla (T). The field strength of 

the scanner might have at least some influence on imaging findings in lumbar MRI 

(Bendix et al., 2012; Hansen et al., 2019). 
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Fig. 4. Image of ultrashort time-to-echo sequence showing cartilaginous vertebral 

endplate (arrows) delineated from the disc and bony vertebral body (Chen, K. C. et al., 

2016, published with permission from Springer Nature). 

2.4.2 Bone scintigraphy 

Bone scintigraphy is a functional method of nuclear imaging of the skeleton. It uses 

radioactive nuclides and is based on the uptake of 99mTechnetium (99mTc) -labelled 

diphosphonates into the bones (Subramanian, McAfee, Blair, Kallfelz, & Thomas, 

1975). The uptake intensity of the labelled diphosphonates is associated with the 

degree of bone blood flow, and more specifically with osteoblast activity. Thus, 

bone scintigraphy is a highly sensitive method for detecting spinal pathology. It is 

an accepted method for examining the abnormalities of the vertebral body (Collier, 

Fogelman, & Brown, 1993; Malham et al., 2015). Bone disorder, like fractures, 

inflammation, infection or metastasis, shows a focally increased uptake of the 

bone-seeking radiopharmaceutical (Kanstrup, 1997; Leffers & Collins, 2009).  

Bone scintigraphy may be applied together with MRI in the evaluation of a patient 

with LBP (Mulconrey et al., 2006). As a two-dimensional method, the spatial 

resolution of the scintigraphy is relatively weak, and its disadvantage is low 

specificity for spinal anatomy. The low anatomical specificity of bone scintigraphy 

can be improved by single-positron emission computed tomography (SPECT), 

which is also radionuclide imaging and comparable to bone scintigraphy, but 

provides tomographic 3D information. Further, SPECT with combined computed 
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tomography (SPECT-CT) provides even more detailed anatomic information 

(Even-Sapir et al., 2006; Malham et al., 2015).  

The association between MC and bone scintigraphy has remained unknown 

and only a few studies deal with this issue. Increased tracer uptake in SPECT 

images is linked to MC1 and MC2 without specifying possible differences between 

the Modic types (Lusins, Cicoria, & Goldsmith, 1998). It was earlier suggested that 

the presence of MC in MRI findings render an accurate prediction of bone 

scintigraphy changes possible (Mulconrey et al., 2006), but more recently a study 

concluded that MC1 and severe DD were the most accurate predictors of positive 

SPECT/CT findings (Russo et al., 2017).  

2.5 Lumbar Modic change  

2.5.1 Definition 

MC are vertebral BM changes observed in MRI. They are suggested to be a 

phenotype of DD. De Roos et al. and Modic et al. introduced DD-related vertebral 

BM changes in the late 1980s, and the latter classified them into two groups (de 

Roos et al., 1987; Modic et al., 1988). Based on MRI signal intensities in T1- and 

T2WIs, MC were classified as MC1 and MC2. Later, MC3 was additionally 

introduced to the classification (Modic et al., 1988; Modic et al., 1988). Table 1 

presents the signal characteristics of different MC types in MRI and the histological 

changes they reflect. 

Table 1. Signal intensity (SI) of different Modic change (MC) types in magnetic 

resonance imaging, and their histology. 

MC type SI Histology 

T1 T2 

MC1 low        high Fibrovascular tissue 

MC2 high       high Fatty replacement 

MC3 low        low Increased bone volume fraction and trabecular thickness 

Modic types can also blend together as mixed types 1/2, 1/3 and 2/3 (MC1/2, 

MC1/3 and MC 2/3, respectively). The different MC types most likely represent 

different stages of the same process related to the degenerative IVD next to EP. 

Certain MC types can transform into others (Braithwaite, White, Saifuddin, Renton, 

& Taylor, 1998; Perilli et al., 2015).  
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MC1 appears as low SI in T1WI and high SI in T2WI. It is a sign of an active 

degeneration process. It shows disruption and fissuring of the EP, fibrovascular 

tissue proliferation and high bone turnover in the specimens. MC2 appears as high 

SI in both T1- and T2WI. It represents a more stable and chronic phase of the 

degeneration process. MC2 shows fatty replacement and decreased bone formation 

in BM specimens. MC3 appears as low signal SI in both T1- and T2WI. It was 

originally linked to bone sclerosis in x-rays, but later more specifically to increased 

bone volume fraction and trabecular thickness in BM specimens. MC3 may be the 

silent, final phase of the degeneration process in some cases, but it also seems to be 

part of the process in earlier phases and probably reflects bone mineralization 

(Kuisma et al., 2009; Modic et al., 1988; Perilli et al., 2015; Xu, Chu, Feng, Xu, & 

Zou, 2016a). It can also be more metabolically active than earlier assumed. It may 

appear as elevated tracer uptake in nuclear imaging (Russo et al., 2017). Figure 5 

presents the MRI appearance of MC1, MC2 and MC3 in T1- and T2WI. 

2.5.2 Distribution and prevalence 

The most common location of MC is the lower lumbar spine, more accurately L4/5 

and L5/S1 (Karchevsky et al., 2005; Kuisma et al., 2006; Modic et al., 1988). Often  

MC cover the entire antero-posterior length of the vertebra and are spread in both 

rostral and caudal EP around the affected IVD (Kuisma et al., 2006; Luoma, 

Vehmas, Grönblad, Kerttula, & Kääpä, 2008; Wang, Y. et al., 2012). When the MC 

is positioned in the upper lumbar spine, it tends to be smaller and ventrally  situated 

(Jensen, T. S. et al., 2009a; Kuisma et al., 2006). MC can also occur in the thoracic 

and cervical spine, but prevalence of this is lower than in the lumbar spine (Girard, 

Schweitzer, Morrison, Parellada, & Carrino, 2004; Peterson, Humphreys, & Pringle, 

2007).  

Several studies have estimated the prevalence of MC. Prevalence varies 

between studies, depending on the study population and the age group of the sample. 

Among 13-year-old children the reported prevalence was 0.5% (Kjaer, Leboeuf-

Yde, Sorensen, & Bendix, 2005). In a middle-aged group of chronic LBP patients 

the prevalence of MC was 81% (Arana et al., 2011). In a non-clinical population, 

the median prevalence was as low as 6%, but among patients suffering LBP, 43% 

(Jensen, T. S., Karppinen, Sorensen, Niinimäki, & Leboeuf-Yde, 2008).  
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Fig. 5. T1- and T2-weighted magnetic resonance images of A) MC1, B) MC2, and C) MC3. 

MC are highlighted by dashed lines. 
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Traditionally, MC2 has shown to be the most common type of MC (Arana et 

al., 2011; Arnbak et al., 2016; Cevik & Yilmaz, 2020; Teichtahl et al., 2017), but 

some studies have declared MC1 as the most prevailing (Jensen, T. S. et al., 2009b; 

Martinez-Quinones, Aso-Escario, Gonzalez-Garcia, Consolini, & Arregui-Calvo, 

2017). The prevalence of MC3 has been constantly reported as very low and the 

lowest among MC (Jensen, T. S. et al., 2008)  

Among demographic, lifestyle and occupational factors, age is the only 

confounder that constantly associates with MC (Jensen, R. K. et al., 2012; Kuisma 

et al., 2006; Mok et al., 2016; Wang, Y. et al., 2012). Although factors such as heavy 

physical work (Kjaer, Korsholm, Bendix, Sorensen, & Leboeuf-Yde, 2006), male 

gender (Arana et al., 2011; Karchevsky et al., 2005), obesity (Arana et al., 2011; 

Kuisma et al., 2008; Wu et al., 2012), previous lumbar injury (Mok et al., 2016) 

and smoking (Kjaer et al., 2006; Wu et al., 2012) have been linked to MC, firm 

evidence is still lacking. Gender, high physical leisure or work activity, elevated 

body mass index (BMI), or smoking did not precede new MC in a population-based 

study (Jensen, Tue Secher et al., 2010). 

2.5.3 Pathogenesis 

The exact aetiology of MC remains unclear. In terms of aetiological factors and 

phenotypes, MC seems to resemble BM lesions in knee osteoarthritis (Dudli, Fields, 

Samartzis, Karppinen, & Lotz, 2016; Perilli et al., 2015). DD and MC have been 

closely and consistently linked together since the original study by Modic et al. 

(Modic et al., 1988). However, the low sensitivity of MC to DD signifies that DD 

alone is not usually enough to initiate MC (Kjaer et al., 2006). In his brilliant theory, 

Crock suggested the concept of internal disc disruption. Repeated trauma to the 

IVD could result in the production of chemical substances in the NP. Diffusion of 

such toxic chemicals through the vertebral EP might induce a local inflammatory 

reaction (Crock, 1970; Crock, 1986). MC appear to be a reactive tissue response to 

DD in BM (Perilli et al., 2015). The individual’s susceptibility to developing MC 

is suggested to depend on three factors: structural disruption of the IVD and EP, 

inflammatory potential of the IVD, and the capacity of the BM to respond to higher 

inflammatory stimuli (Dudli et al., 2016). In addition to a mechanical–chemical 

pathway of MC pathogenesis, an infective trigger has also been suggested (Albert, 

Manniche, Sorensen, & Deleuran, 2008; Albert et al., 2008b).  
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Biomechanical considerations 

The EP is vulnerable to structural failure under compression and especially tension 

forces (Adams & Roughley, 2006; Adams et al., 2000; Brinckmann, 1986; Fields, 

Lee, & Keaveny, 2010; Rajasekaran et al., 2008). Slight structural changes in the 

vertebral motion segment expose to micro-instability. This may modify the 

biomechanics of the motion segment and induce EP microfractures (Adams & 

Roughley, 2006; Adams et al., 2000).  

An EP failure is proposed to be a predisposing state for MC. If the healing 

response is effective, damage may be healed, or at least active stimulus may subside. 

If the healing response fails, the stimulus continues, which is a pathway to MC 

phenotype. The simultaneous continuation of a healing response and a constant 

stimulus leads to repeated damage and to an impaired healing response. This is 

represented as chronic inflammation, high bone turnover, and fibrosis, which are 

the three pathobiological mainstays of MC (Dudli et al., 2016). EP damage has 

shown to appear together with MC and they are a predictive element of future MC 

(Määtta et al., 2018; Modic et al., 1988; Weiner et al., 2015).  

Biochemical considerations 

Biomechanical and biochemical pathways are most likely interrelated and 

contributory factors in the pathogenesis of MC. In the work of Ulrich et al. (2007), 

repeated trauma to the discs led to persistent inflammation with elevated levels of 

several cytokines, and consequently to DD. Ohtori et al. (2006) reported that the 

EP adjacent to the BM with MC1 or MC2 contained more protein-gene-product 

9.5-immunoreactive nerve fibres and TNF-α immunoreactive cells than the EP 

adjacent to the BM without MC. In addition, the amount of TNF-α immunoreactive 

cells in the EP adjacent to the BM with MC1 increased compared to the EP adjacent 

to the BM with MC2 (Ohtori et al., 2006). Elevated concentrations of cytokines 

and osteoclast stimulating factors are measured from the IVD adjacent to MC 

(Chen, S. et al., 2014; Torkki et al., 2016). Structural damage of the discovertebral 

junction may allow cytokines to leak through the EP from the disc into the BM 

(Torkki et al., 2016). Cytokines disrupt the cellular composition of the BM and 

change trabecular bone mass (Dudli et al., 2016). Elevated concentrations of high-

sensitivity C-reactive protein have been identified in the serum of patients with 

chronic LBP and MC1 (Rannou et al., 2007). Raised levels of proinflammatory 

mediators, such as interleukin-6 (IL-6) and prostaglandin E2 (PGE-2), have been 
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found in the isolated IVD tissue of patients undergoing fusion for discogenic LBP 

in comparison with patients undergoing discectomy for sciatica (Burke et al., 2002). 

Another hypothesis is based on autoimmune response. Structural IVD and EP 

damage result in the relocation of NP to BM, exposing it to the individual’s own 

immune system. An autoimmune response would triggered by this foreign tissue 

(Geiss, Larsson, Junevik, Rydevik, & Olmarker, 2009).  

