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Abstract
The purpose of this study was to evaluate the value of 0.23T low-field magnetic resonance imaging
(MRI) and nanocolloid (NC) scintigraphy in assessing joint pathology associated with rheumatoid
arthritis (RA).

Fat suppression methods combined with contrast media enhancement aid in distinguishing
enhancing inflamed tissue from the surrounding fat, especially in the imaging of arthritic joints. The
feasibility and image quality of a phase-shift water-fat MRI method for fat suppression at low-field
0.23T open configuration MR scanner was evaluated. The technique was combined with contrast-
enhanced imaging to assess the conspicuity of synovial hypertrophy in the joints of 30 RA patients.
Improved conspicuity and delineation of synovitis was detected with this method. However, because
of a great amount of manual post processing, future development is needed to make this method more
feasible.

Contrast-enhanced MRI and NC scintigraphy may provide objective and quantitative information
about the inflammatory activity in arthritic joints. The value of quantitative and semiquantitative
measures of inflammation derived from NC scintigraphy and low-field MRI of the wrist joint of 28
early RA patients was evaluated. Furthermore, it was investigated whether these parameters have
predictive value of further erosive development during two years of follow-up.

Strong correlations were detected between the NC scintigraphy and MRI measures, and these
parameters were associated with laboratory markers of inflammation. During the two-year follow-up,
the initial MRI and NC scintigraphy measures were closely related with the progression of wrist joint
erosions. 

Small erosive-like bone defects can occasionally be found in wrist MRI of patients without
clinically overt arthritis. The prevalence of these lesions was studied in bilateral wrist MRI
examinations of 31 healthy persons. Small lesions resembling erosions were detected in 14 out of 31
subjects. Altogether 24 of the 930 wrist bones evaluated showed such lesions (3%). Thus small
changes resembling erosions can be found in the wrist MRI of healthy subjects; the significance of
these findings must always be interpreted with reference to the clinical picture.

In conclusion, early RA patients with high local inflammatory activity, as detected by NC
scintigraphy and MRI are at risk of developing further bone damage. Furthermore, in the follow-up
of early RA patients, if clinically sustained response is not achieved, these methods help to identify
patients who need more intensive drug treatment.

Keywords: contrast-enhanced MRI, fat suppression, low-field MRI, magnetic resonance imaging,
rheumatoid arthritis, scintigraphy





 5 

Acknowledgements 

This study was carried out at the Department of Diagnostic Radiology, University 
of Oulu, during the years 2000–2006, and the Rheumatism Foundation Hospital, 
Heinola, during 2003 and 2004. 

I owe my deepest gratitude to my supervisor, Professor Osmo Tervonen, 
M.D., Head of the Department of Diagnostic Radiology. He created the 
opportunity, facilities and optimal conditions for my research. His support and 
unfailing optimism have been invaluable for this study. 

I am deeply grateful to my other supervisor, Professor Markku Hakala, M.D., 
Department of Musculoskeletal Medicine and Rehabilitation, Medical School, 
University of Tampere. This work would have been impossible to accomplish 
without his advice and expertise on rheumatic diseases and research. 

I am deeply grateful to Professor (emeritus) Ilkka Suramo, M.D. Former 
Head of the Department of Diagnostic Radiology, University of Oulu. His advice 
and encouragement have been important throughout this study. 

I am sincerely grateful to my closest co-workers Reijo Takalo, M.D., Head of 
the Department of Nuclear Medicine, University of Oulu, Jorma Vuotila, M.D., 
specialist in rheumatic diseases and internal medicine, and Irma Soini, M.D., 
Head of the Department of Radiology, Rheumatism Foundation Hospital, Heinola. 
They gave numerous hours of their time for this study. 

I wish to express my gratitude to my other co-authors: Raija Niemelä, M.D., 
and Anna Karjalainen, M.D., both from the Department of Internal Medicine, 
University of Oulu; Airi Jartti, Deparment of Diagnostic Radiology, University of 
Oulu; Kalevi Kaarela, M.D., Docent from the Rheumatism Foudation Hospital, 
Heinola, and Hannu Kautianen, M.Sc, Medcare Foudation, Äänekoski. Their 
input has been essential for this study. 

I owe my sincere thanks to Marianne Haapea, M.Sc., for her invaluable work 
in statistical analysis. 

I am grateful to Professor Timo Möttönen, M.D., and Docent Kimmo Mattila, 
M.D., for their constructive criticism and encouraging comments as the reviewers 
of this thesis. 

I wish to extend my warm thanks to Anna Vuolteenaho M.A., for the skilful 
revision of this summary. 

I thank the personnel of the 0.23T MRI unit of Oulu University Hospital: 
Salme Meriläinen, Kyösti Palomaa, Raija Ylävaara and Anu Kauppila for 
excellent co-operation during this study.  



 6 

My warm thanks to Jari Erkkilä, M.Sc., and Jukka Tanttu, Ph.D., for valuable 
information about MR physics. I also wish to thank Mrs. Kaisa Punakivi, Mrs. 
Leila Salo and Mrs. Marja-Liisa Raipola for their kind assistance in practical 
matters. 

I wish to thank all my colleagues at the Radiology Deparments of Oulu 
University Hospital. I thank especially Professor Seppo Lähde, Professor Juhani 
Pyhtinen, Docent Sami Leinonen, Docent Peter Lanning and Docent Eija Pääkkö 
for excellent teaching. Thanks to Docent Eero Ilkko and Docent Jukka Perälä for 
arranging me to have time for this research. 

I want to thank all my friends at the infamous Bothnia Penguins hockey club; 
our games and tournaments have brought me many memorable moments.  

Last but not least, sincere thanks to my mother Terttu for raising me with love 
and patience, rest in peace, and to my father Aaro. Thanks to my brother Jussi and 
sister Leena. Finally, most loving thanks to my wife Päivi, and to our daughters 
Saana, Venla and Pinja, for all the love and understanding they have given me 
during these years; you are my everything. 

 



 7 

Abbreviations  

2D  Two-dimensional 
3D Three-dimensional 
ACR American College of Rheumatology 
CI Confidence interval 
CNR Contrast-to-noise ratio 
CR Conventional radiography 
CRP C-reactive protein 
CT Computed tomography 
DAS Disease activity score 
DEMRI Dynamic contrast-enhanced magnetic resonance imaging 
DMARD Disease-modifying antirheumatic drug 
E-rate Enhancement rate 
ESR Erythrocyte sedimentation rate 
EULAR The European League Against Rheumatism 
fAb Fragment of monoclonal antibody 
FDG Fluorodeoxyglucose 
FE Field echo 
FFE Fast field echo 
FOW Field of view 
FSE Fast spin echo 
Gd-DTPA Gadolinium diethylene triamine pentaacetic acid 
GM-CSF Granulocyte macrophage cell stimulating factor 
GRE Gradient echo 
HAQ Health Assessment Questionnaire score 
HIG Human non-specific immunoglobulin 
HMPAO Hexamethylenepropylene amine oxime 
Hz Hertz 
ICC Intraclass correlation coefficient 
IgG Immunoglobulin G 
IgM Immunoglobulin M 
IL Interleukin 
In Indicium 
IQR Interquartile range 
IR Inversion recovery 
mAb Monoclonal antibody 



 8 

MCP Metacarpophalangeal 
MDCT Multidetector computed tomography 
MDP Methylene diphosphonate 
MRI Magnetic resonance imaging 
NC Nanocolloid 
NAC-90 Non-specific cross-reacting antigen 90 
NFκB Nuclear factor kappa B 
OMERACT Outcome Measures in Rheumatology 
OR Odds ratio 
PET Positron emission tomography 
RA Rheumatoid arthritis 
RAMRIS Rheumatoid Arthritis Magnetic Resonance Scoring System 
RF Rheumatoid factor 
ROI Region of interest 
SD Standard deviation 
SE Spin echo 
SI Signal intensity 
SNR Signal-to-noise ratio 
SSEA-1 Anti-stage specific embryonic antigen-1 
STIR Short tau inversion recovery 
T Tesla 
T1 Longitudinal relaxation time 
T1w T1 weighted 
T2 Transverse relaxation time 
Tc Technetium 
TE Echo time 
TI Time for inversion 
TNF-α Tumour necrosis factor alpha 
TR Repetition time 
US Ultrasonography 
 



 9 

List of original publications 

This thesis is based on the following articles, which are referred to in the text by 
their Roman numerals. 

I  Palosaari K & Tervonen O (2002) Post-processing water-fat imaging technique for fat 
suppression in a low-field MR imaging system, evaluation in patients with rheumatoid 
arthritis. MAGMA 15: 1–9. 

II  Palosaari K, Vuotila J, Takalo R, Jartti A, Niemelä R, Haapea M, Tervonen O & 
Hakala M (2004) Contrast-enhanced dynamic and static MRI correlates with 
quantitative 99Tcm-labelled nanocolloid scintigraphy. Study of early rheumatoid 
arthritis patients. Rheumatology 43: 1364–1373. 

III  Palosaari K, Vuotila J, Takalo R, Jartti A, Niemelä RK, Karjalainen A, Haapea M, 
Soini I, Tervonen O & Hakala M (2006) Bone edema predicts erosive progression on 
wrist MRI in early RA. A two-year observational MRI and NC scintigraphy study. 
Rheumatology 45: 1542–1548. 

IV  Palosaari K, Vuotila J, Soini I, Kaarela K, Kautiainen H & Hakala M (2008) Changes 
resembling erosions in bilateral wrist MRI of healthy subjects. Manuscript. 



 10 

 



 11 

Contents 

Abstract 
Acknowledgements 5 
Abbreviations 7 
List of original publications 9 
Contents 11 
1 Introduction 15 
2 Review of the literature 17 

2.1 The synovial joint.................................................................................... 17 
2.2 Rheumatoid arthritis................................................................................ 18 

2.2.1 Aetiology, epidemiology and clinical features of RA................... 18 
2.2.2 Early RA: diagnostics and the prediction of the course of 

the disease .................................................................................... 20 
2.3 Imaging modalities in RA ....................................................................... 21 

2.3.1 Conventional radiography ............................................................ 21 
2.3.2 Computed tomography ................................................................. 22 
2.3.3 Ultrasonography ........................................................................... 23 

2.4 Magnetic resonance imaging................................................................... 24 
2.4.1 MRI physics ................................................................................. 24 
2.4.2 Low-field MRI ............................................................................. 24 
2.4.3 Fat suppression methods at low field ........................................... 25 

2.5 Value of MRI in detecting joint inflammation and bone damage 
in RA....................................................................................................... 28 
2.5.1 Methods of assessing synovial inflammation ............................... 30 
2.5.2 Bone marrow oedema/osteitis in MRI.......................................... 33 
2.5.3 Bone erosions in MRI................................................................... 34 

2.6 Findings resembling erosions, synovitis and bone oedema in 
wrist MRI of asymptomatic subjects....................................................... 35 

2.7 Nuclear imaging in RA ........................................................................... 37 
2.7.1 Background .................................................................................. 37 
2.7.2 Bone scintigraphy......................................................................... 38 
2.7.3 Radiolabelled non-specific human immunoglobulin (HIG) ......... 39 
2.7.4 99mTc-labelled nanocolloids (NC) ................................................. 40 
2.7.5 Radiolabelled leukocytes.............................................................. 41 
2.7.6 Radiolabelled antibodies .............................................................. 41 
2.7.7 Radiolabelled anti-TNF-α antagonists ......................................... 43 



 12 

2.7.8 Imaging of enhanced glucose uptake............................................ 43 
3 Purpose of the study 45 
4 Materials and methods 47 

4.1 Study population ..................................................................................... 47 
4.2 Clinical evaluation of the subjects .......................................................... 48 
4.3 Imaging of the subjects ........................................................................... 49 

4.3.1 MRI parameters ............................................................................ 49 
4.3.2 Imaging and assessment of nanocolloid scintigraphy (II 

and III) .......................................................................................... 51 
4.3.3 MRI assessments .......................................................................... 52 
4.3.4 Statistical methods........................................................................ 55 

5 Results 57 
5.1 Image quality of the post-processing water-fat imaging technique 

for fat suppression at low field (I) ........................................................... 57 
5.2 Quantitative MRI and NC scintigraphy in early RA patients (II 

and III)..................................................................................................... 59 
5.2.1 Baseline variables and correlations between MRI, NC 

scintigraphy and clinical parameters (II) ...................................... 59 
5.2.2 Patient demographics and disease evolution at baseline 

and follow-up (II and III) ............................................................. 61 
5.2.3 Ability of the baseline measures to predict bone damage 

(III) ............................................................................................... 64 
5.3 Lesions resembling erosions and synovitis in bilateral wrist MRI 

of asymptomatic subjects (IV) ................................................................ 64 
5.4 Reliability of the MRI and NC scintigraphy assessments (II, III, 

and IV) .................................................................................................... 65 
6 Discussion 67 

6.1 Fat suppression at low field..................................................................... 67 
6.2 Dynamic and static MRI in the evaluation of joint inflammation........... 69 
6.3 NC scintigraphy in the evaluation of joint inflammation........................ 71 
6.4 Correlation of MRI and NC scintigraphy with clinical and 

laboratory findings at baseline ................................................................ 72 
6.5 The value of MRI and NC scintigraphy in the follow-up of early 

RA patients .............................................................................................. 73 
6.6 MRI findings resembling erosions and synovitis in asymptomatic 

subjects.................................................................................................... 76 
6.7 Future aspects and recommendations...................................................... 78 



 13 

7 Summary and conclusions 81 
References 83 
Original publications 103 
 



 14 

 



 15 

1 Introduction 

Rheumatoid arthritis (RA) is an autoimmune disorder of unknown aetiology 
characterized by inflammation of the joints, periarticular bone resorption and 
cartilage destruction. The clinical course of the disease is variable, ranging from 
mild, self-limiting arthritis to rapidly progressive multisystem inflammation with 
profound morbidity and mortality. RA affects about 1% of the adult population, in 
a female/male ratio of 2.5/1 (Lee & Weinblatt 2001, Firestein 2003). The modern 
treatment strategy with highly effective therapies aims to complete suppression of 
joint inflammation to prevent damage and functional disability as early as 
possible during the course of the disease (American College of Rheumatology 
Subcommittee on Rheumatoid Arthritis Guidelines 2002). However, in the early 
disease, clinical examination, biochemical assessments and conventional 
radiography are not alone sensitive and specific enough to discriminate RA from 
other inflammatory polyarthritis and to discriminate between self-limiting disease 
and persistent erosive arthritis (Brower 1990, McQueen et al. 1998, Backhaus et 
al. 1999, Dixon & Symmons 2005). 

In recent years, advancement in newer imaging methods such as magnetic 
resonance imaging (MRI), computed tomography (CT), ultrasonography (US) and 
scintigraphy have shown enormous potential in early diagnosis and in monitoring 
disease activity, therapy response and joint damage. In particular, MRI, being a 
superior imaging modality in its ability to visualize both destructive and 
inflammatory disease manifestations, offers an excellent tool to explore all 
aspects of joint disease. However, the means for quantitative documentation of 
the degree of synovial inflammation and bone damage need to be explored in 
order to monitor disease activity and therapy response as accurately as possible. 
Methods for quantifying the “inflammatory load” of synovial joint by MRI 
include volume estimation of the hypertrophied pannus tissue and the 
measurement of the speed and intensity of contrast media enhancement of the 
pannus, described as dynamic contrast-enhanced MRI (DEMRI) (König et al. 
1990). Enhancement rates derived from dynamic MRI and synovial tissue volume 
estimation from static MRI have been shown to correlate with histopathology and 
subsequent bone damage, underlining the importance of these methods in 
producing predictive and useful information about the severity of the disease 
(Konig et al. 1990, Ostergaard et al. 1997, Gaffney et al. 1998, Ostergaard et al. 
1999, McQueen et al. 1999, Huang et al. 2000, McQueen et al. 2003, Conaghan 
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et al. 2003b). However, the reproducibility and accuracy of these methods needs 
further evaluation. 