Infection 

A slowly developing infection due to low virulent anaerobic bacteria has been 

suggested as the major aetiological factor for MC (Albert et al., 2008; Albert et al., 

2013). In a study by Stirling et al. (2001), 53% of surgical lumbar IVD herniation 

specimens showed positive bacterial culture. The main microbes were 

Cutibacterium acnes (CA, formerly Propionibacterium acnes) and 

Corynebacterium propinquum, which are found on the skin and in oral cavities in 

healthy individuals. These can infiltrate the blood vessels through tiny wounds, 

formed during teeth brushing, for example. Entry into the IVD could also be 

possible through peripheral IVD damage and herniation (Bhanji, Williams, Sheller, 

Elwood, & Mancl, 2002; Stirling, Worthington, Rafiq, Lambert, & Elliott, 2001). 

The IVD has a low pH and near anaerobic environment, which is an ideal culture 

medium for anaerobic CA (Urquhart et al., 2015). Bacteria secrete endotoxins, 

which induces IVD cells to release IL-6, IL-8 and PGE-2 (Burke et al., 2003). MC1 

could be an inflammatory reaction of the BM to the constant secretion of cytokines 

and bacterial metabolites from the IVD (Albert et al., 2008).  

Research activity around the infective hypothesis has been intense in recent 

years. Several studies have yielded conflicting results concerning the relationship 

between MC and infection. Strong proof of the role of microbes in MC 

pathogenesis is lacking (Ahmed-Yahia et al., 2019; Albert et al., 2008; Albert et al., 

2008a; Albert et al., 2013; Albert, Sorensen, Christensen, & Manniche, 2013a; 

Bråten et al., 2019; Chen, Z. et al., 2016; Drago et al., 2017; Dudli et al., 2016; 

Dudli, Miller, Demir-Deviren, & Lotz, 2018; Magnitsky et al., 2018; Rigal et al., 

2016; Shan, Zhang, Li, Yu, Liu et al., 2017; Shan, Zhang, Li, Yu, Mamuti et al., 

2017; Wedderkopp et al., 2009; Zamora et al., 2017). 

Altogether, the presence of low virulent bacteria in the IVD is relatively 

common. Based on a review of 16 studies between 2001 and 2018, the pooled 

proportion of the positive bacterial culture in IVD specimens was 25.3%. The most 

prevalent bacterium was CA, its proportion of all bacteria being 56.4%. In the 
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culture-positive IVD, the pooled rate of CA infection was 15.5%. The odds ratio of 

MC in culture-positive samples was 1.27, which indicates that the presence of 

bacteria may contribute to the development of MC. However, the result did not 

reach a significant level. This indicates that further high-quality research must be 

conducted to confirm the role of bacteria in the pathogenesis of MC (Jiao et al., 

2019).  

2.5.4 Natural course 

It is suspected that the natural course of MC follows a certain evolutional pathway 

and that different MC types represent stages of the same pathological process. This 

pathway is MC1 > MC2 > MC3. Mixed MC express the intermediate stage of the 

process (Jensen, R. K. et al., 2012; Kuisma et al., 2006; Mitra, Cassar-Pullicino, & 

McCall, 2004; Modic et al., 1988). However, the process is not a linear or 

unidirectional pathway. MC types can also develop in the opposite direction and 

disappear entirely (Cevik & Yilmaz, 2020; Jensen, R. K. et al., 2012; Jensen, T. S. 

et al., 2009a; Zhang, Zhao, Jiang, Chen, & Dai, 2008). The temporal development 

of MC is most likely a slow process and may take years (Albert et al., 2008b; Mitra 

et al., 2004). Some studies have shown extensive MC to be more stable (Jensen, R. 

K. et al., 2012; Jensen, T. S. et al., 2009b).  

2.5.5 Differential diagnosis 

MC2 has the signal characteristics of fat (Modic et al., 1988). Takin this into 

account, and the fact that MC are invariably in contact with EP, MC2 are fairly easy 

to diagnose from MRI. MC1 appear with signal changes that resemble BM oedema 

(Modic et al., 1988). This creates a challenge in contrast with other diagnoses with 

oedematous appearance such as trauma, infection or inflammation (Green & 

Saifuddin, 2004; Hong et al., 2009; Kumar et al., 2017; Morales, 2018). A 

radiologist must always acknowledge the clinical and laboratory data in medical 

imaging diagnostics. The data provided by the clinician in the prescription may 

offer a clue to the correct diagnosis; for example differentiate inflammatory LBP 

from degenerative LBP. An EP fracture usually follows an accident or fall (Sheehan, 

2010). The main differential diagnoses of MC1 include spondylodiscitis, 

spondylarthritis (SpA) and EP fracture. All these entities can produce BM signal 

changes adjacent to the EP. In addition, the shape of the signal changes may 

resemble MC (Bennett et al., 2009; Dunbar et al., 2010; Green & Saifuddin, 2004).  
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Pyogenic spondylodiscitis in its early phase may mimic MC1 in MRI. The 

enhancement of the BM in contrast sequences can be similar, and clinical data such 

as the results of inflammatory blood tests do not clearly point to spondylodiscitis. 

Discriminating factors may be the SI in the IVD and the enhancement of the IVD 

and paraspinal soft tissues. Low T2 SI in the IVD is typical for MC, while high T2 

SI is common in discitis. Infection more often produces contrast enhancement in 

the IVD and paraspinal tissues (Crockett, Kelly, van Baarsel, & Kavanagh, 2017). 

DWI may offer a clever ‘claw sign’ for differential diagnosis (Patel, Poplawski, 

Pawha, Naidich, & Tanenbaum, 2014). EP erosions and extraspinal inflammation 

are most likely indicative of  spondylodiscitis. A recent paper on the differential 

diagnosis of MC and spondylodiscitis concluded, that the presence of an irregular, 

yet intact EP contour in T1WI provides high diagnostic accuracy for identifying 

MC1. In contrast, the absence of an irregular yet intact EP contour is highly 

suggestive of early phase spondylodiscitis (Schwarz-Nemec et al., 2020). Short-

interval follow-up imaging is a wise decision in the most  difficult cases. High grade 

infection is usually a rapidly progressing condition, contrary to MC (Crockett et al., 

2017). Finally, positron-emission tomography may offer a specific tool for 

differential diagnosis, as it helps recognize infection (Ohtori et al., 2010).  

SpA is an inflammatory condition, which is mostly directed to the insertions of 

the ligaments. The features that indicate SpA rather than MC are inflammatory 

clinical conditions (e.g. inflammatory back pain and laboratory results), lesions of 

several consecutive corners of the vertebrae and possible simultaneous sacroiliac 

joint disease (Bennett et al., 2009; Eriksen & Ringe, 2012; Kim et al., 2008). 

However, MC1 may also cause an inflammatory clinical picture (Bailly et al., 2014). 

DWI might be one solution in problematic cases. SpA causes higher apparent 

diffusion coefficient values than MC in DWI (Dallaudiere et al., 2014).  

A bone commonly requires some kind of unusual force to became fractured. A 

slight EP fracture may form from even minor trauma and osteoporotic bone is more 

vulnerable to normal loading than healthy bone. An oedematous reaction in a 

fracture can be very similar to MC. Mostly this is not too difficult to differentiate. 

Distinctive factors that help in making a fracture diagnosis are a detectable fracture 

line, compression of EP, prior trauma, and possible multiple fractures (Bazzocchi 

& Guglielmi, 2016). 

Schmorl’s node is an entity that has similar signal changes in relation to MC. 

The hallmark of Schmorl’s node is a localized defect in EP with a small cavity in 

BM containing IVD material, which is surrounded by BM signal changes (Williams, 
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Manek, Sambrook, Spector, & Macgregor, 2007). MC are characteristically more 

linear, parallel to the EP (Modic et al., 1988).    

2.5.6 Association with LBP and disability 

Several studies report an association between MC and LBP (Cevik & Yilmaz, 2020; 

Jensen, T. S. et al., 2008; Kjaer et al., 2006; Määttä, Wadge, MacGregor, Karppinen, 

& Williams, 2015). The association is suggested to be stronger for MC1 (Kääpä, 

Luoma, Pitkäniemi, Kerttula, & Grönblad, 2011). MC was independently 

associated with episodes of severe and disabling LBP in one twin study (Määttä et 

al., 2015). Study populations have involved both general (Kjaer, Leboeuf-Yde, 

Korsholm, Sorensen, & Bendix, 2005) and clinical samples (Albert & Manniche, 

2007b; Braithwaite et al., 1998; Jensen, O. K., Nielsen, Sorensen, & Stengaard-

Pedersen, 2014). Conflicting results with no specific correlation between LBP and 

MC have also been published (el Barzouhi et al., 2014; Jarvik et al., 2005; Kovacs, 

Arana, Royuela, Estremera, Amengual, Asenjo, Sarasibar, Galarraga, Alonso, 

Casillas, Muriel, Martinez, Abraira, & Spanish Back Pain Research Network, 2012).  

The association between back-related disability and MC has been somewhat 

less studied. The most common questionnaire for disability assessment is the 

Oswestry disability index (ODI) (Herlin et al., 2018). In a study by Shan et al. 

(2014), disability persisted over a six-month period among patients with MC, 

whereas it improved among patients without MC. Another study with a one-year 

follow-up discovered poor improvement in disability among patients with MC1 

(Jensen, O. K. et al., 2014). Interestingly, a study by Määttä et al. (2016) observed 

a significant association between any MC and ODI, and MC2 and ODI, but not 

between MC1 and ODI (Määttä et al., 2016). Some studies also show a weak (Mitra 

et al., 2004) or non-existent (Keller et al., 2012) association between disability and 

MC. In their two-year follow-up study, Hellum et al. (2012) observed a significant 

improvement in disability among patients with MC who underwent a disc 

prosthesis operation (Hellum et al., 2012).  

To summarize, the associations between MC and both outcomes of LBP and 

back-related disability are inconsistent. This is also stated in the latest systematic  

review and meta-analysis of MCs’ associations with LBP and activity limitation 

(Herlin et al., 2018). Half of the studies that were included in this review indicated 

statistically significant positive associations between MC and LBP. This means that 

as much as half of the involved studies observed no significant correlation. In 

addition, no distinction in the strength of the associations of MC1 and MC2 with 
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LBP was reported. Only one of seven studies observed a significant association 

between MC and activity limitation. Interestingly, previous systematic reviews of 

the same issues (Jensen, T. S. et al., 2008; Zhang et al., 2008) observed stronger 

positive correlations between MC and low back symptoms (70% and 88%, 

respectively). 

2.5.7 Treatment 

The exact pathogenetic background of MC is unknown. This hinders the discovery 

of effective treatment options. At present, there is no treatment of choice for MC. 

Paracetamol and non-steroidal anti-inflammatory drugs (NSAID) are generally 

used in the pharmacological treatment of musculoskeletal disorders including LBP 

(van Tulder et al., 2006). Rest, exercise, anti- and probiotics, physical and 

manipulative therapy, TNF-α antagonist, IVD injections, and even vertebroplasty 

have also been evaluated as treatments (Airaksinen et al., 2006; Albert et al., 2013b; 

Annen et al., 2018; Buttermann, Glenn R., 2004; Cao et al., 2011; Eliks et al., 2019; 

Jensen, Ole K. et al., 2019; Jensen, R. K. et al., 2012; Kavanagh et al., 2018; 

Korhonen et al., 2006). A few clinical trials of MC treatment have been published. 

Moreover, studies have almost entirely focused on LBP symptoms and not the 

effect of the treatment on the type or size of the MC. 

Rest versus activity  

A study comparing ‘rest and reduced load’ versus ‘exercise and staying active’ 

groups among patients with LBP and MC found no difference between the two 

groups (Jensen, Rikke K., Leboeuf-Yde, Wedderkopp, Sorensen, & Manniche, 

2012).  

Anti-inflammatory treatments and bone turnover inhibitors 

Intradiscal steroid injections have offered short-term help for patients with LBP and 

MC (Buttermann, G. R., 2012; Cao et al., 2011; Fayad et al., 2007; Nguyen et al., 

2017). Bisphosphonates are used as an osteoporosis medication. ZA is one of the 

drugs in this group. It is known to inhibit osteoclasts and inflammation (Iannitti et 

al., 2012; Roelofs, Thompson, Ebetino, Rogers, & Coxon, 2010). A Finnish 

randomized controlled trial (RCT) evaluated the effect of ZA in the treatment of 

LBP patients with MC (Koivisto et al., 2014). The results indicated that ZA reduced 
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LBP intensity compared to placebo in the short term, but not in the long term. 

NSAID use was lower at one year in the ZA group.  

The patients with MC-associated LBP were treated with either i.v. infusion of 

ZA or subcutaneous injection of denosumab (a human monoclonal antibody) in a 

proof-of-principle study (Cai et al., 2018). Both treatments showed efficiency 

compared to the placebo when measured using the LBP Rating Scale, but not when 

using a visual analogue scale (VAS). According to post-hoc analyses, both therapies 

produced a significant advantageous effect on LBP among patients with MC1 and 

non-neuropathic pain. The size of the MC did not change over a six-month follow-

up. 

Infliximab is a monoclonal antibody against TNF-α. Korhonen et al. (2006) 

evaluated the long-term efficacy of infliximab among patients with acute or 

subacute sciatica secondary to herniated IVD. One-year follow-up results did not 

support the use of infliximab in comparison to placebo in the treatment of lumbar 

IVD herniation-associated radicular pain. Although a better response to treatment 

was noted if an MC co-existed with the symptomatic herniation, even this result 

did not reach statistical significance (Korhonen et al., 2006).  

Calcitonin is a natural peptide that effectively inhibits the action of osteoclasts 

to resorb bone. It is used in the treatment of, for example, osteoporosis, Paget’s 

disease, and occasionally transient hip osteoporosis (Arayssi, Tawbi, Usta, & 

Hourani, 2003; Asadipooya, Graves, & Greene, 2017; Chesnut et al., 2000; Karsdal, 

Henriksen, Arnold, & Christiansen, 2008). The effect of calcitonin in the treatment 

of MC1-related LBP and disability according to the ODI was compared to that of 

diclofenac sodium (a NSAID) in a retrospective observational study of 109 patients 

(Zhou et al., 2018). Calcitonin was found to be more effective than diclofenac in 

the treatment of LBP and disability in the short term (4 weeks and 3 months). When 

the three-month follow-up results were compared to baseline, a 30% reduction in 

LBP and ODI was observed in 58% and 60% of patients in the calcitonin group, 

respectively. The respective figures in the diclofenac group were 38% and 38%. 

Interestingly, the researchers also reported the effect of the treatment on MC. In the 

calcitonin group (n=62), 11 patients demonstrated no MC, 16 patients demonstrated 

MC2, and 35 patients demonstrated MC1. In the diclofenac group (n=47), 4 

patients demonstrated no MC, 6 patients demonstrated MC2, and 37 patients 

demonstrated MC1. In summary, the proportion of patients without MC1 at follow-

up was 44% in the calcitonin group and 21% in the diclofenac group. 
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Antibiotics 

It has been suggested that a low virulent infection may be an aetiological factor of 

MC. In a study by Albert et al. (2013), a long course of antibiotics was significantly 

more effective for LBP with MC1 than placebo (Albert et al., 2013b). The results 

and conclusions of this RCT with a one-year follow-up was questioned because 

there was almost no improvement in the control group (Sotto & Dupeyron, 

2013), blinding efficacy was not evaluated, and a large proportion of the 

participants had undergone prior IVD surgery, which exposes to bacterial 

contamination (Dean, 2013). A group of researchers recently replicated the original 

RCT and concluded that three-month treatment with amoxicillin provided no 

clinically relevant benefit compared with placebo (Bråten et al., 2019).  

Thermoablation of vertebral innervation 

A new highly promising treatment option for MC-associated LBP is thermoablation 

of the basivertebral nerve (BVN). It is believed that the BVN is responsible for 

transmitting vertebral BM and IVD-related LBP (Edgar, 2007). Radio-frequency 

thermoablation is performed either endoscopically using a transforaminal or 

interlaminar approach, or under image guidance via a transpedicular route. Thus it 

is a mini-invasive technique. The guideline of the international society for the 

advancement of spine surgery (Lorio, Clerk-Lamalice, Beall, & Julien, 2020) states 

that the use of intravertebral ablation of the BVN is supported by a basic and 

clinical evidence foundation, including a sham-controlled RCT (Fischgrund et al., 

2019) and an RCT against standard conservative management (Khalil et al., 2019). 

Follow-up as far as two years suggests that the treatment effect is durable. The 

research data accumulated to date shows that BVN ablation provides clinically 

meaningful improvements in LBP and disability, and that it is a safe procedure. 

This evidence supports BVN ablation as a treatment option for a well-defined 

subpopulation of LBP patients (Lorio et al., 2020). 
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3 Aims of the thesis 

The purpose of this thesis is to increase knowledge regarding MC by assessing the 

bone turnover and low back symptoms associated with MC, and to observe the 

effect of a ZA treatment experiment on MC. The specific questions and hypotheses 

are: 

1. Does bone scintigraphy show MC to be associated with increased bone 

turnover ?  

The hypothesis was that scintigraphy could show MC1 as the spot with increased 

tracer uptake (elevated bone turnover). 

2. Are low back symptoms associated with the type and size of MC over a two-

year follow-up period? 

The hypothesis was that MC1 would be more strongly associated with symptoms 

than other types.   

3. Does a single dose infusion of ZA have an effect on the size and type of MC? 

The hypothesis was that ZA could have an effect by decreasing the size of MC 

and/or transforming the type from MC1 to MC2. 
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4   Materials and methods 

4.1 Study population 

4.1.1 Patients  

First paper (I) 

The first original publication studued 204 patients who had undergone lumbar MRI 

and bone scintigraphy within a six-month time interval in 2007 or 2008. Table 2 

presents the indications of the imaging studies. Eligible patients were 

retrospectively chosen from the radiology information system of Oulu University 

Hospital. We screened lumbar MRI for detecting MC. Exclusion criteria were 

metastasis, tumour, spondylodiscitis, fracture, previous radiation therapy, or a 

prominent image artefact in the lumbar MRI. Patients under 20 years of age were 

also excluded. The final study sample was composed of 93 patients (mean age 64, 

range 37–86; 46% males). The study was approved by the Ethics Committee of 

Oulu University Hospital. The research was conducted according to the principles 

of the Declaration of Helsinki. 

Table 2. Indications for MRI and bone scintigraphy. 

Indication MRI Bone scintigraphy 

Malignancy (incl. suspicion) 52 (55.9%) 68 (73.1%) 

Back pain 22 (23.7%) 4 (4.3%) 

Pre-/postoperative evaluation 7 (7.5%) 6 (6.5%) 

Neurological symptom/finding 5 (5.4%) 4 (4.3%) 

Infection (incl. suspicion) 3 (3.2%) 3 (3.2%) 

Other 4 (4.3%) 8 (8.6%) 

Second paper (II) 

The participants studied in the second original publication were selected from 

among LBP sufferers (n = 4380) who were orthopaedic, rheumatologic or 

rehabilitation patients in the Helsinki University Hospital region. The patients 

underwent lumbar spine MRI in 2003–2007. A qualified radiologist performed 

monthly screening for MRI to identify appropriate patients. The inclusion criteria 

were chronic nonspecific LBP with a minimum duration of three months and 
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lumbar MC1 or MC1/2. To use the clinical data for study purposes, written 

informed consent was collected from the patients. The Ethics Committee of 

Helsinki and the Uusimaa District University Hospitals approved the research 

protocol.  

The exclusion criteria were specific back diseases, such as neoplasia, fracture, 

infection or rheumatism; spinal stenosis; IVD extrusion; spondylolisthesis (≥4 mm); 

any other finding with  neural compression; minor spine operation (e.g. herniated 

IVD surgery) within the last six months; and major spine operation (e.g. fusion or 

IVD prosthesis) at any time. An age of  ≥65 years was also an exclusion criterion. 

IVD bulging, AF tear or facet joint arthrosis were not exclusion criteria, because 

they are frequently found in association with DD and MC. Clinical features (e.g. 

laboratory results) were used to exclude specific causes such as rheumatism or 

infection if there was uncertainty about the aetiology of the imaging findings.  

Appropriate patients were contacted by phone within 1–3 weeks of recognition. 

Questionnaires on average LBP intensity during the past week (VAS 0–10; 0 = no 

pain, 10 = worst pain possible) and the ODI (version 1.0; scale 0–100%: 0% = no 

disability, 100% = worst disability possible) were completed during the phone call. 

ODI is a patient-completed questionnaire that creates a subjective percentage score 

of the level of function in daily activities among LBP sufferers. The time period 

between baseline MRI and symptom evaluation was two to six weeks. Lumbar 

spine MRI was examined at the two-year follow-up visit, 23–25 months after 

baseline MRI. The questionnaires on LBP intensity and ODI were completed 

during the follow-up visit. 

Third paper (III) 

The participants studied in the third original publication suffered from chronic LBP 

and had MC revealed by lumbar MRI. Inclusion criteria were LBP that had lasted 

for at least three months and LBP intensity of at least six on a 10-centimeter (cm) 

VAS and ODI of at least 30%. The MRI that revealed the MC had to have been 

performed within six months prior to enrolment. The exclusion criteria were 

hypocalcaemia, renal malfunction, hypersensitivity to bisphosphonates or the 

infusion, nerve root compression, red flags, ambition for early retirement, and 

possible pregnancy. The research protocol was approved by the Oulu University 

Hospital ethics committee. Patients gave their informed consent prior to any 

procedures. The study was registered (ClinicalTrials.gov, NCT01330238) and 

conducted in accordance with the principles of the Declaration of Helsinki. 
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4.2 Imaging methods 

4.2.1 MRI 

First paper (I) 

The MRI scans of the first original publication were performed by a 1.5T GE Signa 

with a Phased Array CTL Spine Coil (USA Instruments). The images were obtained 

according to routine clinical lumbar spine protocol, which consisted of sagittal 

T1WI FLAIR [Repetition time (TR) / Echo time (TE) 1810 / 18 millisecond (ms)], 

sagittal T2WI FSE (TR / TE 3960 / 116 ms) and axial T2WI FSE (TR / TE 3000 / 

103 ms).  The inversion recovery time for T1WI was 860 ms. Both the T1- and 

T2WI had four excitations. The echo train length for T1WI was 8; for sagittal T2WI 

images, 29; and for axial T2WI, 26. The image matrix of T1WI was 448 × 192; of 

sagittal T2WI, 448 × 224; and of axial T2WI, 256 × 160. The field of view (FOV) 

for sagittal images was 28 × 28 cm and for axial images 18 × 18. Slice thickness 

was 4 mm and the interslice gap was 1 mm. 

Second paper (II) 

The baseline MRI of the second original publication were performed by two 1.0T 

(Gyroscan Intera, Philips Medical Systems, Eindhoven, The Netherlands) and three 

1.5T (Signa HD, GE Healthcare, Milwaukee, WI, USA and Sonata and Symphony, 

Siemens Medical, Erlangen, Germany) units. The protocols followed for imaging 

were routine clinical lumbar spine protocols established in the hospitals of the 

Helsinki University Hospital region. The imaging parameters of T1- and T2WI 

turbo spin-echo (TSE) or FSE were, for example, 13 ms TE and 600 ms TR for 

T1WI, and 115 ms TE and 4000 ms TR for T2WI. Follow-up MRI was performed 

using a 1.0T unit (Gyroscan Intera, Philips Medical Systems), following a 

consistent protocol.  