Most of the MRI work in RA has been done with high field scanners, which 
offer better spatial and contrast resolution than low field scanners. Technical 
limitations due to low field strength have prevented the development of certain 
optimal techniques for imaging joint pathology with low field scanners, such as 
spectral fat suppression. However, low-field-strength scanners are generally less 
expensive and more comfortable for the patient (especially those of open 
configuration design) than standard cylindrical closed bore high field scanners 
(Savnik et al. 2001). Few studies have compared high field and low field scanners 
in hand arthritis, but similar performances in terms of synovitis and erosion 
detection have been shown (Savnik et al. 2001, Taouli et al. 2004, Ejbjerg et al. 
2005a).  

The purpose of this study was to look for optimal imaging methods for 
assessing joint inflammation associated with RA in a low field 0.23T open 
configuration MRI and in nanocolloid (NC) scintigraphy. The feasibility and 
image quality of a phase-difference based fat suppression method in the 
visualisation of contrast-enhanced synovial hypertrophy in RA joints was 
evaluated. Furthermore, the value of quantitative and semiquantitative measures 
of inflammation derived from NC scintigraphy and low-field MRI of the wrist 
joint in early RA patients was evaluated. It was investigated whether these 
measures can produce reliable information about local disease activity at the onset 
of the disease, and whether these imaging parameters have predictive value of 
further erosive development during two years of follow-up. Finally, the presence 
of changes resembling findings typical to RA in healthy individuals on low field 
MRI was explored.  
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2 Review of the literature 

2.1 The synovial joint 

The articular capsule surrounding a synovial joint consists of a thick outer layer, 
the fibrous capsule, and a thinner inner layer, the synovial membrane. The 
synovium serves as an important source of nutrients for cartilage since cartilage 
itself is avascular. In addition, synovial cells synthesize joint lubricants such as 
hyaluronic acid, as well as collagens and fibronectin that constitute the structural 
framework of the synovial interstitium. 

The synovial membrane lines the non-articular portions of a synovial joint. It 
is attached to the bones at the osteochondral junction. The normal synovium has 
two layers, the superficial “intimal” cellular layer, which is only 1-3 cells thick 
(approximately 20 µm), and the “subintimal layer”, which consists of connective 
tissue, blood vessels, fat cells and fibroblasts (Edwards 1994). 

In RA, the intimal layer is greatly hypertrophied (8–10 cells thick), and the 
subintimal area is heavily infiltrated with inflammatory cells, including T and B 
lymphocytes, macrophages and mast cells. The intense cellular infiltrate is 
accompanied by new blood vessel growth (angiogenesis). A characteristic feature 
in RA is the formation of destructive hypertrophied synovial tissue, often called 
pannus tissue. It is locally invasive and may cause bone erosions in sites where 
the synovium is directly connected to the adjacent bone (Figure 1). The pannus is 
a fibrovascular granulation tissue, primarily comprised of invasive lining cells 
with very little sublining mononuclear infiltration. Histological evaluation of the 
synovial membrane is of limited diagnostic and prognostic value in RA, due to 
high variability in the synovial histology between patients as well within a single 
joint. Furthermore, there is overlap with other diseases, since virtually any 
chronic inflammatory arthritis may have the same histological picture. (Firestein 
GS 1994). 
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Fig. 1. Hypothesis of erosion development in RA: inflamed and hypertrophied 
synovium invades and damages the cartilage and adjacent bone surface. 

2.2 Rheumatoid arthritis 

2.2.1 Aetiology, epidemiology and clinical features of RA 

RA is a multifactor disease of unknown origin, resulting from the interaction of 
genetic and environmental factors. Presentation of an as yet unknown antigen or 
antigens to T-cells is believed to trigger an autoimmune response. Subsequent 
proliferation of T and B cells as well as synovial angiogenesis occurs. Synovial 
hypertrophy begins and neutrophils accumulate within the joint in response to 
chemotactic factors produced by the fixing of complement and the production of 
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cytokines by macrophages and synoviocytes such as tumour necrosis factor alpha 
(TNF-α), interleukin 1 and 6 (IL-1, IL-6), and granulocyte macrophage cell 
stimulating factor (GM-CSF) follows. Finally, through release of matrix 
degenerating enzymes in conjunction with osteoclast activation, the destruction of 
cartilage and bone occurs (Firestein GS 1994). 

Palaeopathological studies of skeleton specimens dating back several 
thousand years have shown evidence of RA in Native American tribes in North 
America. However, evidence of RA in Europe first appeared in early 17th century 
Dutch art, and the first case report was published in 1676 (Firestein 2003). Recent 
studies on the epidemiology of rheumatoid arthritis (RA) have obtained a 
prevalence of between 0.5 and 1.0%, and an annual incidence of around 25–50 
new cases per 100,000 inhabitants in Northern European and North American 
areas (Hakala et al. 1993, Kaipiainen-Seppänen et al. 1996, Alamanos & Drosos 
2005). A relatively lower prevalence has been reported in southern European 
countries and in developing countries (Carmona et al. 2002, Senna et al. 2004, 
Alamanos et al. 2004).  

The female:male ratio varies from about 2:1 to 3:1. There is a low incidence 
of RA in men under 45, the peak age of onset in women is at the age of 65–74, 
and in those aged over 75, there is a higher incidence in men than in women. A 
shift towards older age in the incidence of RA has been reported in Finland during 
1975–1990 (Kaipiainen-Seppänen et al. 1996). Mortality rates are higher among 
RA patients compared to general population. The life expectancy is likely to 
decrease 3–10 years according to the severity of the disease and the age at disease 
onset. Cardiovascular disease morbidity and mortality are increased in patients 
with rheumatoid arthritis (Myllykangas-Luosujärvi et al. 1995, Goodson et al. 
2002, Alamanos & Drosos 2005, Gerli & Goodson 2005).  

RA is characterized by usually symmetric inflammation of the peripheral 
joints, potentially resulting in progressive destruction of articular and periarticular 
structures; generalized manifestations may also be present. The onset of the 
disease is highly variable, ranging from abrupt and acute to gradual and insidious. 
The patterns of the disease range from mild and self-limiting (20%) to severe, 
destructing and mutilative (10%). Most patients present a chronic fluctuating 
course of the disease that may result in progressive joint destruction, deformity 
and disability (American College of Rheumatology Subcommittee on Rheumatoid 
Arthritis Guidelines 2002, Gordon DA & Hastings DE 2006).  
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2.2.2 Early RA: diagnostics and the prediction of the course of the 
disease 

Increasing joint destruction has been shown to lead to increasing disability (Scott 
et al. 2000, Drossaers-Bakker et al. 2002). Bone erosions typically occur within 
the first years of the disease (Möttönen 1988, van der Heijde 1995), and even 
patients with less than 3 to 4 months duration of symptoms may already have 
evidence of bone destruction (McQueen et al. 1998, Machold et al. 2002). Several 
clinical trials have shown that therapeutic intervention with disease-modifying 
antirheumatic drugs (DMARDs) and oral steroids early in the course of the 
disease reduces functional and structural deterioration (Egsmose et al. 1995, 
Stenger et al. 1998, Möttönen et al. 1999, Lard et al. 2001, Landewe et al. 2002, 
Korpela et al. 2004). Furthermore, treatment with newer biological agents seems 
to offer more benefit to early RA patients at high risk of erosive progression than 
conventional DMARDs (Bathon et al. 2000, Genovese et al. 2002, Breedveld et 
al. 2004). Since spontaneous remission of synovitis is frequently seen in patients 
with less than three months of symptoms, not all patients need to be treated with 
these potentially toxic therapies (Raza et al. 2006). Therefore, there is a growing 
need for powerful and sensitive methods that can accurately diagnose and indicate 
the prognosis of patients with RA and monitor the efficacy of treatment (Landewe 
2007). 

Early diagnosis has been challenging due to the non-specific signs and 
symptoms associated with many polyarthropathies and the lack of accurate 
definitive diagnostic tests that can accurately classify RA at presentation. The 
currently widely used 1987 classification criteria of the American College of 
Rheumatology (ACR) criteria of RA (Arnett et al. 1988) performs poorly in the 
early months of RA (Harrison et al. 1998, Saraux et al. 2001, Machold et al. 2002, 
Symmons et al. 2003), since the criteria were developed using patients with 
established RA (mean disease duration close to 8 years).  

In the early disease, prediction models based on risk factors for the 
development of erosive changes instead of classification of the disease have been 
developed, but they require more validation (Visser et al. 2002). Symptom 
duration over 12 weeks, arthritis in three or more joints, and presence of IgM 
rheumatoid factor (RF) are established initial risk factors for persistent erosive 
disease (Harrison et al. 1998). Older age, female sex, presence of erosions on 
radiography at presentation, erythrocyte sedimentation rate (ESR) and C-reactive 
protein (CRP) may also be indicative of poor outcome in early RA (Green et al. 
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1999, Kroot et al. 2000, Goronzy et al. 2004). In a six-year follow-up study of 
142 patients with early RA, high clinical disease activity (including morning 
stiffness, pain scale, grip strength, Ritchie’s articular index, haemoglobin and 
erythrocyte sedimentation rate) and rheumatoid factor positivity were found to be 
the best predictors of poor prognosis in early RA (Möttönen et al. 1998). 

Recent studies have highlighted the importance of MRI in the detection of 
early signs of joint inflammation and bone damage as well as in the monitoring of 
therapy response and in the prognostication of the severity of the disease 
(Ostergaard et al. 1999, McQueen et al. 2003, Conaghan et al. 2003b, Benton et 
al. 2004, Conaghan et al. 2005). 

2.3 Imaging modalities in RA 

The optimal imaging modality in RA would provide the following features: early 
diagnosis, sensitive monitoring of joint inflammation and joint destruction, 
prediction of the course of the disease, and high reliability and reproducibility of 
evaluation methods (Ostergaard & Szkudlarek 2003, McQueen & Ostergaard 
2007). At present, MRI is the only imaging method that may contribute to all the 
aspects mentioned before, but more data are still needed, particularly on 
validation of different MRI scanners and parameters and the ability of these 
parameters to predict structural and functional outcome. The current imaging 
methods available for assessing inflammation and joint destruction in RA are 
reviewed below. 

2.3.1 Conventional radiography 

Radiography of the hands and feet is the traditional imaging method used for the 
diagnosis, staging and follow-up of patients with established RA (Brower 1990, 
American College of Rheumatology Subcommittee on Rheumatoid Arthritis 
Guidelines 2002). Late signs of RA, such as erosions, joint space narrowing, 
juxta-articular osteoporosis, bone cysts, joint subluxations, malalignment or 
ankylosis, can be demonstrated (Watt 1997).  

Conventional radiography (CR) is a well-established tool for the evaluation 
of disease progression and outcome measurement in RA clinical trials; several 
scoring systems have been developed and validated for this purpose (Larsen et al. 
1977, Sharp et al. 1985, van der Heijde et al. 1995). Radiographic damage is 
strongly correlated with disease duration, CRP, ESR and RF (Wolfe & Sharp 1998, 
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Bukhari et al. 2002). However, radiographs are only weakly correlated with pain, 
joint tenderness and function (Sokka et al. 2000). 

The advantages of CR include low cost and wide availability. Furthermore, 
radiography can help in differentiation of RA from other joint diseases such as 
osteoarthritis, psoriatic arthritis and neoplasms (Watt 1997). The disadvantages 
include the superimposition of structures due to two-dimensional representation 
of 3D pathology, the use of ionizing radiation, insufficiency for assessment of soft 
tissue changes including synovitis and inferior sensitivity to detect bone damage 
when compared to MRI or multidetector computed tomography (MDCT) 
(McQueen et al. 1998, Backhaus et al. 1999, Backhaus et al. 2002, Ostergaard et 
al. 2003a, Dohn et al. 2006, Dohn et al. 2007). 

In early RA, erosions visible on radiography have been reported to occur in 
10–26% of patients within 3 months of disease onset (McQueen et al. 1998, van 
der Horst-Bruinsma IE et al. 1998, Machold et al. 2002). Within two years, 75% 
of patients with RA have shown erosive joint damage (van der Heijde 1995). 
Patients with no erosions by two years are unlikely to show subsequent erosive 
damage (Scott 2002). Erosions visible on radiography early in the disease have 
been shown to have high specificity but low sensitivity for discriminating 
between self-limiting and persistent disease and for discriminating between RA 
and non-RA according to clinical diagnosis (Visser et al. 2002, Devauchelle, V et 
al. 2004). Therefore, there has been an increasing interest in other imaging 
methods that provide more sensitive data and better predictive value. In early 
disease, radiographic damage is not related to functional outcome, while after 5 to 
10 years, a significant association is detected (Scott et al. 2000). 

2.3.2 Computed tomography 

Computed tomography of the wrist joint offers high resolution imaging of bone 
erosions with possibility to multiplanar reformats and quantitative bone erosion 
volume estimations (Goldbach-Mansky et al. 2003, Perry et al. 2005). Although 
few reports exist as yet, modern MDCT seems to be more sensitive than MR in 
erosion detection, due to better definition of cortical bone and more favourable 
spatial resolution (Perry et al. 2005, Dohn et al. 2006, Dohn et al. 2007). In an 
older study, less RA-associated humeral head erosions were depicted with CT 
when compared to MRI or US (Alasaarela et al. 1998). However, the CT 
examinations in that study were done with a conventional single slice scanner, 
which had poorer spatial resolution, compared to modern MDCT. 
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The benefits of CT compared to MRI are lower price and faster imaging. CT 
has had better availability, but in recent years, the number of MRI units has 
increased rapidly. Disadvantages include the use of ionizing radiation and 
incapability to evaluate bone marrow oedema and soft tissue pathology (Perry et 
al. 2005). 

2.3.3 Ultrasonography 

Previous studies have shown that US offers accurate information on inflammatory 
and destructive changes in the joints of RA patients (Alasaarela et al. 1998, 
Backhaus et al. 1999, Wakefield et al. 2000, Szkudlarek et al. 2004, Szkudlarek et 
al. 2006). Joint effusion as well as fluid in bursae and tendon sheaths can be 
detected. Tendons and ligaments, including inflammation at their insertions 
(enthesitis), can be evaluated (Swen et al. 2000, Grassi et al. 2000). US allows 
assessment of synovial inflammation by direct visualization of the hypertrophied 
synovial membrane, and by the possibility to detect the increased synovial blood 
flow with power Doppler techniques (Newman et al. 1996). In the knee joint, 
power Doppler signal has been found to correlate with the histological assessment 
of synovial membrane microvascular density (Walther et al. 2001) When 
compared to MRI, US performance is good in easily accessible joints such as 
MCP joints and interphalangeal joints (Backhaus et al. 1999, Szkudlarek et al. 
2006), but poorer in anatomically more complicated joints, such as the wrist 
(Wakefield et al. 2000).  

Technical advances such as three-dimensional power Doppler ultrasound 
offers new possibilities for the precise description of morphological vascular 
patterns in inflammatory arthritis (Strunk et al. 2006). Recent studies have also 
shown US to be a useful tool in the monitoring of biologic therapy in RA 
(Iagnocco et al. 2007a, Iagnocco et al. 2007b). 

The advantages of US include low cost, non-invasiveness, lack of ionizing 
radiation, easy repeatability, and the possibility to image guided interventions, 
such as punctures and injections of joints, bursae and tendon sheaths. The 
disadvantages include inaccessibility to all parts of the joint due to inability of 
ultrasound to penetrate bone, dependency on a skilled investigator, and variation 
between investigators (Ostergaard & Szkudlarek 2003, Koski et al. 2006). More 
data on the standardization, reproducibility, follow-up and prognostic value of US 
in RA are needed (Ostergaard et al. 2005c, Joshua et al. 2007). 
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2.4 Magnetic resonance imaging 

2.4.1 MRI physics 

In MRI, the nuclei of protons are aligned in a strong, uniform magnetic field, 
absorb energy from tuned radiofrequency pulses, and emit radiofrequency signals 
as their excitation decays. These signals, which vary in intensity according to 
nuclear abundance and molecular chemical environment, are converted into sets 
of tomographic (selected planes) images by using field gradients in the magnetic 
field, which permits 3-dimensional localization of the point sources of the signals. 
Images with excellent soft tissue contrast are produced, without the use of 
ionizing radiation (Reimer et al. 2003). 