Third paper (III) 

The baseline MRI of the third original publication were performed in the region of 

the Oulu University Hospital by five 1.5T units (GE Signa Twinspeed, General 

Electric Medical Systems, Milwaukee, WI, USA; Philips Achieva and Philips 



50 

Intera, Philips Medical Systems, Eindhoven, The Netherlands; Siemens Avanto and 

Siemens Espree, Siemens Medical, Erlangen, Germany), a 0.34T unit (Siemens 

Magnetom C, Siemens Medical, Erlangen, Germany) and a 0.23T unit (Philips 

Panorama, Philips Medical Systems, Eindhoven, The Netherlands). The imaging 

protocols followed were routine clinical lumbar spine protocols which varied 

slightly due to the multiple participating hospitals. The parameters of the sagittal 

T1WI TSE or FSE with FLAIR were TR 1800–2270 ms/inversion time (TI) 

860 ms/TE 9–29 ms (N = 16), and without FLAIR: TR 326–793 ms/TE 8–18 ms 

(N = 23). The imaging parameters of the sagittal T2WI TSE/FSE were TR 3000–

4500 ms/TE 105–130 ms (N = 39). The parameters of the STIR were, for example, 

TR 3400/ TI 150/ TE 70. The spacing of all sequences was 4.4–6.2 mm. Baseline 

MRIs were performed on average four months (standard deviation (SD) 

three months, range 0.4 to 11.5 months) before the infusion.  

The one-year follow-up MRIs were performed by two 1.5T units (GE Signa 

Twinspeed and GE Optima, General Electric Medical Systems, Milwaukee, WI, 

USA) and a 3T unit (Siemens Skyra, Siemens Medical, Erlangen, Germany). The 

parameters of the sagittal T1WI TSE or FSE with FLAIR were TR 2047–

2270 ms/TI 860-900 ms/TE 9–29 ms (N = 37) and without FLAIR, TR 540–

587/TE 12–24 ms (N = 2). The parameters of the sagittal T2WI TSE or FSE were 

TR 2796–3500 ms/TE 101–123 ms (N = 39). The spacing of all sequences was 3.6–

5 mm. The follow-up MRIs were performed on average 11.9 months (SD 0.6, range 

11 to 13 months) after the infusion. The average time interval between the infusion 

and follow-up MRI was 15.9 months (SD 3.2, range 12.1 to 23.5 months). 

4.2.2 Bone scintigraphy (I) 

The bone scintigraphs in the first original publication were performed 

approximately three hours after an i.v. injection of 550-740 megabecquerel 99mTc-

labelled hydroxymethylene diphosphonate (Mallinckrodt Inc.). A dual head gamma 

camera equipped with a low-energy high-resolution collimator was utilized to 

obtain whole body images with anterior and posterior views. The camera model 

was an Adac Vertex (ADAC Laboratories, Milpitas, CA, USA), an Adac Forte, or 

a Siemens Symbia T2 (Siemens Medical Solutions USA, Inc.). The matrix sizes 

were 512 × 512, 512 × 1024, or 256 × 1024, respectively. Energy discrimination 

was provided by a 20% window centred on the 140 kiloelectronvolt peak of 
99mTechnetium. Scanning speed was 8 cm/min.  
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4.3 Image analysis 

4.3.1 MRI 

First paper (I) 

The MRI analysis of the first original publication was conducted by a fellow in 

musculoskeletal radiology. He analysed the MRIs at a clinical workstation 

(Neaview Radiology, version 2.23, Neagen corp., Finland). The type, depth and 

location of the MC were recorded at the EPs of the lumbar spine (L1–S1). The 

depth of the MC was categorized into three groups: 1–25%, 26–50%, and over 50% 

of the total height of the lumbar vertebra. 

Second paper (II) 

The MRI analysis of the second original publication was conducted by visually 

reading the hard copies. The baseline and two-year follow-up sagittal T1WI and 

T2WI were assessed by a fellow in musculoskeletal radiology. The reader was 

blinded to the patients’ symptoms. An experienced musculoskeletal radiologist 

assessed images of 30 EPs to estimate the interobserver reliability. MRIs were 

evaluated on an x-ray light box. Assessment began from each patient’s baseline 

images and continued to the follow-up images. Relative size, in percentages of each 

MC compared to vertebra, was determined from three sagittal T2WI slices; 

midsagittal and both quarters. The average of these three assessments was defined 

as the size of the MC. The proportions in percentages of MC1 and MC2 within each 

MC were evaluated from three sagittal T1WI and T2WI slices (midsagittal and both 

quarters). The interval of the size and type proportion assessments was 5%. 

Third paper (III) 

The MRI analysis in the third original publication assessed the type and volume of 

each MC from sagittal images. The image reading was performed by a fellow in 

musculoskeletal radiology at a clinical workstation (Neaview Radiology, version 

2.23, Neagen Corporation, Finland). Interobserver reliability was assessed by 

analysing the image reading results of the fellow and those of an experienced 
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musculoskeletal radiologist, who analysed the images of 19 randomly selected 

patients.  

T1- and T2WI were used to assess MC type. We had four groups of MC: MC1 

(100%), predominating MC1 (MC1/2 (65:35%)), predominating MC2 (MC1/2 

(35:65%)) and MC2 (100%). The former two were labelled MC1-dominant, and 

the latter two MC2-dominant. MC1 was specified as showing purely oedemic 

signal changes and MC2 as showing purely fatty signal changes. Predominating 

MC1 was specified as MC1/2 showing more oedemic than fatty signal changes, 

and predominating MC2 as MC1/2 showing more fatty than oedemic signal 

changes. The manifestation of MC3 was insignificant and its proportion was below 

any reasonable analytical procedures. The area (cm2) of the MC was measured in 

all the slices in which it existed. The area measurements were conducted by a 

workstation area tool from T2WI. The volume (cm3) of the MC was calculated by 

multiplying the area with the spacing.  

Some patients had several MC. The severity of the MC was assumed as follows: 

MC1 > predominating MC1 > predominating MC2 > MC2. Based on this severity 

scale, a primary MC was defined to represent the most likely LBP generator. In 

cases of the same MC type at different lumbar levels, the larger MC was selected 

as the primary MC. The characteristics of the primary MC and the other MC were 

evaluated separately. 

4.3.2 Bone scintigraphy (I) 

A fellow analysed the bone scintigraphs of the first original publication at the same 

Neaview workstation as the MRI. The scintigraphs were analysed to detect areas 

or spots of increased tracer uptake in the lumbar spine. The locations of the detected 

spots were recorded. The location of the spots with increased tracer uptake in the 

scintigraphs was correlated with the location of the MC. If the anatomic location 

of increased tracer uptake and the anatomic location of the MC matched (n=71), 

the finding was considered a hot spot, with increased tracer uptake generated by 

the increased bone turnover in MC. The intensity of the tracer uptake in the hot 

spots was measured using the workstation’s region of interest (ROI) tool. This tool 

indicates an average of the pixel values in the measured area. The greater the 

average pixel value, the more intense the tracer uptake. For pixel value 

measurement, the ROI drew both the anterior and posterior images exactly over the 

MC’s hot spot. The average pixel value for the intensity of the hot spot was 
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accomplished by calculating a geometrical mean from the pixel values measured in 

the anterior and posterior views. 

To standardize the pixel values from the hot spots with the level of normal bone 

tracer uptake, another ROI of equal size was drawn over a normal vertebra. The 

normal vertebra used in the measurements was L1. If tracer uptake was also 

increased in the area of L1, normal T12 was used. Finally, we calculated a lesion-

to-normal-bone (LNB) ratio by dividing the average pixel value of the hot spot by 

the average pixel value of the normal vertebra. Figure 6 presents an example of the 

ROI measurements from the bone scintigraphy.   

To determine the intrareader reliability of the image analysis, a fellow re-

assessed the MRI and bone scintigraphs of 20 patients, blinded to the original 

reading. To determine interreader reliability, an experienced musculoskeletal 

radiologist assessed the same patients, also blinded.  

Fig. 6. Example of region of interest measurements in bone scintigraphy, arrow = 

control vertebra, asterisk = spot with increased tracer uptake.  A) anterior, B) posterior 

view. 
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4.4 Treatment intervention (III) 

Patients were randomized for the treatment intervention. The treatment groups 

received a single intravenous infusion of 5 mg ZA in 100 ml saline (N = 19) or a 

single intravenous infusion of 100 ml saline (N = 20) over a 15-minute period. All 

the patients took a prophylactic 600 mg oral ibuprofen or 1 g paracetamol prior to 

the infusion in case of acute phase reactions. To avoid hypocalcaemia, patients 

received 100 000 units of Vitamin D (Vigantol®). Both the participating patients 

and the researchers were blinded to the treatment allocation. 

4.5 Statistical analysis 

4.5.1 First paper (I) 

For the statistical analysis of the first original publication, we evaluated the 

prevalence of MC at different lumbar levels using cross-tabulations. We assessed 

the number and proportion of MC with increased tracer uptake in the scintigraphy 

images. The mean values with standard deviations of the LNB ratios were 

calculated separately for each MC type and for the combined group with the MC1 

component and the combined group without the MC1 component. In addition, the 

mean values with the SDs of the LNB ratios were calculated separately for three 

time-interval groups: less than 1 month, 1–3 months and 3–6 months between the 

MRI and bone scintigraphy. The relationship between the MC types and the LNB 

ratio was assessed using linear mixed models, because of the correlated measures 

within the participants. The LNB ratio was treated as a dependent variable, lumbar 

level as a repeated factor, and the combined MC type groups as a fixed effect. 

Patients with a time period of over 90 days were excluded for sensitivity analyses. 

Cohen’s kappa (κ) was used for the MCs and intraclass correlation coefficients 

(ICC) for the LNB ratio measurements in the intra- and interobserver reliability 

analysis. We utilized IBM SPSS Statistics 24 to perform all the statistical analyses. 

4.5.2 Second paper (II) 

To conduct the statistical analysis of the second original publication, descriptive 

statistics were calculated for the data. To assess the reliability of the image reading, 

we used ICC (absolute agreement). The interpretation of ICC can be as follows: < 

0.40% poor, 0.40–0.59 fair, 0.60–0.74 good, and 0.75–1.00 excellent. The limits of 
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agreement were determined. The extent of MC1 and MC2 were calculated by 

multiplying the size of MC by the equivalent proportions of MC1 and MC2, 

respectively, and totalling the products of both EPs. MC3 was excluded from the 

analyses due to low prevalence. Changes in the extent of MC types and in low back 

symptoms over the follow-up were defined. Linear regression analysis was used to 

estimate the association between the changes in the extent of MC1 and MC2 and 

low back symptoms. The variables for both the unadjusted and adjusted 

calculations were age, gender and size of MC at baseline. IBM SPSS Statistics 

version 22 was utilized in the analyses. 

4.5.3 Third paper (III) 

For the statistical analysis of the third original publication, frequencies with 

proportions, mean values with SD, or median values with interquartile ranges were 

used separately for the ZA and placebo groups to describe the baseline 

characteristics. The distributions of the MC types in the ZA and placebo groups at 

baseline and at one year were described using cross tabulations. MC type at 

baseline and change in MC type during follow-up in the treatment group were 

compared using the Chi square test. Mean MC volumes at baseline and the changes 

in MC volumes in the treatment group were compared using the t-test. Adjustments 

for age, sex, BMI, and smoking in comparison to the changes in MC volumes were 

calculated using analysis of covariance. The changes in MC volumes and the 

changes in intensity of LBP and ODI were correlated using Pearson correlations. 

Interobserver reliability was calculated using Cohen’s κ for the dichotomized MC 

type classification and linearly weighted κ for the raw MC type classification. ICC 

was used for the volume of MC. The results of the calculations were interpreted as 

follows: 0.00–0.20 slight, 0.21–0.40 fair, 0.41–0.60 moderate, 0.61–0.80 

substantial, 0.81–1.00 almost perfect. 
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5 Results 

5.1 Does bone scintigraphy show MC to be associated with 

increased bone turnover? (I) 

5.1.1  Number and distribution of MC 

A total of 299 MC were detected. The distribution of MC at the lumbar levels were 

as follows: 13 (4%) at L1/2, 38 (13%) at L2/3, 34 (11%) at L3/4, 80 (27%) at L4/5, 

and 134 (45%) at L5/S1 (Table 3). 