2.4.2 Low-field MRI 

MRI of the peripheral joints can be performed by using standard cylindrical 
closed bore MR-units, which work on high magnetic field or by using low-field 
scanners (usually extremity-only or open configuration type). A closed bore MRI 
unit has limited space, which excludes claustrophobic and unusually large 
patients from the examination. The open MRI magnet is more comfortable to 
these patients. Furthermore, open configuration allows access to image-guided 
procedures (Ojala 2002).  

The main disadvantage of low-field MR imaging is the lower signal-to-noise 
ratio (SNR), which is usually compensated for by increasing section thickness, 
reducing in-plane resolution and increasing the number of acquisitions, which 
leads to longer acquisition times. In addition, the number of possible imaging 
techniques is reduced due to low field strength. In particular, frequency selective 
presaturation pulse techniques that are routine and effective fat suppression 
sequences on standard up-to-date high-field scanners, cannot be acquired in low-
field strength scanners (Peterfy et al. 1998). However, improvements in magnet 
homogeneity and receiving coil technology with dedicated pulse sequences may 
compensate some of these difficulties of low-field-strength MRI (Bredella et al. 
2001). 

Due to poorer SNR and image quality, lower sensitivity in detecting joint 
pathology would be expected at low-field scanners when compared to high-field 
units. Few studies have compared high-field and low-field scanners in hand 
arthritis, but similar performances in terms of synovitis and erosion detection 
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have been shown in three previous studies (Savnik et al. 2001, Taouli et al. 2004, 
Ejbjerg et al. 2005a). One study explored intermachine and interreader variability 
between 1.0T high-field and 0.2T extremity-only low-field scanner in scoring 
synovitis, erosions and bone oedema. In this study, 15 MCP and wrist joints of 
RA patients were imaged according to the OMERACT criteria on two subsequent 
days. MRI images were evaluated by three experienced MRI readers. Similar 
performance and good agreement was reached regarding assessment of bone 
erosions. However, for scoring synovitis and bone oedema, considerable 
intermachine and interreader variability was found. According to this one study, 
extremity-only low-field scanner seems to have lower sensitivity in assessing 
joint inflammation, but more studies are needed to confirm this finding (Bird et al. 
2007). 

2.4.3 Fat suppression methods at low field 

Fat suppression methods are important for musculoskeletal applications to aid in 
visualizing abnormal signal intensities. Suppression of signal from fat improves 
the conspicuity of fluid content such as bone marrow oedema, fluid filling tendon 
defects and joint effusions (Harned et al. 1990, Quinn et al. 1995, Disler et al. 
1996). In addition, when combined with contrast media enhancement, areas of 
accumulated contrast agent are more easily depicted without the high signal 
presence of surrounding fat (Rominger et al. 1993, Klarlund et al. 1999). Various 
methods have been presented to suppress the fat signal or to separate the fat and 
water components, including chemical shift-based techniques, such as selective 
saturation or excitation, the Dixon method and its modifications and longitudinal 
magnetization (T1)-based methods, such as inversion-recovery (IR) imaging.  

Chemical shift-based presaturation pulse sequences (fat saturation, e.g. 
CHESS, FatSat, ChemSat) (Haase et al. 1985, Joseph 1985) are frequently used 
in fat suppression techniques in high-field MRI scanners. This method is difficult 
to employ in low-field scanners because of the lower resonance frequency and 
smaller frequency shift between fat and water (34 HZ at 0.23T vs. 223 HZ at 
1.5T). To our knowledge, no applications utilizing this technique exist in low-
field scanners. However, one study demonstrated binominal pulse sequences-
based chemical-shift fat saturation at low field strength (Baudouin et al. 1992). 
The major problem of this technique is the sensitivity to magnetic field 
inhomogeneities which often produces uneven saturation in areas with irregular 
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space and air-bone-soft tissue boundaries (Smith et al. 1991, Yoshimitsu et al. 
1995).  

A frequently used method for fat suppression that can also be employed at 
low field strengths is the short tau inversion time inversion-recovery (STIR) 
sequence (Tsai & Zlatkin 1990). STIR is based on the rapid T1 recovery of fat 
and is therefore not affected by magnetic field inhomogeneities (Bydder & Young 
1985, Atlas et al. 1988). However, the major disadvantage of this method is that 
the fat suppression is non-specific. Signal from tissues or fluid with similar T1 to 
that of fat (e.g. mucous tissue, haemorrhage, proteinaceous fluid and gadolinium) 
will also be suppressed (Krinsky et al. 1996). Therefore, this technique cannot be 
combined with gadolinium-DTPA-enhanced imaging, which is often essential in 
assessing synovial inflammation of the RA joints. This method also suffers from 
long acquisition times and low signal-to-noise ratios.  

An alternative method for fat suppression that is independent of field strength 
is the phase-contrast method, first described by Dixon (Dixon 1984), and further 
developed by many investigators (Glover & Schneider 1991, Szumowski et al. 
1994, Wang et al. 1998). In his original work, Dixon used shifted 180 
radiofrequency pulses or time of echoes to place the magnetization vectors of 
water and fat parallelly and antiparallelly, respectively, in a pair of images. 
Separated fat or water images can be produced by adding and subtracting these 
images (two-point Dixon technique). Shortly after Dixon published his work, a 
related alternative method that uses only a single-scan spin echo sequence was 
described (Paltiel 1985, Patrick et al. 1985, Ahn et al. 1986, Pohjonen 1993). The 
fat suppression method that is available in the low-field open scanner of the 
University Hospital of Oulu is based on this technique. The method requires 
adjustment of TE to show a detectable phase difference between fat and water. 
Phase images along with magnitude images are collected, and phase error 
corrections and fat suppression are done at a workstation (Pohjonen 1993). The 
method is capable of correcting field errors larger than the chemical shift between 
fat and water and does not require a 900 phase shift between fat and water. 
Scanning does not take longer, as the selection of fat or water reference regions 
and fat or water suppression operations takes place during image post-processing 
at a workstation. 

The method has many advantages when compared to the presaturation 
chemical shift selective techniques. It can be applied at any field strength, it does 
not require an additional radio-frequency saturation pulse, no special field 
shimming is required, and along with fat-suppressed images, non-fat-suppressed 
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and water-suppressed images are also available in the image data information. 
Furthermore, this technique is not as sensitive to field inhomogeneities as the 
conventional presaturation chemical shift selective methods, but it is critically 
important to ensure that each image shows consistent behaviour of fat and water 
within each voxel of the section. However, compared to Dixon’s original 
technique, the imaging time is considerably shorter and imaging sequence 
parameters are more widely selectable in the single-scan phase-contrast method. 
The pulse sequence demonstrating a single-scan gradient echo technique for 
water-fat separation is presented in Figure 2. 

Fig. 2. The pulse sequence demonstrating a single-scan gradient echo technique for 
water-fat separation. The gradient echo pulse sequence of the used scanner functions 
at 9.8 MHz, and the frequency difference between fat and water is 35 Hz. When a 
standard gradient echo sequence is used this difference is not inherently 
compensated in the echo and thus is detected in the sampling of the signal. 
Immediately after the excitation the transverse magnetization vectors of fat and water 
start to lose phase coherence in the different speeds due the 35 Hz frequency 
difference. This accumulates phase shift. A 180-degree difference occurs or opposite 
phase happens after 15 ms. If the images are reconstructed by maintaining phase 
information, it is possible to differentiate fat and water signals. The correction of 
spatial errors caused by magnet and rf-receiving coil and fat suppression procedures 
is done in the post-processing session. 
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Another fat suppression method that utilizes the phase difference between water 
and fat is the modified three-point Dixon technique (Zhang et al. 1996). This 
method combines three acquisitions in a single scan. With this technique, by 
adding a third acquisition, off-resonance phase accumulations can be achieved on 
a pixel-by-pixel basis, providing the possibility to calculate a B0 map. This map 
is used to compensate for phase shifts caused by B0 inhomogeneities in each 
pixel and therefore allows a more accurate decomposition into water-specific and 
fat-specific images. This technique is fully automatic, which is a clear advantage 
when compared to the modification available in the 0.23T scanner at Oulu 
University Hospital. The scan time is probably longer due to multiple acquisitions, 
increasing the risk of movement artefacts. However, one group has demonstrated 
this technique to produce reliable and homogenous fat suppression at 0.35T in the 
evaluation of knee cartilage and in contrast enhanced spine examinations 
(Bredella et al. 2001, Huegli et al. 2004). 

2.5 Value of MRI in detecting joint inflammation and bone damage 
in RA 

Early bone damage (erosions), bone marrow oedema and inflammatory soft tissue 
changes (synovitis) that are not detectable by conventional clinical, biochemical 
or radiographic methods, can be directly visualized and evaluated in detail by 
MRI (Peterfy 2001, Ostergaard et al. 2004). These three key lesions of RA are 
now clearly defined by OMERACT (Outcome Measures in RA Clinical 
Trials)(Ostergaard et al. 2003b) (Table 1). 

Table 1.  OMERACT definitions of RA lesions detected by MRI. 

Synovitis An area in the synovial compartment that shows above-normal post-gadolinium 

enhancement of a thickness greater than the normal synovium 

Bone oedema A lesion within the trabecular bone with ill-defined margins and signal 

characteristics consistent with increased water content 

Erosion A sharply marginated bone lesion, with correct juxtaarticular localization and 

typical signal characteristics, visible in 2 planes with a cortical break in at least 

1 plane 



 29 

Furthermore, the lack of ionizing radiation, possibility of standardization and 
allowance of blinded readings make MRI a potentially valuable tool for assessing 
diagnosis, classification, prognosis, and long-term evaluation of treatment 
outcome (Peterfy 2004, Ostergaard et al. 2005c).  

MRI is a more sensitive method than clinical examination and radiography in 
detecting joint inflammation and bone erosions (Jorgensen et al. 1993, McQueen 
et al. 1998, Backhaus et al. 1999, Ostergaard et al. 1999, Klarlund et al. 1999, 
McGonagle et al. 1999a). Furthermore, MRI is more sensitive for monitoring 
erosive progression (Ostergaard et al. 1999, McQueen et al. 1999, Backhaus et al. 
2002). Erosions on MRI have been demonstrated to correspond to and precede 
erosions detectable on radiography by a median of two years (Ostergaard et al. 
2003a). These results have encouraged researchers to use MRI-detectable damage 
as an outcome measure in RA clinical trials (Conaghan et al. 2003b, Conaghan et 
al. 2005, Quinn et al. 2005). 

The disadvantages of MRI include higher cost and lower availability 
compared to radiography, long examination times with ensuing patient discomfort, 
and restriction to evaluation of only one or few joints per session. However, there 
are some preliminary case reports on whole-body MRI showing promising results 
in the detection of inflammatory lesions (bone oedema and joint effusions) in 
patients with spondyloarthritis (Althoff et al. 2007, Appel et al. 2007). Much 
further study is needed, but in the near future, whole-body MRI will offer a novel 
tool in assessing disease activity of multiple joints in the same imaging session.  

The issues of standardization and reliability have been approached by 
international initiatives under the EULAR and OMERACT workgroups 
(Conaghan et al. 2001, McQueen et al. 2003, Ostergaard et al. 2005d). Based on 
data from interactive multicentre studies (Ostergaard et al. 2001, Lassere et al. 
2003) an semiquantitative OMERACT RA MRI Scoring System (RAMRIS) has 
been developed (Ostergaard et al. 2003b). The method has been proven to be 
valid, reliable and sensitive to change in various further studies (Conaghan et al. 
2003a, Haavardsholm et al. 2005, Ejbjerg et al. 2005b). Based on this scoring 
system, an reference image atlas of the wrist and MCP joints has been devised to 
help in assessing RA joint pathology (Ostergaard et al. 2005b).  

There are several pitfalls in assessing joint pathology based on MR images. 
Well-established MRI artefacts such as susceptibility, chemical shift, partial 
volume averaging, truncation, wraparound and movement can lead to 
misinterpretations (Nitz 2003, McQueen et al. 2005). In addition, normal features 
can cause false positive or false negative findings. Intraosseous ganglion cysts, 
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degenerative changes, nutrient foramina and small bony notches can be mistaken 
for erosions and need to be distinguished from these (Schrank et al. 2003, Ejbjerg 
et al. 2004, McQueen et al. 2005, Robertson et al. 2006). Imaging in two opposite 
planes and using thin slice thickness to avoid misinterpretations is recommended 
in the scoring of RA damage in the carpal area (Ostergaard et al. 2003b, 
McQueen et al. 2005).  

Due to superior sensitivity to detect early inflammatory and erosive changes 
and high sensitivity to detect response to treatment, MRI will gain major 
significance in clinical trials and practice of RA in the near future. Reduction in 
trial size and length may be possible due to more sensitive separation of 
responders from non-responders, compared to conventional radiography and 
clinical evaluation. In clinical practice, treating physicians who use MRI may 
potentially make quicker, more optimal decisions thanks to the availability of 
more accurate information (Ostergaard & Szkudlarek 2003). 

2.5.1 Methods of assessing synovial inflammation 

In RA the hypertrophied synovium of inflamed joints shows a large number of 
capillaries, enhanced capillary perfusion and permeability (Firestein 1999). 
Furthermore, the presence of angiogenetic factors (e.g. vascular endothelial 
growth factor) has been shown to associate with bone damage (Ballara et al. 
2001). 

Synovitis, i.e., inflammation and hypertrophy of the synovial membrane, is a 
prominent feature and predictor of consecutive erosive development in RA 
(Ostergaard et al. 1999, Conaghan et al. 2003b, Tanaka et al. 2005). Synovitis, 
which is reversible and potentially rapidly fluctuating, is considered as a measure 
of current disease activity (Ostergaard & Szkudlarek 2001). Bone erosions are 
seldom detected without synovitis and effective suppression of synovitis can 
decrease the development of new erosions (Conaghan et al. 2003b). Thus, MRI-
detectable synovitis as a measure of local disease activity has become frequently 
used in monitoring treatment response (Ostergaard et al. 1999, Backhaus et al. 
2002, Reece et al. 2002, Conaghan et al. 2003b, Argyropoulou et al. 2005, 
Ostergaard et al. 2005a).  

Synovitis can be evaluated by two approaches: synovial membrane volume 
estimations from standard post-contrast T1w MR images (Ostergaard et al. 1997, 
Bird et al. 2003), and measurement of the synovial enhancement rates from 
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dynamic MRI scans (Ostergaard et al. 1998, Gaffney et al. 1998). Both methods 
require the use of contrast media, i.e., Gd-DTPA.  

After intravenous injection, Gd-DTPA is transported unlinked in the plasma 
and diffuses rapidly through the damaged basement membrane into the 
extracellular spaces of highly vascularized tissues, such as the inflamed synovial 
membrane and tumours (Reiser & Naegele 1993). Gd-DTPA is a paramagnetic 
inert substance which shortens the T1 relaxation time, increasing the signal 
intensity in T1 sequences, thus allowing the differentiation of enhancing tissue 
(such as synovitis) from the non-enhancing tissues (e.g. ligaments, fat, muscle) 
(Balzer 2003).  

Quantitative and semiquantitative synovial volume estimations 

Synovial membrane volume measurements from post-contrast MR images have 
been shown to correlate to the macroscopic and microscopic signs of synovitis 
and to the progression of erosions (Ostergaard et al. 1997, Ostergaard et al. 1999). 
The method utilizes a combination of manual outlining of the synovial area and 
computer processing of the data. The investigator manually outlines the synovial 
area from each of multiple image slices. Computer software can then be used to 
calculate the synovial tissue volume based on the image slice thickness.  

This approach can be refined further by using segmentation algorithms in 
which enhancing tissue is differentiated from non-enhancing tissue based on 
signal intensity (Ostergaard et al. 1999, Huh et al. 1999, Argyropoulou et al. 
2005). 

Quantitative measurements of hypertrophied synovial membrane volume are 
time-consuming and difficult to apply in clinical practise. Therefore, more 
feasible semiquantitative scoring systems to assess RA inflammation (synovitis 
and bone oedema) and damage (erosions) in wrist and metacarpophalangeal 
(MCP) joints have been developed (McQueen et al. 1998, Ostergaard et al. 2003b, 
Haavardsholm et al. 2005).  

Multiple different qualitative and semiquantitative scoring systems have been 
used to evaluate the amount of synovial hypertrophy of the hand (Jorgensen et al. 
1993, Rominger et al. 1993, Ostergaard et al. 1995, Tonolli-Serabian et al. 1996, 
Jevtic et al. 1997, McQueen et al. 1998, Backhaus et al. 1999, Goupille et al. 
2001). However, the validity, reliability and responsiveness to change using 
rigorous scientific measurement principles are seldom reported (Lassere & Bird 
2001). At present, a standardized simple scoring system (RAMRIS) developed by 
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the international OMERACT group is the most widely accepted one in clinical 
trials (McQueen & Ostergaard 2007). Reliability of a global MRI synovitis 
scoring of the wrist has been demonstrated by the OMERACT group with 
intraclass correlation of 0.60–0.90 (Lassere et al. 2003, Haavardsholm et al. 2005, 
Conaghan et al. 2007). Sensitivity to detect change with this method in a clinical 
trial setting has also been reported (Conaghan et al. 2003b, Quinn et al. 2005). 

Dynamic MRI 

Dynamic Gd-DTPA-enhanced MRI (DEMRI) is a method to quantitatively 
estimate increased vascularity of synovial inflammation. The method requires fast 
and repeated scanning of the same area of interest where the contrast media- 
induced signal intensity increase over time is detected (Reiser et al. 1989, König 
et al. 1990).  

Contrast media enhancement is a complex function of blood flow, capillary 
permeability and the size of the extracellular space. Enhancement rates indicating 
the speed and intensity of the diffusion of a contrast agent in inflamed tissue can 
be calculated with this method. A curve plotting signal intensity in the region of 
interest over time can be obtained.  

The enhancement of inflamed synovium is usually rapid during the first 1–2 
minutes after contrast injection, followed by a flat uniform enhancement during 
following minutes. After about 10–15 minutes, the contrast medium diffuses into 
the synovial fluid, making the differentiation of synovial tissue from fluid in the 
joint cavity difficult (Ostergaard & Klarlund 2001). Enhancement rates (increase 
in signal intensity of enhancing synovium over time) calculated from the rapid, 
early enhancement phase (i.e. 1–2 minutes after intravenous injection of Gd-
DTPA) have been shown to correlate to the histological grade and microscopic 
features consisted with inflammation as well as to the volume of the synovial 
membrane (König et al. 1990, Tamai et al. 1994, Gaffney et al. 1995, Ostergaard 
et al. 1998, Gaffney et al. 1998).  

DEMRI has been shown to be sensitive in detecting inflammatory changes in 
active RA. It can differentiate patients with active RA from those in remission and 
from controls (Ostergaard et al. 1998, Cimmino et al. 2003). The method has also 
been reported to be sensitive for assessing treatment response (Ostergaard et al. 
1996b, Reece et al. 2002). However, DEMRI cannot be used in differentiating 
patients with rheumatoid arthritis from early unclassified polyarthritis or psoriatic 
arthritis (Klarlund et al. 2000b, Cimmino et al. 2005). 
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DEMRI is difficult to apply into clinical practice since it has many potential 
pitfalls for false estimation. The method requires accurate timing of contrast 
injection and imaging and careful manual delineation of enhancing tissue from 
other tissues (i.e. bone, cartilage, ligaments and vessels) that differ in contrast 
enhancement. Furthermore, the enhancement rates of inflamed synovium 
calculated from different regions of the joint can vary, which may be due to 
technical problems (patient movement, partial volume artefacts etc.) or intra-
articular inflammatory heterogeneity (Ostergaard et al. 1998, Klarlund et al. 
2000b). However, the inter-, and intraobserver variations of the method have been 
reported to vary from 9% to 15%, indicating sufficient reproducibility of the 
method (Ostergaard et al. 1996a, Huang et al. 2000). 

2.5.2 Bone marrow oedema/osteitis in MRI 

The presence of an increased portion of water in the bone marrow, generally 
referred to as “bone oedema” or “osteitis”, is a non-specific MRI finding 
frequently detected in trauma, tumours, osteoarthritis and RA. Bone oedema has 
been defined as “a lesion within the trabecular bone, with ill-defined margins and 
signal characteristics consistent with increased water content”. Bone oedema is 
detected as increased signal intensity within the bone marrow in T2w fat-
suppressed or STIR images and as low signal intensity in T1w images 
(Ostergaard et al. 2003b). It cannot be visualized by any other imaging methods, 
such as radiography, CT or US. Bone marrow oedema can be detected, but not 
differentiated from other inflammatory changes (synovitis or erosions) by 
scintigraphy. 

Bone oedema is a common finding in RA (McGonagle et al. 1999b, Savnik et 
al. 2002). A cohort study of 42 early RA patients (McQueen et al. 1998) revealed 
bone oedema to be present at the wrist joint in 64% of patients within 6 months of 
disease onset and in 45% after 6 years (McQueen et al. 2003). The presence of 
bone oedema in wrist and finger bones in early RA patients has been found to 
associate with the severity of the disease status as measured by clinical disease 
activity score (DAS), serologic variables (interleukin-6, matrix metalloproteinase 
3, CRP) and MRI scores of synovitis and erosions (Tamai et al. 2007). Bone 
oedema has also been shown to predict subsequent erosive bone damage and 
functional outcome (Savnik et al. 2002, McQueen et al. 2003, Benton et al. 2004). 
In the cohort described by McQueen et al, the bone oedema score at presentation 
was a stronger individual predictor of radiographic and functional outcome at 6 
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years than any other MRI parameter, including synovitis and erosion scores 
(McQueen et al. 2003).  

A recent histopathology study of late-stage RA patients (3 patients, 12 joints) 
undergoing joint replacement surgery demonstrated replacement of bone marrow 
fat by inflammatory infiltrates at the sites of bone oedema on MRI, thus 
indicating findings similar to sterile “osteitis” or “osteomyelitis”, rather than true 
oedema (Jimenez-Boj et al. 2007). McQueen et al. also found frequent high-grade 
bone oedema at the site of intended surgery in RA patients awaiting joint 
replacement or fusion (McQueen et al. 2007). These data suggest that bone 
marrow oedema may especially be associated with aggressive disease. 

New work is now emerging, linking bone marrow pathology to current 
theories of the immunopathologies of RA. Hirohata et al. described a study of 
bone marrow cells aspirated from the iliac crest of RA patients. CD34+ stem cells 
that were abnormally sensitive to tumour necrosis factor alpha (TNF-α) were 
found to express high levels of the nuclear factor kappa B (NFκB) transcription 
factor, contrasting with cells from osteoarthritis patients where NFκB expression 
was normal and TNF-α sensitivity not observed. The authors suggested that a 
bone marrow stem cell abnormality could underlie RA, and proposed a disease 
model where such cells could, under the influence of TNF- α, differentiate into 
fibroblast-like cells, and travel to the synovial membrane where they might 
appear as type B synoviocytes and promote synovitis (Hirohata et al. 2001, 
Hirohata et al. 2006). However, the histopathologic equivalent of bone oedema, 
frequently seen and often reversible in the MRI of early RA patients, remains 
unknown. 

The reliability of scoring bone oedema with the RAMRIS system has been 
poorer than for erosions, with reported ICC ranging from 0.5 to 0.86, probably 
due to difficulty in defining the borders of involved bone as well as technical 
challenges with failed suppression of fat content in trabecular bone (McQueen et 
al. 2003, Lassere et al. 2003, Ejbjerg et al. 2005a, McQueen et al. 2007). 

2.5.3 Bone erosions in MRI 

The OMERACT consensus group has defined MRI erosion as “a sharply 
marginated bone lesion with correct juxtaarticular localization and typical signal 
characteristics visible in two opposite imaging planes with a cortical break seen in 
at least one plane” (Ostergaard et al. 2003b). Typical signal characteristics include 
focal loss of the normal low signal intensity of cortical bone and loss of normal 
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high signal intensity of trabecular bone on T1-weighted images. GdDTPA-
enhancement within erosions is frequently detected, suggesting the presence of 
active, hypervascularized tissue in the erosion (Ostergaard et al. 2005b). 
Histopathologically, MRI bone erosions have been shown to be composed of 
dense infiltrates consisting of synovial inflammatory tissue invading the bone 
marrow, lymphocytic infiltrates emerging at the interface between synovial tissue 
and bone marrow fat, and blood vessels close to inflammatory infiltrates 
(Jimenez-Boj et al. 2007). 

Little data exist on the accuracy of MRI to detect erosions. Surface bone 
defects seen arthroscopically at metacarpophalangeal (MCP) joints have been 
shown to match up with erosions scored in MRI (Ostendorf et al. 2001). At 
present, modern MDCT offers best spatial resolution on calcified tissue, and can 
thus be considered a standard imaging reference for detecting bony erosions 
(Perry et al. 2005, Dohn et al. 2006, Dohn et al. 2007). In a recent study using 
MDCT as a reference method, the sensitivity, specificity and accuracy of 0.6 T 
open MRI scanner in detecting subtle (radiographically invisible) erosions in 
metacarpophalangeal joints of RA patients was reported to be 65%, 96%, and 
90%, respectively (Dohn et al. 2006).  

The quantification of erosions may involve simple numeric counting or 
estimation of erosion volume. Computer-aided volume measurements have been 
shown to correlate to more easily obtainable semiquantitative estimations of 
erosion volumes (scorings) (Bird et al. 2003, Dohn et al. 2007). The levels of 
reliability in scoring bone destruction by the most widely used semiquantitative 
OMERACT RAMRIS system have been shown equivalent to those published for 
radiographic erosion scoring methods (intraclass correlation coefficients 0.75–
0.95) (McQueen et al. 2003). 

2.6 Findings resembling erosions, synovitis and bone oedema in 
wrist MRI of asymptomatic subjects 

A few MRI studies of the wrist joint in RA have included normal controls in their 
protocol (Beltran et al. 1987, Jorgensen et al. 1993, Nakahara et al. 1996, Tonolli-
Serabian et al. 1996, Pierre-Jerome et al. 1996, Lindegaard et al. 2001). In the 
study with the largest number of controls (n = 42), erosive-like changes were 
detected in six subjects (14%) (Pierre-Jerome et al. 1996). No marrow infiltration 
(bone marrow oedema) was seen in the controls, while 35% of the patients had 
marrow infiltration. The major weakness of this study was the image acquisition 
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by only one sequence (axial T2 FFE), which reduces the sensitivity of detecting 
erosions, marrow oedema and synovitis, and increases the risk of 
misinterpretations, caused by partial volume artefacts.  

Three papers have focused on describing changes resembling synovitis or 
erosions in the wrist region of healthy persons (Partik et al. 2002, Ejbjerg et al. 
2004, Robertson et al. 2006). 

In a study of 28 healthy individuals, MRI depicted erosion-like changes in 7 
of the evaluated 420 wrist bones (1.7%) and mild synovitis-like changes in 6 
subjects (21%) (Ejbjerg et al. 2004). Bone marrow oedema was not found. In this 
study, the imaging was performed in two planes and with additional contrast 
media-enhanced sequences to achieve the best sensitivity to detect synovitis-like 
changes. 

In another study of 18 healthy subjects, eight individuals (44.4%) had 
contrast enhancement in the radiocarpal joints, located especially in the region of 
the prestyloid process. In this study, bone lesions were not studied (Partik et al. 
2002). 

In a recently published paper on 30 asymptomatic volunteers, 24 osseous 
lesions were identified in 14 subjects (47%, 95% CI 29–65%) by two 
musculoskeletal radiologists (Robertson et al. 2006). Among the osseous lesions, 
erosions, intraosseous ganglia, subchondral cysts, and contrary to the study of 
Ejbjerg et al., also bone marrow oedema was identified. The authors postulated 
that asymptomatic bone oedema may represent early lesions soon to become 
symptomatic, or reflect increased exercise or other activities, since their 
volunteers were younger than the ones in the study of Ejbjerg et al. (mean age 31 
vs. 47 years). 

These published studies indicate that small erosive-like bone lesions, mild 
synovitis-like changes, and occasionally also bone marrow oedema, can occur in 
wrist MRI of asymptomatic people, thus addressing the importance of interpreting 
MRI findings together with clinical data. 

The data on the role of anatomic and biomechanical factors in the distribution 
of bone erosions in wrist or finger joints are scarce (Pierre-Jerome et al. 1996, 
Tan et al. 2003). In the study by Pierre-Jerome et al., most erosions seen on the 
wrist MRI of 31 RA patients were located at the force-bearing column of the wrist 
(Pierre-Jerome et al. 1996). Tan et al. reported that in early RA patients, most 
MRI-detectable bone erosions of the MCP joints were located adjacent to the 
radial collateral ligaments (Tan et al. 2003). The study also included 28 healthy 
controls, 9 of whom had altogether 20 erosive lesions. Even in these healthy 
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subjects, the occurrence of bone damage was mostly detected on the radial side of 
the MCP joints. Thus, according to these series, there does not seem to be much 
difference between the location of the true erosions seen in the wrist MRI of RA 
patients and the erosive-like defects seen in asymptomatic individuals. 

2.7 Nuclear imaging in RA 

2.7.1 Background 

Nuclear imaging with different pharmaceuticals has been used as an investigative 
tools for the detection and treatment of arthritis activity in RA since the 1950s (de 
Bois et al. 1995a). The development of radiopharmaceuticals is targeted against 
different features in RA pathogenesis. Both non-specific and specific 
radiopharmaceuticals are used to image inflammation in RA. Increased blood 
flow, enhanced vascular permeability and influx of white blood cells are 
processes that result in the accumulation of radiopharmaceuticals in the 
inflammatory foci.  

The non-specific tracers (e.g. radiolabelled disphosphonates, nanocolloids, 
leucocytes, liposomes and non-specific immunoglobulins) accumulate due to 
increased vascular permeability. Accumulation of specific radiolabelled 
compounds (such as radiolabelled antibodies, granulocytes, cytokines and 
fluorodeoxyglucose) results from multiple different mechanisms, such as 
enhanced influx of leukocytes, binding to the activated endothelium or enhanced 
glucose-uptake by activated leukocytes). However, to some extent, all 
radiopharmaceuticals accumulate in a non-specific way at the site of 
inflammation (Rennen et al. 2001, Bleeker-Rovers et al. 2004).  

All these methods are non-specific, i.e. different types of arthritis cannot be 
differentiated. In addition, nuclear imaging lacks the spatial resolution achieved 
with other imaging methods, but offers greater anatomical coverage compared to 
MRI, making whole-body assessments possible.  

Nuclear imaging of inflammation in RA is traditionally performed with non-
specific tracers (99mTc-NC or 99mTc-HIG) in everyday clinical practice. Imaging 
with specific radiolabelled proinflammatory molecules (TNF-α, ilterleukin-1) and 
functional molecular imaging (PET) may give more specific information about 
the disease. However, a great deal of further work is needed to assess the clinical 
feasibility and reproducibility of these newer methods. 
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2.7.2 Bone scintigraphy 

Bone scintigraphy with radiophosphates (usually 99Tc-labelled MDP) is widely 
used in the imaging of bone metabolism (Imhof et al. 2002, Love et al. 2003). In 
normal bone, the uptake of radiophosphate is uniform. In the case of bone 
formation and resorption the osteoblastic activity is increased, which can be 
detected as increased uptake of the tracer. Imaging is typically performed 2 to 6 
hours after intravenous administration of the radionuclide. The method is non-
specific, but sensitive in the detection of bone metastases, trauma, osteoarthritis, 
inflammatory arthritis and periprosthetic changes (loosening and infection) 
(Gnanasegaran et al. 2005). 