Table 3. Distribution of Modic changes (MC) at lumbar levels 

MC type L1/2 L2/3 L3/4 L4/5 L5/S1 Total 

MC1 1 (7.7) 7 (18.4) 4 (11.8) 11 (13.8) 5 (3.7) 28 (9.4) 

MC1/2 6 (46.2) 9 (23.7) 6 (17.6) 13 (16.3) 16 (11.9) 50 (16.7) 

MC1/3 0 0 0 2 (2.5) 1 (0.7) 3 (1.0) 

MC2 6 (46.2) 22 (57.9) 22 (64.7) 54 (67.5) 107 (79.9) 211 (70.6) 

MC2/3 0 0 2 (5.9) 0 4 (3.0) 6 (2.0) 

MC3 0 0 0 0 1 (0.7) 1 (0.3) 

Total 13 (100) 38 (100) 34 (100) 80 (100) 134 (100) 299 (100) 

Percentages in parenthesis 

5.1.2 Association of MC type with increased tracer uptake in 

scintigraphy 

Table 4 shows the numbers and proportions of the MC types with increased tracer 

uptake in scintigraphy, and the means of the pixel values measured from 

scintigraphy. Increased tracer uptake was recorded in 26 (93%) MC1, in 34 (64%) 

of combined MC1/2 and MC1/3 group, and in 11 (5%) of the combined other MC 

group. 
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Table 4. Key figures of Modic changes (MC) with increased tracer uptake visible in 

scintigraphy 

MC type Number of MC and mean LNB ratio p3 

n (%) Mean (SD)1 Mean (SE)2 

MC1 26 (93) 1.55 (0.16) 1.54 (0.04)  

MC 1/2 & 1/32 34 (64%)  1.44 (0.03) 0.045 

MC1/21 31 (62) 1.41 (0.21)   

MC1/31 3 (100) 1.76 (0.01)   

MC2 & MC32 11 (5%)  1.29 (0.06) < 0.001 

MC21 10 (5) 1.28 (0.12)   

MC31 1 (100) 1.36 (0.21)   

MC2/31 0    

Total 71 (24) 1.46 (0.21)   

1 Each MC type separately 

2 Combined MC groups 

3 Pairwise comparisons with MC1 from the linear mixed models 

LNB = lesion-to-normal-bone, SD = standard deviation, SE = standard error 

5.1.3 Intensity of tracer uptake in bone scintigraphy 

MC with an MC1 component showed a significantly higher mean LNB ratio than 

MC without an MC1 component: for MC1 1.55 (SD 0.16), for MC1/2 1.41 (SD 

0.21), for MC1/3 1.76 (SD 0.01), for MC2 1.28 (SD 0.12), and for MC3 1.36 

(p=0.001). The MC1 group demonstrated significantly higher estimated mean LNB 

ratio (1.54, standard error (SE) 0.04) than the combined MC1/2 and MC1/3 group 

(1.44, SE 0.03; p=0.045) and the combined MC2, MC2/3 and MC3 group (1.29, 

SE 0.06; p<0.001). In comparison to the MC1 group, the regression coefficients 

were -0.10 (95% C.I. -0.20, -0.002) for the combined MC1/2 and MC1/3 group, 

and -0.25 (-0.39, -0.12) for the combined other MC group. In the combined MC1, 

MC1/2 and MC1/3 (MC with MC1 component) groups, bone scintigraphy 

indicated an increased tracer uptake in 60 out of 81 (74%) MC. The mean LNB 

ratio in this combination group was 1.49, SD 0.20. In contrast, in a combination 

group of MC2 and MC2/3 (MC without MC1), scintigraphy indicated an increased 

tracer uptake in 10 out of 217 (4.6%) MC. The mean LNB ratio in this combined 

group was 1.28, SD 0.12. 
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5.1.4 Effect of time interval between imaging studies on LNB ratios 

Most of the patients underwent both imaging examinations within a 90-day period 

(92%). The effect of the time interval between the imaging studies was evaluated 

in three separate time interval groups (1 month, 1–3 months, 3–6 months). The 

estimated mean LNB ratio for MC1 (1.53, SE 0.04) was higher than that of to the 

combined  MC2, MC2/3 and MC3 group (1.26, SE 0.06; p<0.001), but did not 

differ from that of the combined MC1/2 and MC1/3 group (1.47, SE 0.03; p=0.212), 

when the over 90-day group was excluded. When the MC1 group was compared to 

the combined MC1/2 and MC1/3 group, and to the combined MC2, MC2/3 and 

MC3 group, the regression coefficients were -0.28 (-0.42, -0.14) and -0.06 (95% 

C.I. -0.16, 0.04), respectively. 

5.1.5  Reliability of image readings 

Cohen’s κ for the intraobserver reliability of MC type classification (κ = 0.73) and 

ICC for the intraobserver reliability of the bone scintigraphy measurements (ICC = 

0.72) were both good. Cohen’s κ for the interobserver reliability of MC detection 

was very good (κ = 0.96) and the ICC for the scintigraphy’s hot spot detection was 

excellent (ICC = 0.92). Cohen’s κ for the interobserver reliability of MC type was 

good (κ = 0.69) and the ICC for the interobserver reliability of the bone scintigraphy 

measurements was excellent (ICC = 0.91).  

5.2 Association between MC and low back symptoms (II) 

5.2.1 Study population 

At baseline, the study population comprised 75 chronic LBP patients (87% women). 

Eleven patients were lost as dropouts during follow-up: clinical data on seven 

patients were missing, as were image scanning data on four patients. The final 

analyses consisted of 64 patients (86% women). At baseline, the mean age was 43.8 

years (SD 9.8, range 24–64 years). 

5.2.2 MRI findings 

L4/5 and L5/S1 were the most common locations of MC (at baseline 39% and 49%, 

respectively). At baseline the mean size of the MC in relation to vertebra was 21% 
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(SD 12, range 5–55%). The mean size was 24% (SD 13, range 7.5–60%) at two-

year follow-up. The mean proportion of the MC1 component within the MC was 

74% at baseline and 41% at follow-up. The mean proportion of the MC2 

component was 24% at baseline and 56% at follow-up (Table 5). 

Table 5. Size of Modic change (MC) and proportion of MC types, and low back symptom 

scores by pain intensity and Oswestry disability index (ODI). Baseline and follow-up.  

Variable Baseline (n = 124)2 

Mean (SD) 

 Follow-up (n = 126)2 

Mean (SD) 

Size (%)1 20.7 (12.3)  24.4 (12.6) 

Proportion (%)    

MC1 74.2 (26.2)  40.6 (31.1) 

MC2 23.9 (26.2)  56.2 (30.2) 

MC3 1.9 (5.3)  3.2 (8.8) 

Low back symptoms    

Pain intensity (0–10) 6.5 (1.9)  5.2 (2.7) 

ODI (0–100%) 33.2 (14.4)  28.1 (19.0) 

1 % of vertebral volume 
2 Endplates with MC 

5.2.3 Clinical symptoms 

The mean LBP intensity assessed using a 10-cm VAS was 6.5 (SD 1.9, range 1–10) 

and ODI was 33% (SD 14, range 8–66) at baseline. The mean LBP intensity was 

5.2 (SD 2.7, range 0–9) and ODI was 28% (SD 19, range 0–78; Table 5) at follow-

up. The intensity of LBP had increased in 15 patients (23%; mean 2.5, SD 1.5) and 

decreased in 41 patients (64%; mean −3.0, SD 2.0) at follow up. ODI had increased 

in 19 patients (30%, mean 13.7%, SD 9.8) and decreased in 44 patients (69%, mean 

−13.4%, SD 9.1) at follow-up (Figures 7 and 8). 
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Fig. 7. Scatter boxes presenting A) the positive correlation between change in the extent 

of MC1 and change in low back pain intensity, and B) the positive correlation between 

change in the extent of MC1 and change in Oswestry disability index. 

Fig. 8. Scatter boxes presenting A) the negative correlation between change in the 

extent of MC2 and change in low back intensity, and B) the negative correlation between 

change in the extent of MC2 and change in Oswestry disability index. 

5.2.4 Association between MRI findings and symptoms 

The changes in LBP intensity and ODI were positively associated with the change 

in the extent of MC1 (beta 0.26, p = 0.036 and beta 0.30, p = 0.017; respectively). 

Changes in LBP intensity and ODI were negatively associated with the change in 

the extent of MC2 (Table 6). The latter association was not statistically significant. 

Adjustments were made for age, gender and size of MC at baseline. The association 

between the change in LBP intensity and in the extent of MC1 became non-
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significant, but the association between the change in ODI and the extent of MC1 

remained significant (Table 6). 

Table 6. Relationship between the change in the extent of Modic change (MC) type, and 

low back pain (LBP) intensity and Oswestry disability index (ODI). 

MC type LBP intensity  ODI 

B (SE) Beta p B (SE) Beta p 

Unadjusted        

Change in MC1 0.027 (0.012) 0.26 0.036  0.160 (0.065 0.30 0.017 

Change in MC2 -0.044 (0.022) -0.24 0.054  -0.125 (0.122) -0.13 0.306 

Adjusted for age and gender        

Change in MC1 0.025 (0.013) 0.25 0.060  0.166 (0.068) 0.31 0.018 

Change in MC2 -0.044 (0.023) -0.24 0.059  -0.128 (0.124) -0.13 0.304 

Adjusted for age, gender, 

size of MC at baseline 

       

Change in MC1 0.019 (0.018) 0.19 0.284  0.282 (0.090) 0.53 0.003 

Change in MC2 -0.035 (0.024) -0.19 0.156  -0.135 (0.133) -0.14 0.315 

5.2.5 Reliability of image readings 

The inter-reader reliabilities of the evaluation of the size of MC (ICC 0.80) and of 

the proportions of MC1 and MC2 (ICC 0.85 and 0.93, respectively) were excellent. 

The limits of agreement ranged from −10 to 17 (mean difference between the two 

readers 3.4, SD 6.8) for the size of MC, from −44 to 27 (mean −8.8, SD 18.1) for 

the proportion of MC1, and from −20 to 31 (mean 5.6, SD 12.9) for the proportion 

of MC2. 

5.3 Effect of ZA on type and volume of MC among patients with 

LBP (III) 

5.3.1 Study population 

Thirty-nine patients enrolled in the study and all completed follow-up (Figure 9). 

The clinical features in the ZA and placebo groups were similar. The mean age was 

50 and mean BMI 26.8. LBP had lasted for a median of 315 days. The mean 

intensity of LBP in VAS was 6.6. Table 7 shows the baseline characteristics of the 

ZA and placebo groups. 



  

63

T
a
b

le
 7

. 
B

a
s

e
li

n
e
 c

h
a
ra

c
te

ri
s
ti

c
s
 o

f 
s
tu

d
y
 s

a
m

p
le

 i
n

 t
w

o
 g

ro
u

p
s
. 