Three-phase bone scintigraphy is a method modified from bone scintigraphy. 
In addition to bone imaging, also soft tissue inflammation and infection can be 
evaluated with this method (Love et al. 2003). The technique allows dynamic 
imaging of the accumulation of the tracer. Images are acquired at three time-
points: at arterial phase using an acquisition time of 5 to 6 seconds per frame up 
to 1 to 2 minutes after the injection of the tracer; at soft tissue phase from 2 to 8 
minutes post-injection, and at bone-metabolic phase 3 hours after the injection. 
While the first two phases represent blood flow and blood pooling within soft 
tissues, the third phase provides information about bony abnormalities (Love et al. 
2003). Only images from one specific area of interest (e.g. the palmar area or one 
large joint) can be acquired with the first two phases, while whole-body bone 
metabolic images can be obtained in the third phase.  

Three-phase bone scintigraphy is the most common scintigraphic procedure 
performed in patients with arthralgia. The reports regarding the utility of three-
phase bone scintigraphy in the diagnosis of arthritis are controversial. Warchol et 
al. (Warchol et al. 1998) did not find it equally suitable as 99mTc-NC and 99mTc-
HIG in the differential diagnosis of painful small joints, while another study 
(Klett et al. 2000) showed an excellent agreement in the visualization of synovitis 
by 99mTc-HIG and the blood pool phase of bone scintigraphy. Klett et al. proposed 
that the mechanism of tracer accumulation in the blood pool phase of bone is 
mainly based on increased vascular permeability similar to the accumulation 
mechanism of 99mTc-NC and 99mTc-HIG. Accordingly, similar performances in 
detecting the efficacy of radionuclide synovectomy of RA knees were found 
between three-phase bone scintigraphy and 99mTc-HIG (Arzu et al. 2003).  

In a comparative study of finger joints of 60 patients with various forms of 
arthritis, abnormal uptake of tracer in three-phase scintigraphy was detected with 
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high sensitivity but poor specificity (Backhaus et al. 1999). Significant 
correlations were found between pathologic findings on scintigraphy and those on 
physical examination and ultrasound, but not on MRI and conventional 
radiography. The authors concluded that three-phase scintigraphy is a potentially 
useful screening method in a subset of patients with early arthritis, but that the 
method is not specific enough for the detection of erosions (Backhaus et al. 1999).  

Bone scintigraphy may have value in predicting erosive development. In a 
longitudinal study of 13 patients with early RA, high radiophosphate uptake was 
found to relate to the development of erosions in hand and feet radiographs after 
24 months. Clinical activity correlated well with high uptake and predicted 
erosions in hand joints, whereas in foot joints, scintigraphy correlated better than 
clinical evaluation with the development of erosions. Interestingly, in this study, 
the joints with no uptake of radiophosphate never eroded (Möttönen et al. 1988).  

However, conventional bone scintigraphy (i.e. bone phase only) is not 
regarded as useful as 99mTc-HIG in detecting active joint inflammation in RA, 
since bone scintigraphy cannot discriminate accurately between actively inflamed 
and chronically affected joints (Berna et al. 1992, de Bois et al. 1994, Sahin et al. 
1999).  

2.7.3 Radiolabelled non-specific human immunoglobulin (HIG) 

The mechanism of immunoglobulin accumulation at the site of inflammation has 
not been completely elucidated. Initially it was hypothesized that human 
polyclonal immunoglobulin (HIG) was retained in inflammatory processes by 
specific interaction with Fc-receptors as expressed on infiltrating leukocytes 
(Fischman et al. 1990). Later it was shown that radiolabelled HIG accumulates 
primarily by non-specific extravasation due to locally enhanced vascular 
permeability (Fischman et al. 1992, Juweid et al. 1992).  

Several studies with radiolabelled HIG have shown this method to have good 
correlation with clinical disease activity in RA (Liberatore et al. 1992, de Bois et 
al. 1992, Jamar et al. 1995, Pons et al. 1996, Cindas et al. 2001). HIG 
accumulation has also been shown to correlate with the degree of histologically 
detected knee synovitis more sensitively than clinical examination (de Bois et al. 
1995b). De Bois et al. showed that 99mTc-HIG scintigraphy can also be used to 
predict RA in patients with arthralgia and that it detects accurately treatment 
response in those patients (de Bois et al. 1993, de Bois et al. 1994, de Bois et al. 
1996). These studies suggest that 99mTc-HIG scintigraphy reflects the activity of 
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local inflammation, but not other aspects of destructive arthritis (de Bois et al. 
1995a, Chianelli et al. 2006).  

Labelling of HIG is usually performed with technetium, which offers easy 
usability, low radiation exposure and short half-life (Buscombe et al. 1990). No 
toxic or allergic side-effects have been observed (Chianelli et al. 2006). The 
general limitation of this method is the relatively long time span of 4–48 hours 
between injection and imaging (Boerman et al. 2001).  

Until recently, 99mTc-HIG has been the most frequently used commercially 
available radiopharmaceutical method for the imaging of synovial inflammation 
in RA (Chianelli et al. 2006), but at the moment, this radiopharmaceutical is no 
longer commercially available. 

2.7.4 99mTc-labelled nanocolloids (NC) 

In 1987, 99mTc-labelled nanocolloids were proposed as a suitable 
radiopharmaceutical to detect inflammatory processes (De Schrijver M. et al. 
1987). Nanocolloids are small inert 30-nanometer particles produced from 
albumin. Radiolabelled nanocolloids are actively taken up by the cells of the 
reticuloendothelial system, after which they are lysosomally degraded and about 
50% renally excreted after 24 hours. Owing to increased vascular permeability, 
they leak non-specifically into inflamed tissues and accumulate following 
phagocytosis by macrophages (De Schrijver M. et al. 1987).  

The technique is easy and safe to perform. Furthermore, the 
radiopharmaceutical is relatively inexpensive when compared to other 
commercially available tracers. 99mTc-NC is injected intravenously and the uptake 
of the tracer can be detected after one hour because of its rapid clearance from 
blood. This is much quicker than with other radiopharmaceuticals. 

99mTc-NC scintigraphy has been shown to be reliable in detecting bone and 
joint inflammation and infections (Vorne et al. 1989, Liberatore et al. 1992, 
Adams et al. 2001). However, the method does not seem to be suitable for the 
detection of inflammatory bowel diseases, prosthetic vascular graft infections or 
soft tissue abscesses (Vorne et al. 1989, Wheeler et al. 1990). Some reports have 
found this method to have inferior sensitivity to detect clinically noted synovitis 
when compared to disphosphonate scintigraphy (Ruther et al. 1989, 1990).  

The clinical information concerning the sensitivity between different 
scintigraphy methods is scarce, but 99mTc-NC scintigraphy has been shown to 
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have similar sensitivity in the detection of joint inflammation in established RA as 
99mTc-HIG (Liberatore et al. 1992). 

2.7.5 Radiolabelled leukocytes 

Inflammatory activity in joints can be assessed by using 99mTc-hexamethyl-
propylene amine oxime labelled leukocytes (99mTc-HMPAO); however, the 
technique is laborious. A blood sample is collected from the patient and 
leukocytes are separated in vitro. The leukocytes are then labelled with 
radioactive isotope, after which they are reinjected. The preparation procedures 
take a trained technician approximately 3 hours (Bleeker-Rovers et al. 2004). In 
addition, the need to handle potentially contaminated blood can result in 
transmission of pathogens such as hepatitis or human immunodeficiency virus to 
technicians or patients (Lange et al. 1990, Fleury et al. 2003). 

The principal clinical indications for radiolabelled leukocytes include 
inflammatory bowel disease, osteomyelitis, the follow-up of patients with 
infections of vascular or orthopaedic prostheses and soft tissue infections (Peters 
1994, Liberatore et al. 1998, Larikka et al. 2001).  

There are conflicting results concerning the utility of 99mTc-HMPAO in 
synovitis. Jorgensen et al. and Gaal et al. showed a significant correlation 
between 99mTc-HMPAO accumulation and clinically assessed disease activity 
(Jorgensen et al. 1995, Gaal et al. 2002). Vorne et al. (Vorne et al. 1989) reported 
that 99mTc-HMPAO gave equal information to 99mTc-NC, but Liberatore et al. 
(Liberatore et al. 1992) found it to have less potential than 99mTc-NC or 99mTc-
HIG in detecting inflammatory activity in joints. However, Vorne et al. regarded 
99mTc-NC as the preferred method, because it is simpler, faster and cheaper than 
the 99mTc-HMPAO (Vorne et al. 1989). 

Consequently, because of the complexity of the method, labelled leukocyte 
imaging is no longer used in RA patients (Chianelli et al. 2006). 

2.7.6 Radiolabelled antibodies 

Radioimmunoscintigraphy was first developed to identify malignant tissue 
(DeLand et al. 1979, Kim et al. 1980). The main purpose of the development of 
monoclonal antibodies (mAb) against surface antigens present on activated 
leukocytes is the advantage that labelling procedures are easier than with 
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radiolabelled leukocytes and do not require handling of potentially contaminated 
blood (Bleeker-Rovers et al. 2004).  

In particular, E-selectin is a surface adhesion molecule specifically expressed 
on activated endothelium and not expressed on non-inflamed tissues. One study 
demonstrated higher diagnostic accuracy with 111mIn-labelled anti-E-selectin mAb 
when compared to 99mTc-HIG in the evaluation of RA patients (Jamar et al. 1997). 
The disadvantages of the use of mAb, however, include high molecular weight, 
resulting in slow diffusion into sites of inflammation, a long plasma half-life and 
uptake in the liver due to clearance by the reticuloendothelial system. The use of 
mAb of murine origin can induce production of human anti-mouse antibodies, 
which can lead to allergic reactions if repeated injections are given (Bleeker-
Rovers et al. 2004).  

Theoretically, the use of antibody fragments (fAb) provides the advantage of 
lower immunogenicity, faster blood clearance and higher accumulation in 
inflammatory foci than with mAb. 99mTc- and 111mIn-labelled fAb fragments 
against E-selectin have showed better diagnostic accuracy than 99mTc-HIG 
(Chapman et al. 1996) and bone scintigraphy (Jamar et al. 2002) in RA patients. 

Other antibodies against activated granulocytes, such as anti-NCA-95 IgG, 
anti-stage specific embryogenic antigen-1 (anti-SSEA-1) IgM and anti-NCA-90 
fAb, have also been successfully used for the imaging of various inflammatory 
and infectious processes, such as osteomyelitis, septic loosening of hip and knee 
prostheses, diabetic foot infections and endocarditis. However, there are no 
studies assessing the accuracy of these methods in the evaluation of disease 
activity in RA patients (Bleeker-Rovers et al. 2004). 

Monoclonal antibodies and antibody fragments against lymphocytes have 
also been applied to assess RA inflammation. 99mTc-anti CD4 antibody has 
showed accurate uptake in inflamed RA joints when compared to clinical signs 
and early phase of three-phase scintigraphy (Becker et al. 1990) and when 
compared to 99mTc-HIG (Kinne et al. 1993). In addition, a recent study of 99mTc-
anti-CD3 showed good clinical correlation in the evaluation of affected joints in 
38 RA patients (Martins et al. 2008). However, side effects reflecting biological 
activity (shaking chills and neck pain) have been reported with this method 
(Marcus et al. 1994). 
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2.7.7 Radiolabelled anti-TNF-α antagonists 

Progress in understanding the biological mechanism of RA has led to therapies 
that are better targeted than traditional DMARDs. In particular, biological drugs 
that are capable of modifying biological response have evolved rapidly and are 
frequently used, especially in aggressive forms of inflammatory arthritis. The 
current drugs approved for use in RA include TNF-α antagonists and IL-1 
inhibitors. 

Most RA patients respond to anti-TNF-α therapy. However, some do not, 
probably due to large inter- and intraindividual variation in the level of TNF-α  
expression or the involvement of other proinflammatory cytokines in the disease 
(Chianelli et al. 2006). Evidence of the formation of human anti-chimeric 
antibodies against TNF-α agonist (infliximab) has also been found in some non-
responders (van der Laken et al. 2007). Knowing whether TNF-α is expressed in 
the affected joints would be useful in selecting suitable patients for anti-TNF-α 
therapy. The use of radiolabelled anti-TNF-α antibodies for specific targeting of 
membrane-bound or soluble form of TNF-α can provide accurate information 
about TNF-α expression, disease activity and localization. Only a few preliminary 
studies have so far utilized radiolabelled biological drugs for imaging joint 
inflammation in humans (Barrera et al. 2003, Chianelli et al. 2006, van der Laken 
et al. 2007) 

Radiolabelled adalimumab, a fully human anti-TNF-α monoclonal antibody, 
has been successfully used in the detection of inflamed joints in a pilot study of 
10 patients with active RA. Additionally, the method detected decreased uptake of 
the tracer after treatment with steroids or therapeutic dose of adalimumab, which 
correlated with clinical disease activity (Barrera et al. 2003) 

Infliximab, a chimeric mouse/human anti-TNF-α antibody, has also been 
successfully radiolabelled with technetium and used in the detection of articular 
TNF-a mediated inflammation in RA patients before and after intra-articular 
treatment with infliximab (Chianelli et al. 2006). The authors suggest that anti-
TNF-a scintigraphy may be useful in the selection of patients for anti-
TNF-α therapy. 

2.7.8 Imaging of enhanced glucose uptake 

Another approach using nuclear imaging is to use markers that can identify 
increased metabolic function and cellular turnover in synovial tissue. 18F-FDG 
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PET (fluorodeoxyglucose positron emission tomography) offers unique 
information on glucose metabolism that cannot be supplied by other imaging 
techniques. 18F-FDG accumulates in tissues with a high rate of glucolysis, such as 
tumours and inflammatory processes. FDG-uptake is present in all activated 
leukocytes. Phosphorylated FDG passes the cell membrane and remains trapped 
inside the cell. Increased 18F-FDG-uptake can be further detected by using a 
dedicated PET scanner. Besides the imaging of neoplasms, 18F-FDG PET 
scanning has been used in the imaging of conditions such as osteomyelitis, 
spondylodiscitis, prosthetic joint infections, vascular graft infections, vasculitis, 
inflammatory bowel disease and rheumatoid arthritis (Bleeker-Rovers et al. 2004).  

18F-FDG PET studies on RA patients are few. In a study of 9 RA patients and 
3 psoriatic arthritis patients, quantitative 18F-FDG PET uptake of the wrist joint 
correlated well with the volume of enhanced synovial hypertrophy measured from 
contrast-enhanced MRI images before and after treatment with DMARDs, but 
these measures were not associated with clinical measures of global disease 
activity. However, the measures correlated significantly with clinical symptoms of 
the imaged wrist (wrist pain and swelling) (Palmer et al. 1995). 

Another study of 10 patients with inflammatory arthritis showed that 
18F-FDG PET and methyl-11C-choline PET correlate with MRI measures of 
synovial proliferation in the knee joint (Roivainen et al. 2003).  

Beckers et al. imaged multiple joints of 21 RA patients with clinically active 
disease by 18F-FDG PET and US. The number of 18F-FDG PET-positive joints 
correlated significantly with the number of affected joints evaluated clinically or 
with US. Furthermore, quantitative measurements of 18F-FDG PET uptake 
correlated with increased vascularity, as evaluated by power Doppler signal in US, 
and with multiple clinical and laboratory measures of inflammation (Beckers et al. 
2004). The same group reported significant associations between 18F-FDG PET, 
DEMRI and US in the evaluation of synovial inflammation of 16 knees of 
clinically active RA patients. Four weeks after treatment with anti-TNF-α therapy, 
changes in 18F-FDG PET uptake were further significantly correlated with the 
changes in MRI parameters and with the changes in laboratory measures of 
inflammation (CRP and MMP-3 values) (Beckers et al. 2006).  

The obvious limitations of this method are its limited accessibility and 
expensiveness. In addition, much further research must be done to assess the 
validity of this method. However, 18F-FDG PET offers unique metabolic 
information that can be used to evaluate disease activity and therapy response in 
RA.  
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3 Purpose of the study 

The purpose of this study was to evaluate the value of 0.23T low-field MRI and 
NC scintigraphy in assessing joint pathology associated with rheumatoid arthritis. 
In particular: 

1. To explore the feasibility and image quality of a phase difference-based fat 
suppression method at low field in the imaging of contrast-enhanced synovial 
hypertrophy of arthritic joints. 