C
h
a
ra

ct
e
ri
st

ic
s 

T
o
ta

l 
Z

o
le

d
ro

n
ic

 a
ci

d
 

n
=

1
9

 

P
la

ce
b
o

 

n
=

2
0

 

S
e
x,

 n
 (

%
) 

m
e
n
 

2
5

 (
6

4
.1

) 
1

4
 (

7
3

.7
) 

1
1

 (
5

5
.0

) 

A
g

e
, 

m
e

a
n

 (
S

D
) 

ye
a

rs
 

5
0

.4
 (

8
.4

) 
4

9
.4

 (
9

.5
) 

5
1

.5
 (

7
.3

) 

S
m

o
ki

n
g

, 
n

 (
%

) 
re

g
u

la
r 

sm
o

ke
rs

1
 

1
1

 (
2

8
.2

) 
5

 (
2

6
.3

) 
6

 (
3

0
.0

) 

B
M

I,
 m

e
a

n
 (

S
D

) 
kg

/m
 

2
6

.8
 (

3
.2

) 
2

6
.2

 (
3

.3
) 

2
7

.4
 (

3
.2

) 

D
u
ra

tio
n
 o

f 
L

B
P

, 
m

e
d
ia

n
 (

IQ
 r

a
n
g
e
) 

d
a
ys

 
3
1
5
 (

2
1
2
, 
3
6
5
) 

3
3
0
 (

2
0
0
, 
3
6
5
) 

3
0
0
 (

2
7
0
, 
3
6
5
) 

In
te

n
si

ty
 o

f 
L

B
P

, 
m

e
a
n
 (

S
D

)2
 

6
.6

 (
1

.5
) 

6
.5

 (
1

.4
) 

6
.8

 (
1

.6
) 

O
sw

e
st

ry
 D

is
a

b
ili

ty
 I
n
d
e
x,

 m
e
a
n
 %

 (
S

D
) 

3
2
.9

 (
1
0
.4

) 
3
0
.7

 (
1
0
.9

) 
3
4
.9

 (
9
.8

) 

D
u
ra

tio
n
 o

f 
si

ck
 le

a
ve

 d
u
ri
n
g
 p

a
st

 y
e

a
r,

 m
e
d
ia

n
 (

IQ
 r

a
n

g
e
) 

d
a
ys

 
2
0
 (

0
, 

6
5
) 

2
0
 (

0
, 

5
0
) 

1
8
 (

1
, 

1
8
1
) 

B
M

I=
B

o
d
y 

M
a
ss

 I
n
d
e
x,

 L
B

P
=

lo
w

 b
a

ck
 p

a
in

, 
S

D
=

st
a
n
d

a
rd

 d
e
vi

a
tio

n
, 
IQ

=
in

te
r-

q
u
a
rt

ile
 

1
 S

m
o
ki

n
g
 a

t 
le

a
st

 o
n
e
 c

ig
a
re

tt
e
/d

a
y 

2
 A

ss
e
ss

e
d
 u

si
n

g
 a

 1
0
-c

m
 V

is
u
a
l A

n
a
lo

g
u
e
 S

ca
le

 

 



 

64 

Fig. 9. Flow chart of randomized controlled trial (III). 

5.3.2 MRI findings 

L4/5 and L5/S1 were the most common locations for primary MC (71.8%) (Table 

8). MC1 appeared in 6 (15.4%), predominating MC1 in 20 (51.3%), predominating 

MC2 in 10 (25.6%) and MC2 in 3 (7.7%) patients at baseline. (Figure 10). At 

baseline, the volume of MC was 11.4 cm3 and at follow-up, 13.6 cm3. MC1-

dominant MC appeared more frequently in the ZA group (n = 16, 84.2%) than in 

the placebo group (n = 10, 50.0%; p = 0.041). Eight (42.1%) MC1-dominant MC 

transformed into MC2-dominant in the ZA group, whereas only three (15.0%) (p = 

0.119; Figure 10) did so in the placebo group. 

At baseline, primary MC volume was 8.3 cm3 for MC1, 11.3 cm3 for 

predominating MC1, 12.5 cm3 for predominating MC2, and 14.3 cm3 for MC2. 

The primary MC total volume of the groups was almost similar to that at baseline 

(11.9 cm3 vs. 10.9 cm3, p = 0.59; Table 8). The primary MC volume grew on 

average by 1.6 cm3 from baseline to follow-up in the ZA group. In the placebo 

group, the primary MC volume grew on average by 2.9 cm3 (p = 0.21; Table 8).  

The volume of MC1 changed more in the placebo group than in the ZA group 

(0.91 cm3 vs. −0.83 cm3, respectively; p = 0.21). In the placebo group, MC1 

volume increased by 18% and in the ZA group it decreased by 11%. Both groups 

saw a uniform change in MC2 volume (1.97 cm3 placebo vs. 
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2.40 cm3 ZA; p = 0.71). In the ZA group, MC2 volume increased by 53% and in 

the placebo group, by 34%.  

The volumes of other than primary MC (15 ZA, 8 placebo) were notably 

smaller (on average 42%) than those of the primary MC (7.0 cm3 vs 11.4 cm3). 

Other MC were mostly MC2-dominant; 14 (93.3%) in the ZA group and 6 (75.0%) 

in the placebo group. The MC2-dominant MC infrequently converted to another 

type (12 ZA, 3 placebo) over the one-year period. Enlargement of the total volume 

was 5.1% in the ZA group and 11% in the placebo group. At baseline, the volume 

of MC1 was 10% of the total volume of MC in the ZA group and 22% in the placebo 

group. At follow-up, the volume of MC1 was 21% of the total volume of MC in the 

ZA group and 36% in the placebo group.  
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Fig. 10. Course of MC types during one-year follow-up. 

5.3.3 MRI findings and LBP 

There was no correlation between the change in intensity of LBP or ODI and the 

change in the primary MC volume (Pearson’s correlation (r) for LBP 0.11 and for 

ODI 0.07). However, a positive correlation was found between the volume change 

in the MC that remained MC1-dominant over the follow-up period and the 

increased LBP intensity and ODI in the placebo group (r = 0.81 and 0.58, 

respectively). In the ZA group the corresponding correlations were negative and 

weak (for LBP, r = -0.21 and for ODI, r = -0.28). A positive correlation was noted 

between the volume change in the MC that changed from MC2-dominant to MC1-

dominant and the change in intensity of LBP and ODI (r = 0.70 for LBP and 0.89 

for ODI) in the placebo group. In the three MC that converted from MC1-dominant 

to MC2-dominant, the corresponding correlations were negative (r = −0.72 for LBP 

and −0.98 for ODI). Figures 11 and 12 show the changes in MC1 and MC2 volumes 

in associated with the intensity of LBP and ODI. The correlations were weak, but 

they were uniform with the correlations of the MC that remained either MC1-

dominant or MC2-dominant during the follow-up. 
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Fig. 11. Scatter plots indicating A) the positive correlation between change in MC1 

volume and change in LBP intensity, B) the negative correlation between change in MC2 

volume and change in LBP intensity. 
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Fig. 12. Scatter plots indicating A) the positive correlation between change in MC1 

volume and change in ODI, B) the negative correlation between change in MC2 volume 

and change in ODI. 
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5.3.4 Reliability of image readings 

For the type classifications of MC (raw and dichotomized), interobserver reliability 

was substantial (linearly weighted κ = 0.65 and κ = 0.73). For the volume 

measurements, the interobserver reliability was almost perfect (ICC = 0.92). 
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6 Discussion 

The research efforts aimed to clarify the relationship between MC and tracer uptake 

in bone scintigraphy (I), the relationship between MC and low back symptoms over 

a two-year follow-up (II), and the effect of ZA on the MRI findings of MC over a 

12 month time span (III). The first study can be considered the basis for the latter 

two. It investigated the bone turnover of MC and indicated increased metabolism 

in the area of MC1. Based on this and earlier evidence, one could assume that MC1 

is a more painful and disabling MC type than the others. The results of the second 

study lend support to this assumption. This led to the basis of the third study. We 

wanted to investigate whether the bone turnover modulator ZA would have an 

effect on type or size of MC over a 12-month period. Indeed, a single intravenous 

infusion of 5 mg ZA more likely converted MC1-dominant MC to MC2-dominant 

MC. 

6.1 Theoretical summary of each study 

6.1.1 MC and tracer uptake in bone scintigraphy (I) 

This study indicates that in most cases MC1-based MC show increased bone 

turnover in bone scintigraphy. Ninety-three per cent of the MC1 group and 64% of 

the combined MC1/2 and MC1/3 group showed elevated tracer uptake, whereas 

only 5% of the other MC types showed elevated tracer uptake. To my knowledge, 

this is the first research paper to spesifically demonstrate an association between 

MC and bone scintigraphy findings. Based on our  results, most MC1 lesions should 

be visible in bone scintigraphy. MC1 was originally connected to elevated bone 

turnover and blood flow in histological specimens (Modic et al., 1988). Our results 

support this theory, as bone scintigraphy is a method that reflects bone turnover. 

In the study by Modic et al. (1988), histopathological specimens were 

harvested from the area of degenerative EP signal changes. The results indicated 

that MC1 represents fibrovascular replacement of normal BM. The study found 

increased reactive woven bone with thickened trabeculae. In addition, prominent 

osteoclasts and osteoblasts were present, indicating rapid bone turnover. However, 

the histological assessment was not specific for inflammation, and the histology of 

MC1 was investigated in only three specimens, which weakens the reliability of 

the assessments (Modic et al., 1988).  
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Few studies exist of the bone turnover of MC shown in nuclear imaging, and 

none spesifically of bone scintigraphy. The most interesting paper and the closest 

to ours, is that by Russo et al. (2017). They evaluated MC and disc abnormalities 

in association with SPECT/CT. Their main findings indicated a high degree of 

agreement between MC and elevated metabolic activity on bone SPECT/CT. MC1 

and high-grade DD in MRI were the best predictors of a positive SPECT/CT 

finding. They found that 96% of MC1, 56% of MC2 and 78% of MC3 displayed 

high metabolic activity (Russo et al., 2017). SPECT is a three-dimensional 

extension to two-dimensional bone scintigraphy based on the same biological and 

radiopharmaceutical interaction in the skeleton. It increases the sensitivity of bone 

scintigraphy findings and when combined with anatomical information on CT, even 

further intensifies them (O'Connor & Kemp, 2006; Saha, Burke, Desai, 

Vijayanathan, & Gnanasegaran, 2013). The study by Russo et al. and our study are 

complementary and confirm elevated bone turnover in the area of MC, especially 

in MC1, in terms of nuclear imaging. 

 In a reliability study, MC1 and MC2 were linked to increased tracer uptake in 

bone scintigraphy or SPECT. Unfortunately, specific results regarding the 

interactions and proportions of different MC types were not classified (Mulconrey 

et al., 2006). Our study was able to assess this phenomenon more accurately, 

however. Lusins et al. (1998) suggested that tracer uptake in DD is interrelated to 

MC, and SPECT might be able to delineate MC even prior to MRI. The time 

interval between their patients’ (n=48) SPECT and MRI was six weeks. MC1 was 

found in 26 and MC2 in 12 patients. In all, 37 out of 38 individuals with MC had a 

positive SPECT scan. The difference from our study is that the proportion of MC2 

with an increased tracer uptake in bone scintigraphy was considerably higher in 

their sample (Lusins et al., 1998). The elevated bone turnover in their MC2 patients 

might be due to other (than MC) degenerative changes in the discovertebral unit. 

MC3 is consistently rare in the literature (Jensen, T. S. et al., 2008). In addition, 

our data contained only a few MC with an MC3 component. We discovered one 

MC3, three MC1/3 and six MC2/3. Increased tracer uptake was noted for the MC3 

and all MC1/3, but none for the MC2/3 in the bone scintigraphs. Relevant 

conclusions could not be drawn due to the low number of cases. However, the MC3 

component might be involved in MC more often than is detectable in MRI. It can 

blend with other MC types, especially MC1. Thus, MC3 may be difficult to 

diagnose in mixed MC in MRI. CT is probably a more accurate method for 

evaluating sclerotic density in the vertebral BM next to degenerated IVD (Kuisma 

et al., 2009; Perilli et al., 2015; Xu et al., 2016a). Russo et al. (2017) discovered 
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nine MC3, seven of which were positive in SPECT/CT. One might speculate that 

the sclerosing process linked to MC3 could be metabolically active due to the 

increased activity of osteoblasts and osteoclasts. An Australian study aimed to 

characterize the bone micro-architectural parameters and bone remodelling indices 

associated with MC. The researchers took bone biopsies from MC (MC1 = 9; MC2 

= 25; MC3 = 6) and examined the samples by micro-CT as well as histologically. 

The results showed possible inflammatory changes with clearly elevated bone 

turnover in MC1, reduced bone formation and remodelling in MC2, and increased 

bone volume fraction and trabecular thickness in MC3 (Perilli et al., 2015). These 

findings are comparable to our results, at least in the case of MC1.  