2. To explore the value of quantitative 99mtechnetium-labelled nanocolloid (NC) 
scintigraphy with reference to dynamic and static MRI in assessing wrist joint 
inflammation in early RA patients. 

3. To evaluate whether MRI and NC scintigraphy can predict progression of 
wrist joint damage during two-year follow-up in early RA patients. 

4. To document the presence of lesions resembling erosions and synovitis on 
wrist MRI in asymptomatic population. 
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4 Materials and methods 

4.1 Study population 

The present study was performed in Oulu University Hospital during 2000 – 2006 
(I–III) and the Rheumatism Foundation Hospital, Heinola during 2003–2004 (IV). 
The study population in studies I, II and III consisted of rheumatoid arthritis 
patients recruited by rheumatologists and orthopaedic surgeons specializing in 
rheumatic diseases at Oulu University Hospital. The total number of patients with 
RA included in the study was 48 (32 women). These patients fulfilled the revised 
American College of Rheumatology (ACR) criteria for rheumatoid arthritis 
(Arnett et al. 1988).  

The subjects in study IV were recruited from among the staff members of the 
Rheumatism Foundation Hospital, Heinola. They consisted of 31 healthy 
volunteers (18 women) without any history of joint pain or joint disorders. 

Study I consisted of 30 consecutive symptomatic RA patients referred to MRI 
examination (30 patients; 10 knees, 10 elbows and 10 wrists). The 10 patients 
who had wrist MRI were also included in studies II and III.  

Study II consisted of 28 early RA patients (mean duration of symptoms 5 
months, range 1 to 12 months) who were followed for one year and two years in 
study III (27 patients for one year and 24 patients for two years). At one year, one 
patient had dropped out because of refusal to undergo MRI and NC scintigraphy 
examinations. At two years, an additional three patients had dropped out because 
two patients could not be reached and one was pregnant. 

The number of subjects, their sex and age and the number of imaging and 
clinical examinations performed are presented in Table 2.  

All subjects of these studies gave their informed consent to the protocol, 
which had been approved by local ethics committees in Oulu (I–III) and Heinola 
(IV). 
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Table 2. Description of the subjects and examinations in studies I–IV. 

Study N  

(male/female) 

Age, years 

mean (range) 

MRI examinations NC scintigraphy Clinical 

assessments1 

I 30 (13/17) 49 (21–71) 30   

II 28 (7/21) 51 (21–71) 28 28 28 

III 27* (7/20), 

24**(7/17) 

52*(22–72), 

53**(23–73) 

27*, 

24** 

27*, 

24** 

27*, 

24** 

IV 31 (13/18) 49 (32–64) 62***   
1i.e. swollen/tender joint count, HAQ, laboratory tests.*at one-year follow-up, **at two-year follow-up, 

***bilateral wrist MRI.  

4.2 Clinical evaluation of the subjects 

The clinical assessments the patients in studies II and III were made by senior 
rheumatologists working at Oulu University Hospital. Swollen joint count, tender 
joint count (52 joints/patient examined) and Health Assessment Questionnaire 
score (HAQ) (Fries et al. 1980) were recorded. In addition, ESR, CRP and IgM 
RF levels were measured at baseline and during follow-up. The clinical 
assessments at baseline (study II) were performed a few days or weeks before 
(range 0–11 weeks, median 4 weeks) MRI and NC scintigraphy, which were 
performed on the same day. Altogether 24 patients were taking disease-modifying 
anti-rheumatic drugs (DMARDs) before imaging, as the patients were usually 
started on medication immediately after the clinical assessment. 

During follow-up, drug treatment was not standardized, and was modified 
freely by the treating rheumatologists based on clinical judgement. Response to 
the treatment at follow-up was defined as ≥ 50% improvement in the tender and 
swollen joint scores and HAQ, and normal CRP or ESR. At one-year follow-up, 
all but one patient were taking one or more DMARDs. At two years, two patients 
were not on DMARD medication. TNF-α antagonists were not used by any of the 
patients. 

All of the volunteers participating in study IV were interviewed and 
examined by a clinical rheumatologist. Anyone with current or past symptoms of 
inflammatory joint diseases, history of wrist injury or surgery, pregnancy, renal 
insufficiency, allergy to contrast media or other contraindications to MRI were 
excluded from the study. 
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4.3 Imaging of the subjects 

All subjects in this study were imaged with an open-configuration 0.23T MR 
scanner (Philips Outlook Proview, Philips Medical Systems MR-technologies 
Finland, Vantaa, Finland) located at Oulu University Hospital (studies I, II and III) 
and Rheumatism Foundation Hospital, Heinola (study IV)).  

NC scintigraphy was performed in Oulu University Hospital with an Elscint 
409 ECT camera (Haifa, Israel) equipped with a low-energy general-purpose 
collimator (studies II and III). 

In study IV, conventional radiography of both hands was obtained in the 
posterior-anterior projections. All radiographs were evaluated blindly by two 
readers who were unaware of the MRI findings. In the case of diverging opinions, 
a consensus reading was done. Radiographic bone erosions were evaluated 
separately in each wrist bone.  

4.3.1 MRI parameters 

The imaging parameters for the wrist images in the study I were: 1) STIR SE 
coronal sequence [1800/25/80 msec (TR/TE/TI), 18 x 18 cm field of view, 216 x 
256 matrix, one excitation, slice thickness 3mm, imaging time 9 min 43 sec]. 2) 
T1w 3D GRE coronal sequence [30/10 msec (TR/TE), flip angle 40 degrees, 16 x 
16 cm field of view (FOV), 256 x 256 matrix, one excitation, slice thickness 2mm, 
imaging time 6 min 9 sec] with an intravenous Gd-DTPA bolus (Magnevist 
469mg/ml, 15ml, Schering AG, Berlin, Germany). The parameters for the 
evaluated elbow images were: 3) STIR SE coronal sequence [1800/25/80 msec 
(TR/TE/TI), 18 x 18 FOV, 216 x 256 matrix, one excitation, slice thickness 4mm, 
imaging time 9 min 43 sec.]. 4) T1w 3D GRE sagittal sequence [30/10 msec 
(TR/TE), flip angle 40 degrees, 16 x 16 FOV, 256 x 256 matrix, one excitation, 
slice thickness 3 mm, imaging time 4 min 36 sec. The parameters for the 
evaluated knee images were: 5) STIR fast SE coronal sequence [4800/70/80 msec 
(TR/TE/TI), 22 x 22 FOV, 256 x 256 matrix, 2 excitations, slice thickness 5 mm, 
imaging time 6 min 43 sec]. 6) T1w GRE 3D sagittal sequence [26/9.5 msec 
(TR/TE), flip angle 30 degrees, 20 x 20 FOV, 256 x 256 matrix, one excitation, 
slice thickness 5mm, imaging time 4 min 41 sec]. 

The fat suppression images were obtained from sequences 2, 4 and 6. For the 
procedure, time of echo was adjusted to show a detectable phase difference 
between fat and water (At 0.23 T, TE 5 – 28 msec). Magnitude images with phase 
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images were acquired. The processing regions and the fat reference regions were 
selected manually for each image slice, and phase image correction was applied 
to remove phase errors. Finally, the fat-suppressed images were calculated 
(Philips VIA 2.0 software, Philips Medical Systems MR-technologies Finland, 
Vantaa, Finland). In order to get as homogeneous fat saturation as possible, the 
reference area was defined in each selected slice. The work was done by a 
specially trained radiographer at a workstation and it took approximately 3–4 
minutes. 

The imaging parameters in studies II and III were: Dynamic T1w 3D GRE 
coronal sequence; [30/10 msec (TR/TE), flip angle 40 degrees, 16 x 16 cm FOV, 
128 x 256 matrix, slice thickness 2mm]. Each acquisition consisted of 12 slices 
and was obtained in 69 seconds. A pre-contrast scan was performed and a 15 ml 
Gd-DTPA bolus (Magnevist 469mg/ml, Schering AG) was then injected 
intravenously through a cannula in the opposite forearm. This injection was given 
manually over a period of 15–25 seconds, with a subsequent flush of 10 ml of 
normal saline, followed by the first post-contrast sequence. Four post-contrast 
sequences were obtained. The duration of each was 69 sec, with a delay of one 
second between the sequences. The imaging time of the dynamic scan was 5 min 
50 s. Before contrast-enhanced dynamic imaging, the following sequences were 
obtained: STIR SE coronal sequence [1800/25/80 msec (TR/TE/TI), 18 x 18 FOV, 
216 x 256 matrix, one excitation, slice thickness 3mm, imaging time 9 min 43 
sec], T2 FSE axial sequence [4000/100 msec (TR/TE), 15 x 15 FOV, 240 x 256 
matrix, slice thickness 3mm, 0.5mm gap, imaging time 6 min] and T1w 3D GRE 
coronal sequence [30/10 msec (TR/TE), flip angle 40 degrees, 16 x 16 FOV, 256 
x 256 matrix, one excitation, slice thickness 2mm, imaging time 6 min 9 sec]. 
After dynamic imaging, post-contrast coronal T1w 3D GRE images were 
obtained. Total imaging time was about 40 minutes. At the one-year and two-year 
follow-up examinations (study III), the axial T2 FSE sequence was replaced by a 
post-contrast axial T1w 3D sequence because of its better delineation of synovial 
hypertrophy and bone erosions. 

The parameters in study IV were: T1w 3D FFE coronal sequence [30/10 msec 
(TR/TE), flip angle 30 degrees, 16 x 16 FOV, 384 x 384 matrix, one excitation, 
slice thickness 1.5mm, imaging time 3 min 36 sec], T1w 3D FFE axial sequence 
[28/10 msec (TR/TE), flip angle 30 degrees, 12 x 12 FOV, 384 x 384 matrix, two 
excitations, slice thickness 3 mm, imaging time 5 min 15 sec], T2*w 3D FFE 
coronal sequence [70/16 msec (TR/TE), flip angle 12 degrees, 16 x 16 FOV, 320 
x 320 matrix, slice thickness 2 mm, imaging time 7 min 0 sec], T2*w 3D FFE 
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axial sequence [72/20 msec (TR/TE), flip angle 12 degrees, 12 x 12 cm FOV, 384 
x 384 matrix, slice thickness 3 mm, imaging time 5 min 51 sec]. Both wrists were 
imaged. Intravenous administration of 0.2ml/kg Gd-DTPA contrast medium 
(Omniscan, GE Healthcare) was used in the first 10 subjects (post-contrast T1w 
3D FFE images in axial and coronal plane). In the following 21 subjects, no 
contrast medium was used, and post-contrast T1-w sequences were replaced by 
T2*-weighted field echo sequences. When contrast medium was used, the image 
series were obtained in the following order: 1. non-dominant wrist, 2. dominant 
wrist, 3. post-contrast dominant wrist, and 4. post-contrast non-dominant wrist. 
The post-contrast imaging of non-dominant wrist began about 12 minutes after 
contrast medium injection. 

4.3.2 Imaging and assessment of nanocolloid scintigraphy (II and III) 

In studies II and III, all patients received an intravenous injection of 555 MBq of 
99mTc-labelled nanocolloid (Nanocoll®, Nycomed Amersham Sorin, Saluggia, 
Italy), and anterior spot views of their hands were acquired 1 hour later using an 
Elscint 409 ECT camera (Haifa, Israel) equipped with a low-energy general-
purpose collimator. Matrix size was 128 x 128 mm and acquisition time of the 
wrist joints was 10 min. The image data were transferred into a Hermes 
processing system (Nuclear Diagnostics, Hagerstad, Sweden) and filtered using a 
low-pass filter (Starck & Carlsson 1997). Starck and Carlsson used a transmission 
phantom to find the type of filter most suitable for static images at various count 
levels. They used a cobalt-57 flood source, and images containing 100, 350, and 
1000 kcounts were acquired in a 256 × 256 matrix. Only minor differences 
between the different filter types were found. For a low-pass filter, the cut-off 
frequency of 0.32 cycles per centimetre was the best at all count levels. Therefore, 
it was a logical choice for our purposes. The rescaling and measurements were 
chosen so that they were as objective as possible. In the rescaling operation, all 
the pixel values were multiplied with a constant, determined by the count level in 
a normal radius. The data were normalized by rescaling the images so that the 
mean counts/pixel in the normal radius was 100. The quantification was focused 
on the more painful or dominant wrist. The accumulation of the radiolabelled 
nanocolloid varied considerably within the wrist region of most patients. 
Therefore, maximum uptake in three different regions of interest (ROIs) of the 
wrist was measured. The area of the most intense uptake of the 99mTc-NC was 
always included in one of the ROIs. For comparison with the clinical data and the 
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static MRI scores, the average uptake of the whole wrist region was also 
measured. The filtering, rescaling and measurements of 99mTc-NC uptake were 
done by a nuclear medicine specialist (R.T.), who was blinded to the clinical 
evaluation, laboratory results and MR imaging. The NC measurements of each 
wrist joint took 10 to 15 minutes per patient on a workstation. 99mTc-NC images 
of all the major joints were acquired in eight-image data collection, total imaging 
time being thus about 90 minutes. 

4.3.3 MRI assessments 

In study I, the following image sets were evaluated by two radiologists (K.P. and 
O.T.): a) STIR images, b) contrast-enhanced T1-weighted 3D gradient echo 
images (non-fat-suppressed images). c) contrast-enhanced post-processed fat-
suppressed T1-weighted 3D gradient echo images (fat-suppressed images).  

The image sets were retrospectively reviewed at a workstation (RadWorks 5.1 
Software, Applicare Medical Imaging B.V.) in a random order. A five-point visual 
rating scale was used, with 1 as the lowest and 5 as the highest score as follows: 
The conspicuity of enhancing synovial hypertrophy was evaluated for the non-fat-
suppressed and fat-suppressed images: 1, not seen; 2, poor; 3, moderate; 4 good; 
and 5, excellent; the delineation of enhancing synovial hypertrophy was analysed 
for the non-fat-suppressed and fat-suppressed images: 1, blurry; 2, poor; 3, 
moderate; 4 good; and 5, sharp; the uniformity of fat suppression was analysed 
for the fat-suppressed and STIR images: 1, inadvertent fat suppression; 2, poor; 3, 
fair; 4, good; and 5, excellent; and general image quality was scored for all the 
image data: 1, unsatisfactory; 2, poor; 3, moderate; 4, good; and 5, excellent. 

For quantitative analysis, the signal intensities of the enhancing synovial 
hypertrophy tissue, the adjacent bone marrow and subcutaneous fat, and the 
background noise were obtained with measurements by one radiologist (K.P.). 
Regions of interest (ROIs) of identical size and location on the non-fat-suppressed 
and fat-suppressed images were measured. The CNR values for contrast-enhanced 
synovium-to-bone marrow and subcutaneous fat were calculated by dividing the 
difference between enhancing tissue and fat by the standard deviation (SD) of 
background noise. In a similar manner, the synovitis-to-bone marrow and the 
subcutaneous fat contrast-to-noise (CNR) values at the same anatomic locations 
were calculated from the STIR images.  

In study II, the maximal synovial enhancement rates from DEMRI sequences 
were calculated from the same anatomic areas as in NC-scintigraphy, but blindly 
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to NC measurements. To achieve this, a blank anatomic illustration of the carpus 
with three circular areas was prepared by a nuclear medicine specialist (R.T.). The 
three areas were selected based on the quantitative results of NC scanning. The 
purpose of this selection was to investigate whether the NC uptake values in the 
different areas within the carpus correlate with the MRI measurements. On MRI 
image data, region of interest (ROI) circles (5–28 mm2) were placed over the 
region of maximal synovial enhancement within three pre-selected areas of the 
carpus. The ROI measurements of the MRI scans were performed by a radiologist 
(K.P) who was blinded to the NC scintigraphy measurements, clinical data and 
laboratory results.  

In study III, the three different areas were randomly selected by the 
investigator from different locations of the wrist. However, the area showing 
visually most intense enhancement was always included in the measurements.  

Analysis of the dynamic data was done on a workstation using VIA 2.0 
software (Philips Medical Systems MR-technologies Finland, Vantaa, Finland) 
and it took about 20 minutes per patient. Three curves were obtained, plotting the 
mean pixel intensity of the ROI circle against the time following gadolinium 
injection. In most patients, a rapid steep increase in signal intensity was observed 
after the first post-contrast sequence at 69 s, followed by a slower increase to the 
maximum level of enhancement.  

For quantitative characterization of these curves, the rate of enhancement per 
second after the first post-contrast sequence (69 seconds) was calculated as 
follows:  

 E-rate = (SIt – SI0)/ 69.   

SI0 is the signal intensity before the contrast injection, and SIt is the signal 
intensity reached after completing the first post-contrast sequence (69 s).  

Evaluation of enhancement after the first post-contrast sequence was chosen 
because a previous study revealed significant correlation (Spearman’s ρ > 0.60) 
between the early enhancement rate and the microscopic features of inflammation 
in the interval of 30 to 120 seconds after the Gd-DTPA injection (maximal 
correlation at 35 to 55 seconds post-injection) (Ostergaard et al. 1998). To 
compare the results on dynamic MRI and clinical parameters, a single e-rate 
representing the whole synovial tissue volume would be needed. However, 
because it was impossible to measure a single e-rate value for the whole synovial 
tissue volume (12 image slices with multiple different sized areas of enhancing 
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tissue at different locations), an average enhancement value from the three 
previously measured ROIs was calculated.  

In studies II and III, the semiquantitative scoring of synovial hypertrophy, 
bone oedema and bone erosions of the wrist joint was done independently by two 
observers (K.P. and J.V) by reading the STIR images (bone oedema) and static 
T1-w 3D GRE images obtained before and after contrast enhancement (synovitis 
and erosions) according to the OMERACT group RAMRIS scoring system 
(Ostergaard et al. 2003b).  

Synovitis was scored on a scale of 0–3 at three different locations: Radioulnar 
joint, radiocarpal joint and intercarpal-carpometacarpal joints (total maximum 
score 9). A score of 0 is normal, with no enhancement or enhancement up to the 
thickness of normal synovium, while the scores 1 to 3 (mild, moderate, severe) 
refer to increments of one third of the presumed maximum volume of enhancing 
tissue in the synovial compartment. Maximum thickness of enhancing tissue 
perpendicular to the cortical surface was measured in millimetres to guide the 
approximation of the presumed maximum volume of the synovial compartments. 
Carpal bones, distal radius, distal ulna and bases of metacarpals (15 locations) 
were scored separately for bone oedema (score 0 to 3 by the volume of oedema; 1: 
1–33%; 2: 34–66%; 3: 67–100%) and bone erosions (score 0 to 10, based on the 
proportion of eroded bone compared to ”assessed bone volume”; 0: no erosion; 1: 
1–10% of the bone eroded; 2: 11–20%, etc.) The maximum score for bone 
oedema was 45 and that for bone erosions 150. The metacarpophalangeal joints 
were not evaluated as they were not completely covered in the image sets. 

For the evaluation of bone oedema and erosions, an additional consensus 
reading was performed (K.P. and J.V) (study II). In study III, the one-year and 
two-year MRI scans were first scored blinded and without reference to the 
baseline scans. After independent readings, however, an additional consensus 
reading was performed (K.P and J.V) with reference to the baseline scans in order 
to achieve maximum accuracy in the detection of bone erosions and oedema. 

In study IV, MRI scoring of lesions resembling erosions and synovitis of the 
wrist joint were done independently by a radiologist (K.P.) and by a 
rheumatologist trained in radiology (J.V.) by reading the MRI images according 
to the OMERACT group RAMRIS score sheet. After initial readings, an 
additional consensus reading was performed by the readers. 
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4.3.4 Statistical methods 

In study I, qualitative scoring of image sets was evaluated by using the paired 
nonparametric Wilcoxon signed-rank sum test. The statistical significance of the 
data from the CNR measurements was tested by using the paired samples t-test.  

In study II, correlations between MRI, NC scintigraphy and clinical and 
laboratory assessments were analysed using Spearman’s rank correlation 
coefficient. Intraclass correlation coefficients were calculated to investigate the 
intra- and interobserver reliability in studies II, III and IV. 

In study III, the association between the baseline parameters and the change 
of erosion scores from baseline to two years were analysed using Spearman’s rank 
correlation coefficient. The baseline variables that were significantly related to 
erosive progression were then incorporated into a multivariate regression model 
(forward stepwise). A change in the erosion score of two or more was chosen as 
the cut-off value. Friedman’s test was used to assess the change in the variables 
over the follow-up. Mann-Whitney’s U test was used to explore the variable 
differences between the groups obtained based on erosive progression and the 
response to treatment.  

In study IV, the independent samples T-test was used to compare the ages of 
the subjects with erosion- or synovitis-like changes and those without changes. 
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5 Results 

5.1 Image quality of the post-processing water-fat imaging 
technique for fat suppression at low field (I) 

The fat suppression method was successfully applied in all 30 patients. Table 3 
shows the distribution of qualitative visual scores between the three techniques. 
Conspicuity and delineation of enhancing tissue were superior in the fat-
suppressed images compared to the non-fat-suppressed images (P < 0.0001). This 
was seen in the whole study group as well as in the three joint subgroups 
examined separately. The uniformity of fat suppression was evaluated to be more 
constant or homogeneous in the STIR images compared to the fat-suppressed 
images, but the difference was not statistically significant. General image quality 
was assessed to be best in the non-fat-suppressed images, and the difference was 
statistically significant compared to the fat-suppressed images. There was no 
significant difference in general image quality between fat-suppressed and STIR 
images.  

The enhancing synovial hypertrophy tissue versus bone marrow and 
subcutaneous fat CNRs were significantly higher in the fat-suppressed images 
compared to the non-fat-suppressed images: 44 ± 11 and 44 ± 12; –2 ± 10 and –
3 ± 12, respectively (P < 0.0001). For comparison, the synovitis-to-bone marrow 
and subcutaneous fat CNRs of the STIR images were 74 ± 14 and 71 ± 16.  
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Table 3. Distribution of image quality scores. 

Score Contrast-enhanced T1w 

3D GRE images (non-fat 

suppression) 

Contrast-enhanced T1w 

3D GRE images with fat 

suppression  

STIR Images 

A. General image quality 

1 – – – 

2 3 3 10 

3 4 17 27 

4 70 67 53 

5 23 13 10 

Mean score 4.1 3.9 3.6 

B. Conspicuity of synovitis or enhancing synovial hypertrophy 

1 – – – 

2 7 – – 

3 56 – 7 

4 37 37 63 

5 – 63 30 

Mean score 3.3 4.6 4.2 

C. Delineation of synovitis or enhancing synovial hypertrophy 

1 – – – 

2 3 – 13 

3 30 – 63 

4 67 23 24 

5 – 77 – 

Mean score 3.6 4.8 3.1 

D. Uniformity of fat suppression 

1  – – 

2  7 3 

3  43 17 

4  33 73 

5  17 7 

Mean score  3.6 3.8 

A. From 1 (unsatisfactory) to 5 (excellent), B. From 1 (not seen) to 5 (excellent), C. From 1 (blurry) to 5 

(sharp), D. From 1 (inadvertent fat suppression) to 5 (excellent) 

Note – Numbers are percentages. Mean score values are also presented. General image quality; non-fat 

suppression vs. fat suppression, P < 0.05.; non-fat suppression vs. STIR, P < 0.05  

Conspicuity of enhancement; fat suppression vs. non-fat suppression, P < 0.05 

Delineation of enhancing tissue; fat suppression vs. non-fat suppression, P < 0.05 

P values by paired nonparametric Wilcoxon signed-rank sum test. 

A P value of less than 0.05 is considered significant. 
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5.2 Quantitative MRI and NC scintigraphy in early RA patients 
(II and III) 

5.2.1 Baseline variables and correlations between MRI, NC 
scintigraphy and clinical parameters (II) 

Significant correlations emerged between enhancement rates derived from 
contrast-enhanced DEMRI and 99mTc-NC uptake measured from NC scintigraphy 
(Figure 3). The measures also correlated with synovitis scores and bone oedema 
scores from static MRI scans, but not with erosion scores, as shown in Table 4. 
The static MRI scores, maximal and average MRI E-rate, maximal 99mTc-NC 
uptake and average 99mTc-NC uptake of the whole wrist did not correlate with the 
global disease activity parameters (tender or swollen joint count and HAQ). ESR 
correlated with the imaging results. Clinical parameters did not correlate with 
laboratory parameters. Swollen joint count correlated with tender joint count 
(Spearman’s ρ = 0.72, P < 0.01). 

At baseline, marked variation in 99mTc-NC uptake and E-Rate were detected 
among the study population [101 to 560 counts/pixel (mean 223) and 0 to 2.1 
SI/sec (mean 0.81)] and also among the same wrist in most patients [9 to 156 
counts/pixel (mean 66) and 0.01 to 1.51 SI/sec (mean 0.50)]. 
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Fig. 3. Scatterplot with linear regression lines between the MRI synovial enhancement 
rates and quantitative 99mTc-NC uptake in three locations of the wrist joints in 20 
early RA patients. Spearman’s rank correlation coefficients in ROI 1, ROI 2, and ROI 3 
are 0.76, 0.88 and 0.95 (P < 0.01), respectively. 

Table 4. Spearman’s correlation coefficients between static semiquantitative MRI 
scores and quantitative results obtained from dynamic MRI and NC scintigraphy 
(n = 20). 

Variable Synovitis Bone oedema Erosions 

Maximal MRI E-rate 0.47* 0.67** 0.39 

Average MRI E-rate 0.67** 0.76** 0.29 

Maximal 99mTc-NC uptake 0.74** 0.57*  0.29 

Average 99mTc-NC uptake 

of the whole wrist 

0.78** 0.57*  0.16 

*P < 0.05, **P < 0.01. 
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5.2.2 Patient demographics and disease evolution at baseline and 
follow-up (II and III) 

Medication, imaging parameters and clinical measures of inflammation at 
baseline, one year, and two years are presented in Table 5. In the whole group, the 
erosion scores progressed during the follow-up. Swollen joint count, tender joint 
count, HAQ and laboratory parameters improved significantly from baseline to 
one year.  

At baseline, MRI-detectable bone erosions were found in 21 patients (75%). 
At one year and two years, erosions were found in 22 out of 27 patients (81%) 
and 20 out of 24 patients (83%), respectively. Four patients had no erosions in 
their baseline and follow-up scans. Of the patients with erosions at baseline, all 
but one still had erosions at one-year and two-year follow-ups. At baseline, one 
year, and two years, MRI detected 64, 88, and 104 erosive bones (out of a total of 
420, 405 and 360 wrist bones), respectively. 

A persistent response to the treatment (≥ 50% improvement in the tender and 
swollen joint scores and HAQ, with normal CRP or ESR) was shown by nine 
patients out of 24 (38%) throughout the two years of follow-up. The median 
change in the erosion score was 0 (IQR 0, 0) in these patients, compared to 4 
(IQR 2, 5) in the patients with an insufficient response (p = 0.001) (Figure 4). No 
significant differences in age, sex or medication were seen between these groups. 
In the group of responders, only one patient out of nine (11%) presented new 
erosions. In the group of non-responders, 13 out of 15 patients (87%) presented 
new/progressive erosions from baseline to one-year follow-up. From one-year to 
two-year follow-up, nine non-responders out of 15 (60%) had continuing 
progression of bone damage, while erosive progression had stopped in six non-
responders (40%). The patients who presented with erosive progression from one 
year to two years had higher MRI synovitis scores, oedema scores, 99mTc-NC 
uptake and E-rate at the one-year follow-up than the patients without progressive 
bone damage (Table 6).  



 62 

Table 5. Data on medication, MRI and NC scintigraphy parameters of the wrist and 
clinical and laboratory findings at baseline, at one year and two years of follow-up 

  Baseline  

(n = 28) 

At one year  

(n = 27) 

At two years 

(n = 24) 

P1 

DMARD, no (%)2 24 (86) 26 (96) 22 (92)  

Single DMARD     

Sulfasalazine,  

1.5–3g/day  

13 2 2  

Methotrexate,  

5–15mg/week 

– 2 1  

Hydroxychloroquine, 

300mg/day 

1 2 1  

Intramuscular gold  1 2 2  

Combination DMARD*  9 18 16  

Predisolone  

7–10mg/day, no (%)2 

15 (54) 9 (33) 7 (29)  

MRI data3     

Erosion score  2 (0, 3) 2 (1, 6) 3 (2, 9) 0.001 

Synovitis score 5.5 (2.5, 6.5) 3.5 (2, 6.5) 3 (2, 6) 0.148 

Oedema score 1.5 (0, 4) 0 (0, 3) 0.5 (0, 2) 0.203 

E-ratemax 1.12 (0.54, 1.59) 0.65 (0.37, 0.95) 0.61 (0.29, 1.25) 0.468 

E-rateaverage 0.71 (0.36, 1.21) 0.44 (0.26, 0.73) 0.40 (0.19, 0.88) 0.503 

NC scintigraphy data3     
99mTc-NC uptakemax 244 (163, 356) 173 (155, 264) 177 (147, 296) 0.377 
99mTc-NC uptakeaverage 154 (122, 229) 131 (119, 172) 131 (116, 176) 0.446 

Clinical and laboratory 

data3 

    

Swollen joint count 8 (4, 14) 2 (0, 6) 2 (0, 5) 0.001 

Tender joint count 13 (4, 20) 2.5 (0, 6) 2 (1, 4) 0.001 

HAQ 0.63 (0.28, 0.97) 0.38 (0, 0.63) 0.25 (0, 0.88) 0.035 

CRP (mg/l) 15 (0, 28) 0 (0, 7) 0 (0, 6) 0.001 

ESR 25 (14, 54) 8 (5, 15) 7 (2, 17) 0.001 
1Significance is from the Friedman test. Data are 2 number of patients, with percentage in brackets and 
3median, with interquartile range in brackets. *Methotrexate combined with one or more other DMARDs. 

MRI = magnetic resonance imaging; NC = nanocolloid; DMARD = disease-modifying drugs; 

E-rate = enhancement rate; HAQ = Health Assessment Questionnaire; CRP = C-reactive protein, 

ESR = Erythrocyte sedimentation rate 
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Fig. 4. A boxplot figure showing the erosion progression scores of patients with a 
persistent clinical response (n = 9) and those with an inadequate clinical response 
(n = 15) during the two-year follow-up.  

Table 6. One-year follow-up parameters of the clinical non-responders (n = 15), divided 
based on the progression of erosions during the following year. 

Progression of  

MRI erosion score from 1 to 2 years 

One-year parameters 

No (n = 6) Yes (n = 9) 

P1 

MRI data    

Erosion score  2 (0.5, 6.5) 6 (3.5, 7) 0.272 

Synovitis score 3.5 (1.75, 3.5) 6.5 (5.75, 8.5) 0.036 

Edema score 0 (0, 1.5) 5 (1, 8.5) 0.026 

E-ratemax 0.59 (0.31, 0.88) 0.94 (0.78, 1.67) 0.050 

E-rateaverage 0.39 (0.17, 0.47) 0.78 (0.70, 1.33) 0.001 

NC scintigraphy data    
99mTc-NC uptakemax 158 (149, 202) 269 (210, 359) 0.012 
99mTc-NC uptakeaverage 121 (110, 131) 191 (135, 235) 0.012 

Clinical and laboratory data    

Swollen joint count 2 (1, 5) 5 (0.5, 7.5) 0.328 

Tender joint count 5 (1, 17) 5 (0.5, 9) 0.529 

HAQ 0.13 (0, 0.88) 0.5 (0.38, 0.63) 0.388 

CRP (mg/l) 4 (0, 6) 5 (0, 28) 0.529 

ESR 8 (2, 13) 8 (6, 18) 0.689 

Data are median, with interquartile range in brackets.  
1Significance is from the Mann-Whitney test. 
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5.2.3 Ability of the baseline measures to predict bone damage (III) 

Spearman’s rank correlation matrix showed that erosive development on MRI 
correlated with the baseline MRI bone oedema and MRI synovitis score, ESR, 
CRP, E-rateaverage, and 99mTc-NC uptakeaverage, as shown in Table 7. Age, sex, 
medication (presence of DMARD or prednisone at baseline), swollen or tender 
joint count, HAQ or RF at baseline did not correlate with the change in the bone 
erosion score from baseline to two years. Bone marrow oedema was the only 
baseline variable that showed predictive value for the progression of erosions 
from baseline to the two-year follow-up when using a multivariate regression 
model [odds ratio (OR) 4.2, 95% confidence interval (CI) 1.3–13.8].  