The specific pathophysiology behind MC is still only vaguely known. Many 

studies suggest an inflammatory reaction as the reason for MC1. Repeated trauma 

to the IVD would lead to upregulation of inflammatory mediators in the NP. These 

toxic chemicals could diffuse through the EP and initiate a local inflammatory 

reaction. Ohtori et al. (2006) proposed that EP abnormalities are associated with 

inflammation, and that the count of TNF-immunoreactive cells in the MC1 area is 

substantially elevated in comparison to the MC2 area (Ohtori et al., 2006). In a 

French study (Rannou et al., 2007), the quantity of the inflammatory marker called 

hs-CRP was elevated in MC1 compared to MC2. Moreover, Dudli et al. reported 

that MC need EP defects that allow the BM to become mingled with NP cells, and 

an adjacent inflammatory ‘MC disc’ that can enhance the immune response (Dudli 

et al., 2018). This inflammation theory of pathogenesis is supported by our results. 

Microbes are another possible cause behind MC. A low-grade bacterial infection 

has been suggested as a pathogenetic factor for MC (Albert et al., 2008). Proof of 

this aetiology is lacking, but theoretically, bone scintigraphy could show a low 

virulence infection in the BM as an increased tracer uptake. However, this theme 

was beyond the scope of our study.  

Bone scintigraphy is a functional imaging method of the skeleton in which the 

uptake intensity of the labelled diphosphonates is associated with the degree of 

bone blood flow, and more specifically with osteoblast activity. Thus, bone 

scintigraphy is a highly sensitive method for detecting spinal pathology such as 

fracture, inflammation, infection or metastasis (Collier et al., 1993; Malham et al., 

2015). The pure interpretation of our results indicates that bone turnover (blood 

flow and osteoblast activity) is frequently elevated in the area of MC1-containing 

MC. We further interpreted this result as a sign of inflammation, which is in line 

with many other studies.  
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6.1.2 MC and LBP (II) 

In this two-year follow-up research paper, we reported significant positive 

correlations between the change in the extent of MC1 and changes in both LBP 

intensity and back-related disability measured by ODI. Adjusting with confounders 

did not attenuate the relation between MC1 and disability. LBP intensity and ODI 

had negative non-significant associations with change in the extent of MC2. At 

baseline, the average proportion of MC1 in MC was 73%. During follow-up, the 

proportion of MC1 in MC decreased in most individuals, whereas the proportion 

of MC2 increased. The levels of both LBP intensity and ODI had decreased rather 

than increased during patient follow-up. For a 50% reduction in the extent of MC1, 

LBP intensity diminished 2.4 units in 10-cm VAS, and disability diminished 11.7 

units in ODI. For a 10% decrease in the extent of MC1, the corresponding estimates 

were −1.3 in VAS and −5.3 in ODI.  

The vast majority of LBP is considered non-specific and only <15% of 

individuals seeking care for low back symptoms are diagnosed with a specific cause 

(e.g., nerve root compression, fracture, infection, or tumour) (Deyo & Weinstein, 

2001). Although LBP is generally a rapidly resolved problem (Balague, Mannion, 

Pellise, & Cedraschi, 2012), the minor proportion of specific LBP has raised 

growing interest in recognizing specific LBP subgroups (Airaksinen et al., 2006). 

MC have been proposed to represent a specific LBP subgroup (Albert & Manniche, 

2007a; Albert et al., 2008a; Jensen, R. K. & Leboeuf-Yde, 2011; Kjaer et al., 2006). 

In a Danish cohort study (Jensen, O. K. et al., 2014), the scientists investigated 140 

patients to evaluate the relationship between baseline degenerative imaging 

findings and the outcome of sick-listed LBP patients. The conclusion was that MC1 

was the only factor that predicted continuing symptoms and sick leaves. In a study 

by Määttä et al. (2018), MC were independently related to prolonged intense LBP 

and disability. MC1 found to have the strongest association with LBP intensity, 

whereas disability was associated the most strongly with MC2 (Maatta et al., 2018). 

However, the association between MC and LBP still remains controversial. A novel 

review of the issue discovered that about 50% of the included studies supported the 

hypothesis of painful MC, but this is not convincing proof  (Herlin et al., 2018). 

Few follow-up studies exist on the associations between low back symptoms 

and MC1 (Jensen, O. K. et al., 2014; Kääpä et al., 2011; Mitra et al., 2004). A 

Danish follow-up cohort study followed the development of MC over a 14-month 

timeline and investigated whether changes in MC size or type were related to 

changes in clinical symptoms (Jensen, R. K. et al., 2012). MC1 at baseline and 
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follow-up was a sign of a poor prognosis, whereas patients without MC1 had a 

significantly better prognosis. This finding is in line with ours. Moreover, their 

study design was somewhat similar to ours; although we had a smaller sample we 

had a longer follow-up. Mitra et al. (2004) conducted a follow-up study in which 

they discovered a trend of higher LBP intensity and disability scores among patients 

with an increased MC1 component and lower scores among patients with 

conversion of MC1 into MC2 (Mitra et al., 2004). In addition, long-term (10 to 13 

years) follow-ups of the relationship between LBP and MC have been conducted 

(Romero-Munoz, Barriga-Martin, Segura-Fragoso, & Martin-Gonzalez, 2018; 

Tonosu et al., 2017; Udby et al., 2019). These papers state exclusively that no 

association exists between LBP and MC in long-term follow-up. Contrary to many 

other studies with shorter follow-ups, a study by Udby et al. (2019) found a better 

prognosis for patients with MC, who had significantly less disability and sick 

leaves than patients without MC. The authors speculated that one reason for their 

results might be the natural history of MC, which is believed to start with active 

inflammation and lead to silent sclerosis. The silent phase is more probable over 

long follow-ups. 

Less studies exist on the relationship between MC and ODI. In our study, ODI 

had the strongest positive association with the extent of MC1. The results of a large 

cross-sectional population-based study of Southern Chinese (Määttä et al., 2016) 

mostly resembled our results, as MC1 was associated with prolonged severe LBP. 

In contrast, MC2 was more strongly associated with disability.  

Our results show a statistically significant association between MC1 and low 

back symptoms. The associations between changes in the extent of MC1 and 

disability were significant even after adjustments. Based on this, we interpret our 

findings to be consistent with the observations that MC1 has a stronger association 

with LBP than other types of MC (Kääpä et al., 2011; Kjaer et al., 2005; Kuisma et 

al., 2007; Mitra et al., 2004; Thompson, Dagher, Eckel, Clark, & Reinig, 2009; 

Vital et al., 2003). Kääpä et al. (Kääpä et al., 2011) observed that patients with 

chronic LBP and MC1 had significantly more pain and disability symptoms than 

patients with mixed type MC1/2. The authors interpreted the results to mean that 

as MC1 converts to MC2, symptoms of pain and disability subside. Our study 

sample mainly consisted of the same study population and the results are in 

accordance with their interpretation, although a significant relationship with 

symptoms was only noticed for changes in the extent of MC1, and not for changes 

in the extent of MC2. Similar results to ours were also observed in another Finnish 

study (Kuisma et al., 2007). The authors compared self-reported LBP and MC in a 
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study group of middle-aged male workers. In all, 178 MC were observed among 

128 individuals: 30% MC1, 66% MC2, and 4% MC1/2. The authors found that MC 

in L5/S1 and MC1 were more likely to associate with LBP than other types of MC 

or MC located at different lumbar levels. 

6.1.3 Treatment intervention with ZA (III) 

The single i.v. dosage of 5 mg ZA tended to convert MC1-dominant MC to MC2-

dominant MC (ZA 42.1% vs. placebo 15%). The total MC volume increased in both 

groups, but in the ZA group, the volume of MC1 decreased by 11%, while in the 

placebo group MC1 volume increased by 18%. A positive correlation was observed 

with the volume change in MC that remained MC1-dominant over the follow-up 

and the elevated LBP intensity and ODI in the placebo group. The corresponding 

correlations were negative and weak in the ZA group.  

The mode of action of bisphosphonates is unclear, but they may have many 

potential mechanisms. Inflammation, high bone turnover and fibrosis characterize 

the process of MC (Dudli et al., 2016). The chemical and mechanical stimulation 

of the nociceptors next to impaired EP is likely to be the pain generator. Growing 

evidence suggests that in addition to their effect on osteoclasts, bisphosphonates 

also act on osteoblasts, osteocytes and adipocytes (Basso, Silveira Turrioni, 

Hebling, & de Souza Costa, Carlos A., 2013; Koch et al., 2012; Patntirapong, 

Singhatanadgit, Chanruangvanit, Lavanrattanakul, & Satravaha, 2012). This could 

explain the positive effects of ZA in our RCT. In the same study population 

(Koivisto et al., 2019), single ZA infusion led to significant differences in a 

chemokine called interferon-γ-inducible protein and two bone metabolism 

biomarkers, alkaline phosphatase and intact procollagen I N-terminal propeptide, 

compared to placebo at the one-year follow-up. Interferon-γ-inducible protein 

concentration was elevated in the ZA group and reduced in the placebo group, while 

alkaline phosphatase and intact procollagen I N-terminal propeptide concentrations 

were lower in the ZA group. The changes in intact procollagen I N-terminal 

propeptide concentration were associated with changes in MC and MC1 volumes. 

The downregulation of bone turnover biomarkers due to ZA was an expected result.  

In our study, the majority of primary MC was mixed-type (76.9%) and far less 

(15.4%) were MC1. It is difficult and time-consuming to collect individuals with 

pure MC1 in lumbar MRI. In addition, mixed MC may be more prevalent than is 

reported in the literature (Xu, Chu, Feng, Xu, & Zou, 2016b). They are assumed to 

represent different stages of MC in the degenerative process (Braithwaite et al., 



 

77 

1998). A rather similar MC type distribution to ours was reported in a study of 64 

chronic LBP patients; 79% MC1/2 and 21% MC1 (Kääpä et al., 2011). Another 

paper reported that among 302 EP with MC, 82 (27.2%) had mixed MC (Xu et al., 

2016b). However, we acknowledge that MC1 is an important research target. It has 

been proposed that MC1 indicates an alteration point from normality, and for this 

reason should be the focus in the evaluation of the relevance of MC (Zhang et al., 

2008).  

In our placebo group, only three (15%) MC1-dominant MC converted to MC2-

dominant MC, and the total volume of the primary MC increased by 26%. MC1 

volume grew by 18% and MC2 volume by 34%. In a six-year follow-up study of 

48 patients with LBP and MC1, 37.5% of MC1 converted to MC2, 14.6% into 

MC1/2, 39.6% remained as MC1 but became more extensive, and 8.3% indicated 

no change (Mitra et al., 2004). Kuisma et al. (2006) investigated the natural course 

of MC in a three-year follow-up study with a sample of 60 patients. The breakdown 

by MC at baseline was seven MC1/2 and 63 MC2. 10/70 MC (14%) transformed 

into another type, including six MC2 into MC1/2 (Kuisma et al., 2006). In the 

second (II) study of this thesis, the mean size of MC with regard to vertebral size 

was 21% at baseline and 24% at follow-up. The proportion of the MC1 component 

of the MC diminished from 74% to 41% over a two-year period. In our treatment 

study (III), the follow-up time was shorter, one year, which might account for the 

slower transformation of MC1-dominant into MC2-dominant MC, and the smaller 

amount of MC2 at follow-up than that in a study by Mitra et al. (12.5% vs 37.5%) 

(Mitra et al., 2004).  

In the ZA group, eight (42.1%) MC1-dominant MC converted to MC2-

dominant MC, the total volume of primary MC grew by 13%, and MC2 volume by 

53%, whereas MC1 volume decreased by 13%. In a 14-month follow-up study by 

Jensen et al., LBP intensity among patients with MC1 at both baseline and follow-

up was unlikely to diminish, but the change in size of MC1 was not associated with 

the change in LBP intensity (Jensen, R. K. et al., 2012). Our present study indicated 

a tendency of  conversion from MC1 to MC2 in the ZA group, as 42.1% of MC1-

dominant MC converted to MC2-dominant MC in the ZA group, in contrast to only 

15% in the placebo group. These results support our hypothesis that ZA could 

enhance the natural course of MC by speeding up the transformation from MC1 

into MC2, which may be explained as a healing process in the natural course of 

MC. Thus, an infusion of ZA positively positively the natural course of MC. 

In this treatment study, overall change in MC volume was not associated with 

the change in LBP symptoms. We noticed worsening of symptoms for MC that 
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remained MC1-dominant over the follow-up in the placebo group, while in the ZA 

group the same correlations were negative and weak, indicating a mild 

improvement in symptoms. Earlier, ZA has shown to improve LBP in the short term 

(1 month) and decrease the use of NSAID one year later compared to placebo 

(Koivisto et al., 2014). In the second (II) study of this thesis, with 64 chronic LBP 

patients, we observed that a change in the extent of MC1 correlated positively with 

changes in LBP symptoms. The results of the placebo group of the treatment study 

(III) and the results of the second study (II) support each other, while the ZA group 

indicated nearly opposite results. This might result from the effect of ZA on 

inflammation and bone metabolism, even if it is not seen at macrolevel (MRI).  

ZA has previously shown to reduce the advancement of bone oedema in  patients 

with psoriatic arthritis (McQueen et al., 2011), and to improve knee symptoms and 

diminish BM lesion size in patients with osteoarthritis (Laslett et al., 2012). Our 

ZA treatment study indicated that an infusion of ZA accelerates the evolution of 

MC1-dominant MC into MC2-dominant MC and diminishes the size of MC1.  

Studies observing the effect of different treatment options on MC composition 

and size are extremely rare. Only one other study has evaluated the effect of ZA on 

MC size (Cai et al., 2018). In this study, the size of the MC did not change over a 

six-month follow-up. Denosumab had no effect on the size of MC in the same study. 

The authors speculated that the follow-up period might be too short to observe 

significant changes in size. The estimation of the time interval for the natural 

conversion from  MC1 to MC2 is over 2–3 years (Weishaupt, Zanetti, Hodler, & 

Boos, 1998). Calcitonin is an osteoclast inhibitor which has been discovered to be 

more effective for the treatment of LBP and disability among patients with MC1 in 

the short term (4 weeks and 3 months) than diclofenac. Interestingly, calcitonin 

more effectively reduced the amount of MC1 than diclofenac. At baseline, all 

patients had MC1. At three-month follow-up the calcitonin and diclofenac groups 

had 35 out of 62 (56%) and 37 out of 47 (79%) patients with MC1, respectively. 

MC1 had been transformed into either normal BM or MC2 (Zhou et al., 2018). 

These results are concordant with ours. 
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6.2 Limitations and strengths 

6.2.1 MC and tracer uptake in bone scintigraphy (I) 

The first study of this thesis has some limitations. First, it is a cross-sectional, 

observational study by design, which cannot produce any evidence on causality. A 

cross-sectional study only provides associative level of probability. Second, the 

specificity of bone scintigraphy is relatively low, and this may have influenced our 

work as other degenerative changes may also elevate the tracer uptake. Therefore, 

SPECT could be a more sensitive and specific tool for differentiating MC from 

other degenerative changes. Russo et al. (2017) used a study design with SPECT 

and its theoretical implications are discussed in this thesis. Third, the bone 

scintigraphy results were analysed by one reader according to the MRI findings and 

were hence not blinded. We did not analyse the bone scintigraphy results in a 

blinded way because we primarily used scintigraphy as an activity indicator of focal 

bone metabolism – not for lesion detection. For the LNB ratio measurements, we 

attempted to locate the MC on the scintigraphy images as accurately as possible, 

according to the MRI findings. For improving the reliability of the image reading, 

two readers assessed the images and were blinded to both the original readings and 

each other. The reliability of the image analysis varied from good to excellent, 

which reduces the image reading bias of our study design. Finally, our patients’ 

lumbar MRI and bone scintigraphy were performed within six months of each other. 

Although it has been reported that the conversion of MC from one type to another 

is a slow process, we cannot exclude the possibility that the activity of the lesions 

in the bone scintigraphy changed during the six-month time period of the study. 

However, most of the patients’ examinations were performed within three months 

of each other. We excluded patients with a time interval of over three months 

between MRI and bone scintigraphy from our sensitivity analysis. As a result, the 

estimated mean LNB ratio for MC1 was still higher than that of the combined MC2, 

MC2/3 and MC3 group, but it did not differ from that of the combined MC1/2 and 

MC1/3 group.  

The strength of our study is its authenticity. It is the first study to specifically 

describe the relationship between MC and bone turnover in bone scintigraphy. It 

supports the concept that MC1 is an inflammatory lesion assessed using a relatively 

unusual technique, nuclear imaging.  
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6.2.2 MC and LBP (II) 

Some limitations in the second study of the thesis should be considered. Firstly, the 

study population was quite small. Solitary MC1 or MC1/2 is uncommon, which 

made the patient delivery for the study more difficult. Secondly, we excluded the 

clinically meaningful imaging findings from the other IVD levels. Thus, as the 

patients were collected from various hospitals, non-identical MRI equipment was 

used. Variable MRI scanners can have an effect on image quality, but we used 

comparable protocols for high-field MRI sequences. One Danish study (Bendix et 

al., 2012) compared lumbar MC in low-field (0.3T) and high-field (1.5T) MRI 

scanners. The results showed that the overall prevalence of MC may be different 

for low- and high-field MRI. The number of MC diagnosed using high-field MRI 

was significantly higher than when using low-field MRI. MC1 was dominant with 

low-field equipment, whereas MC2 with high-field equipment. Since we had minor 

field strength differences (1.0 – 1.5T),  the assessment of type or size of MC should 

not be biased. Thirdly, the effect of degenerative imaging findings other than MC, 

pain medication and other treatments, somatic and psychological comorbidities, 

education level, compensation, and other psychosocial factors on LBP symptoms 

were not analysed and hence we cannot rule out their influence on symptoms. 

The strengths of this study were its longitudinal design with a two-year follow-

up and its assessment of disability (ODI), in addition to LBP intensity measurement 

by 10-cm VAS. The image reading reliability was excellent. The finding of a 

significant correlation between the extent of MC1-containing MC and low back 

symptoms is also an important result.  

6.2.3 Treatment intervention with ZA (III) 

The the third study of the thesis also has some limitations. MRI was scanned using 

varying equipment at baseline because patient recruitment was challenging. 

Solitary MC1-dominant MC are relatively rare and various health care units had 

referred patients to our clinic. The variance of the scanners corresponded to clinical 

practice. The variability of the field strengths in our scanners was rather wide 

(0.23–1.5T), and this may have had an effect on the detection and classification of 

MC. However, there was no significant influence on the results of our sensitivity 

analysis using only high-field MRI scanners. The time interval varied from 0.4 to 

11.5 months between baseline imaging and the infusion. The average time interval 

was four months. In five patients, the time interval was considerably longer, 9.1 – 
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11.5 months. These patients had mixed-type primary MC (two predominating MC2 

and one predominating MC1 in the placebo group; two predominating MC1 in the 

ZA group). The transformation of MC into the different types is a time-consuming 

process and may take even years. Therefore, we estimate that the longer time 

interval between the baseline imaging and treatment did not have a considerable 

influence on the course of MC. The size of our study is relatively small to be enable 

the detection of changes in MC phenotypes. Preceding power calculations were not 

made because of the new study set-up and missing prior data on the efficacy of ZA 

in the treatment of MC. A one-year follow-up period was estimated to be long 

enough for detecting the efficacy of ZA as it is investigated with other indications 

(osteoporosis, osteoarthritis). Some patients had several MC. We separately 

assessed the effect of ZA on primary MC, which is supposed to produce symptoms, 

and on non-primary MC, because we presumed that they represented different 

stages of the same MC process and acted in separate ways. The primary MC were 

mainly MC1-dominant, and we assumed that treatment with ZA would reduce 

inflammation. The non-primary MC were generally small and mostly MC2-

dominant, and we did not expect them to change considerably.  

The main strength of the study is its RCT design. Other strengths comprise 

successful follow-up (no drop-outs) and full adherence due to the i.v. dosage of the 

medication. In addition, the image reader was blinded to other research data and an 

experienced musculoskeletal radiologist assessed the MRI of 19 randomly selected 

patients for inter-reader reliability calculations. Our image reading reliability of the 

readers was high which indicates we had repeatable reading methods.  

6.3 Practical implications and future prospects 

In the diagnostic context, the results of this thesis may provide additional assistance 

to physicians who report bone scintigraphy findings (I). They might already be 

familiar with the effect of degenerative changes to tracer accumulation on a general 

level, but our results provide more specific tools for assessment. MC1 was 

significantly more often associated with increased tracer uptake in bone 

scintigraphy than the other MC types. This indicates enhanced bone turnover. An 

interesting aspect was highlighted in a study by Lusins et al. (Lusins et al., 1998). 

They speculated that MC could be delineated by bone scintigraphy or SPECT even 

prior to MRI. Although we did not address this in the current study, the amount of 

tracer uptake may also correlate with MC activity and show a similar relationship 

with low back symptoms. The anatomical information on bone scintigraphy is 
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inferior to that of MRI, but a potential advantage of such functional imaging is that 

it can show the physiological activity of an osseous lesion. The additional 

information obtained through bone scintigraphy, in combination with MRI findings, 

may have clinical importance, as MC most likely present different stages of the 

same pathological process, and the temporal evolution of MC may take years. 

Routine MRI may not be enough to differentiate between the active and silent 

phases of MC. 

The clinical relevance of the findings in the second paper of this thesis is 

supported by the observation that MC with an MC1-component are more frequently 

associated with pain than the other MC types (II). This is important knowledge for 

physicians in clinical patient work. The results, in accordance with other studies, 

suggest that MC1 represent a distinct phenotype among LBP patients. However, a 

recent systematic review on MC reported conflicting results and discovered that 

half of the studies found no association (Herlin et al., 2018). In the future, large 

population-based cohort studies with a low risk of bias are needed. These studies 

must acknowledge versatile or multivariable analyses including known and 

suspected effect modifiers and confounders.  

The ZA treatment intervention for patients with MC and LBP demonstrated 

promising results (III). However, ZA is not ready for broad clinical use among LBP 

patients with MC. Its effect on the symptoms and MRI findings of LBP patients 

must be further studied. More high-quality research must be conducted to discover 

the real potential of ZA in the treatment of chronic LBP with MC. 
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7 Summary and conclusions 

Based on the questions and hypotheses presented in the aims of the thesis, the key 

finding are: 

I  Does bone scintigraphy show MC to be associated with increased bone 

turnover ?  

The results showed that MC1 is associated with increased bone turnover.  

II  Are low back symptoms associated with the type and size of MC over a two-

year follow-up period? 

The results showed that the change in the extent of MC1 is positively associated 

with changes in low back symptoms. 

III  Does a single dose infusion of ZA have an effect on the size and type of MC? 

ZA had a tendency to accelerate the conversion of MC1-dominant MC into 

MC2-dominant MC and reduce the volume of MC1-dominant MC. However, 

these results did not reach statistical signifigance. 

This thesis demonstrated that nuclear imaging such as bone scintigraphy may have 

a potential role in MC imaging. This was the first study to report a specific 

relationship between MC and bone scintigraphy. MC with an MC1-component was 

associated with increased tracer uptake shown in scintigraphy, indicating that bone 

turnover is elevated in the MC1 area. Professionals dealing with imaging 

diagnostics must be familiar with the relationship between MC and bone 

scintigraphy. 

Although the evidence of an association between MC and low back symptoms 

is still inconsistent, this thesis supports the concept that MC is a specific phenotype 

of LBP and that MC1 in particular is more consistently related to low back 

symptoms.   

The treatment experiment with ZA presented in this thesis yielded promising 

results. ZA may work as a treatment for LBP patients with MC1-containing MC. 

However, this requires more research evidence from high-quality studies and 

careful patient selection in the future. 
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