Table 7. Baseline parameters related to the change in MRI erosion score from baseline 
to two years. 

Variable ρ P 

Oedema score 0.67 0.001 

Synovitis score 0.57 0.004 

E-rateaverage 0.47 0.023 
99mTc-NC uptakeaverage 0.45 0.028 

CRP (mg/l) 0.48 0.020 

ESR 0.56 0.004 

ρ = Spearman’s correlation coefficients. 

5.3 Lesions resembling erosions and synovitis in bilateral wrist 
MRI of asymptomatic subjects (IV) 

On MRI of both wrists of asymptomatic volunteers, lesions resembling erosions 
were detected in 14 [45% (95% CI: 27 to 64%)] out of 31 subjects (in 18 of the 62 
wrist scans). Erosive-like lesion was usually an incidental finding present in only 
one wrist (in 10 subjects; 6 dominant vs. 4 non-dominant wrists). In 4 subjects, 
lesions were present in both wrists. 

Altogether 24 of the evaluated 930 wrist bones showed erosion-like lesions 
(3%). No more than two lesions per wrist were detected. All lesions were small 
(21 were grade 1 and 3 grade 2; scale 0–10). Maximum diameter of the lesions 
ranged from 1.5 to 6.8mm (mean 3.3mm) Changes were most often found in the 
lunate (5 of 62 bones), followed by the scaphoid, trapezium, trapezoid and 
triquetrum (three erosion-like lesions in each). Two lesions were found in the 
distal ulna and capitate, one lesion in first metacarpal (MC) base, second MC base 
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and pisiforme. Eleven of the 24 (46%) lesions were located in the weight-bearing 
column of the wrist, eight of the 24 (33%) in the thumb axis, and five of the 24 
(21%) in the ulnar column. Most lesions (54%) were located on the volar side of 
the carpus and adjacent to the ligament insertions. Third, fourth and fifth MC base, 
hamate and distal radius showed no lesions. Of the 24 erosion-like lesions, 14 
were found in the dominant wrist and 10 in the non-dominant wrist. The 
individuals with lesions were older than those with no lesions; mean age 55 
(standard deviation [SD] 6.8) years vs. 43 (SD 7.7) years (p < 0.001). 

Plain radiographs were normal except in the case of one person who had an 
erosion-like change in the pisiforme not documented on MRI. 

Intravenous administration of contrast media was used in the first ten subjects. 
Synovitis-like mild to moderate GDTPA-enhancement in the synovial 
compartments of the wrist joint was seen in six of them. Of these six subjects, 
five had enhancement in both wrists, and one in one wrist. Two wrists presented 
signs of grade 1 synovial enhancement (scale 0–9), seven wrists grade 2 synovial 
enhancement and two wrists grade 3 synovial enhancement. 

5.4 Reliability of the MRI and NC scintigraphy assessments (II, III, 
and IV) 

MRI scorings by using the OMERACT system in studies II, III and IV were done 
independently and blindly by a radiologist (K.P.) and a rheumatologist trained in 
musculoskeletal radiology (J.V.). Intraobserver variability of the e-rate (K.P.) and 
99mTc-NC uptake (R.T.) measurements was evaluated in study II by 
remeasurements of 10 randomly picked scans. Inter- and intrareader variability of 
the readings is presented in Table 8. Intraclass correlations between readers were 
acceptable in scoring synovitis and bone oedema. Somewhat poorer reliability 
was achieved when scoring erosions from patients (II, III) or erosion-like defects 
from volunteers (IV). 
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Table 8. Reliability of MRI readings and NC measurements. Reliability is presented as 
single-measure fixed-effect intraclass correlation coefficients. 

Variable N Interobserver Intraobserver 

Study II and III    

Synovitis score 281, 272, 243 0.87 (0.74–0.94)1,  

0.93 (0.85–0.97)2,  

0.82 (0.63, 0.92)3 

 

Bone oedema score 281, 272, 243 0.93 (0.85–0.97)1,  

0.86 (0.71–0.93)2,  

0.89 (0.76, 0.95)3 

 

Erosion score 281, 272, 243 0.91 (0.82–0.96)1,  

0.71 (0.45–0.86)2,  

0.84 (0.66, 0.93) 3 

 

E-rate 10  0.92 (0.84–0.96) 
99mTc-NC uptake 10  0.99 (0.98–1.00) 

Study IV    

Erosion-like lesions 624 0.71 (0.53–0.83)  
1 Baseline, 21-year follow up, 32-year follow-up, 4 62 wrists, 31 patients (bilateral examination). 
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6 Discussion 

The purpose of this study was to evaluate the value of 0.23T low-field MRI and 
NC scintigraphy in assessing joint pathology associated with RA.  

First, the feasibility and image quality of a single-scan phase difference-based 
post-processing fat suppression method in the imaging of arthritic joints was 
evaluated. The method was combined with contrast enhanced T1-w gradient echo 
imaging to assess the conspicuity of contrast enhancing synovial hypertrophy in 
the joints of 30 RA patients.  

Secondly, the value of quantitative and semiquantitative measures, derived 
from MRI and NC scintigraphy, in assessing local disease activity of the wrist 
joint of 28 early RA patients was evaluated. 

Furthermore, the value of these measures to predict further erosive 
development during two years of follow-up was evaluated.  

Finally, the prevalence of findings resembling erosions and synovitis was 
explored in the MRI study of 31 healthy persons. 

6.1 Fat suppression at low field 

Fat suppression methods are frequently used in clinical imaging to improve the 
visualization of pathology from surrounding fat. When imaging rheumatoid joints, 
the use of i.v. contrast medium is often mandatory to depict, quantify and 
differentiate the enhancing inflamed synovial tissue from non-enhancing 
surrounding tissues (e.g. ligaments, synovial fluid, subcutaneous and bone 
marrow fat) (Ostergaard et al. 2003b).  

Distinction of contrast-enhanced tissue from fat is difficult in non-fat-
suppressed images, since both produce bright signal intensity on T1w-images. 
This is not a substantial problem at high field, since clinically robust frequency-
selective presaturation techniques (Fatsat, Chemsat, CHESS) are easily available. 
However, due to lower frequency shift between fat and water, these methods are 
practically impossible to apply at low field. A seldom used alternative method for 
fat suppression that can be employed at low field is the phase-contrast method, 
first described by Dixon (Dixon 1984) and further developed by many 
investigators (Glover & Schneider 1991, Pohjonen 1993, Szumowski et al. 1994, 
Zhang et al. 1996, Wang et al. 1998). The single-scan post-processing water-fat 
imaging method for fat suppression available in the open configuration 0.23T 
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MRI scanner located at Oulu University Hospital is based on a modification of 
this method (Pohjonen 1993). 

The clinical value of this method has not been previously assessed. In this 
study, we wanted to explore whether this technique can help in the detection of 
contrast-enhancing synovial pathology in the arthritic joints of symptomatic RA 
patients. This method was successfully combined with contrast-enhanced T1w 
gradient echo imaging of the arthritic joints. It was qualitatively assessed by two 
observers to improve the conspicuity and delineation of enhancing synovial 
hypertrophy when compared to non-fat-suppressed images acquired from the 
same single scan data set. 

As expected, the contrast-to-noise (CNR) measurements demonstrated 
significantly higher enhancing tissue-to-fat CNRs in the fat suppressed images 
compared to non-fat-suppressed images.  

The major advantage of this method is that along with the standard non-fat-
suppressed images, also fat-suppressed and, if desired, water-suppressed images 
are available in the same image data information. This method is also independent 
of field strength, and contrary to chemical-shift-selective fat saturation techniques, 
it does not require additional radiofrequency saturation pulse or special field 
shimming. Compared to STIR, imaging time is considerably shorter and contrast 
enhanced imaging can be combined. However, two major problems were 
encountered in our study: the need of manual post-processing and the inability to 
achieve uniform fat suppression in some of the image slices. The inhomogeneity 
of fat suppression was seen especially in some of the outermost image slices in 
the periphery of the imaged region. This was probably due to irretrievable phase 
errors caused by the field inhomogeneities. However, the method was considered 
beneficial especially in the imaging of contrast-enhanced wrist joints where the 
small amount of enhancing tissue was difficult to identify from the surrounding 
bone marrow and subcutaneous fat in non-fat-suppressed images. This method 
thus seems to be useful when combined with contrast-enhanced imaging.  

Pääkkö et al. found this method useful with a 0.23T scanner in the detection 
of contrast-enhanced breast lesions. The lesion conspicuity was evaluated to be 
similar in post-processed fat-suppressed images when compared to spectral fat-
suppressed images obtained with a 1.5T scanner (Pääkkö et al. 2005). We have 
also found this technique reliable in the detection of experimental cartilage 
lesions at 0.23T when compared to spectral fat saturation technique at 1.5T 
(Palosaari et al. 2003). 
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Because of the great amount of manual post-processing, which is time-
consuming and can also cause operator-dependent errors, the method is seldom 
used in clinical practice, and future development of more automated applications 
is needed to make this method clinically more practical. This method was not 
used in studies II and III due to the problems mentioned above. However, the 
OMERACT scoring system does not necessitate fat suppression for the scoring of 
synovitis. According to the OMERACT system, simultaneous comparison 
between standard T1w (non-fat-suppressed) pre- and post-contrast images enables 
the detection and grading of enhancing synovitis from surrounding bone marrow 
fat and subcutaneous fat (Ostergaard et al. 2003b).  

6.2 Dynamic and static MRI in the evaluation of joint inflammation 

DEMRI is an established tool for quantifying synovial vascularity in RA joints. 
Rapid early enhancement derived from DEMRI has been found to correlate to 
histological grade, increased vascularity and microscopic features consistent with 
inflammation in arthritic joints (König et al. 1990, Tamai et al. 1994, Gaffney et 
al. 1995, Ostergaard et al. 1998, Gaffney et al. 1998).  

In accordance with a previous report (Huang et al. 2000), we noticed 
significant correlations between enhancement rates derived from DEMRI and 
semiquantitative synovitis scores derived from static MR images. The increased 
vascularity and capillary permeability associated with rapid enhancement thus 
seem to relate to the amount or volume of the hypertrophied synovial tissue. 
Interestingly, e-rates also correlated with bone oedema scores. This may indicate 
that together with high inflammatory activity in the synovial tissue, there is often 
a simultaneous, ongoing inflammatory reaction in the bone marrow. However, it 
must be taken into account that the histological reference of the bone marrow 
oedema seen in early RA is still unknown, since bone biopsies from early RA 
patients are difficult to justify ethically.  

To determine MRI enhancement rates, implementation of a rapid pulse 
sequence, manual placement of ROI circles on areas of most intense gadolinium 
enhancement and calculation of time-dependent enhancement curves by software 
is required. Although this method relies greatly on the skill of the observer in 
selecting the appropriate tissue and site for the analysis, a high degree of 
reproducibility was found, with intrareader intraclass correlation coefficient of 0.9. 
E-rate measurements were done by only one reader, and greater measurement 
variability would probably have been detected between two readers. However, 
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similar good reproducibility of this method has been reported previously 
(interreader and intrareader variability ranging from 9 to 15%) (Ostergaard et al. 
1996b, Huang et al. 2000). The reproducibility of the method is also dependent on 
the injection rate and on the patient’s cardiovascular status. In present study, a 
standard dose of 15ml of contrast medium (Magnevist 469mg/ml, Schering AG, 
Berlin, Germany) was injected manually, followed by a saline flush. The injection 
was performed manually, because no power injector was available in the 0.23T 
MRI unit. This weakens the reproducibility of the method. However, the injection 
was usually given by the author, whenever possible.  

Typically, in most previous studies utilizing DEMRI in the evaluation of 
synovitis, a single or a few preselected image slices are imaged, since the addition 
of multiple image slices will result in increased time between acquisitions (König 
et al. 1990, Tamai et al. 1994, Ostergaard et al. 1998). This may cause difficulty 
in finding a sufficient amount of enhancing synovium for the enhancement 
measurements, especially in smaller joints, such as the wrist (Ostergaard et al. 
1996b). Therefore, despite the disadvantage of a relatively long acquisition time 
(69 s/sequence), we preferred selecting multiple (12) continuous 2mm thick 
coronal image slices to cover most of the wrist joint volume. Based on the 
previous data, this time interval was considered to be sufficient to still detect early 
enhancement (Ostergaard et al. 1998, Huang et al. 2000). However, more 
accurate data on the early enhancement dynamics would have been obtained if 
only one or two image slices had been imaged (imaging time 6 sec/slice). The 
benefit of choosing multiple image slices was the ability to measure enhancement 
rates from different locations of the wrist joint, which decreases measurement 
error if the measurements are done from only one location. Furthermore, with this 
approach, marked variability in the enhancement rates between different locations 
of the wrists was detected. Since no histological references were obtained, the 
significance of this phenomenon remains speculative. Some of the variability is 
probably explained by partial volume effects and a long acquisition time, but 
regional inflammatory heterogeneity, as previously reported in arthritic knee 
joints (Lindblad & Hedfors 1985, Ostergaard et al. 1996b, Ostergaard et al. 1998), 
is a more probable explanation. Nevertheless, development of faster techniques 
that permit sampling of the entire joint in a shorter acquisition time is needed to 
improve the reliability of the method (Verstraete et al. 1996). 

According to the results of this study, DEMRI can in a few minutes (scan 
time about six minutes, post-processing analysis about five to ten minutes) and 
with minimal additional costs add reliable information about local synovial 
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inflammation to the information about soft tissue and bone changes provided by 
conventional contrast-enhanced imaging of the RA joint. 

6.3 NC scintigraphy in the evaluation of joint inflammation 

NC scintigraphy is commonly used for screening of inflammatory joints based on 
visual analysis of whole body scans (Vorne et al. 1989, Liberatore et al. 1992, 
Adams et al. 2001). However, more detailed and objective information of local 
joint inflammation by quantifying the 99mTc-nanocolloid uptake can be obtained. 
Therefore, the development and validation of quantification methods for 
measuring the uptake of the radiopharmaceutical compound was one goal of this 
study.  

To our knowledge, this is the first study exploring the value of NC 
scintigraphy in the quantification of wrist joint inflammation of RA patients. The 
NC uptake in inflamed synovium was compared to a well-documented measure of 
increased vascularity, enhancement rate derived from dynamic MR scans. To 
ensure comparable imaging information, the NC scintigraphy and MRI 
examinations were performed on the same day. Measurements of 99mTc-NC 
uptake from three different locations in the wrist joints were found to correlate to 
DEMRI enhancement rates derived from the same locations. This finding 
indicates similar performances of these methods to detect increased capillary 
permeability reflecting the degree of local inflammation. Similarly to DEMRI 
measurements, marked variability in 99mTc-NC uptake reflecting regional 
inflammatory heterogeneity could be detected in different locations of the wrist. 
Even though we had no histological reference, these methods can probably 
pinpoint the sites with the highest inflammatory activity within the wrist of early 
RA patients. Significant correlations between quantitative results obtained from 
NC scintigraphy and static semiquantitative MRI scores of synovitis and bone 
oedema further support the concept that these measures are linked to local disease 
activity.  

Quantitative NC scintigraphy was found to be a feasible method for detecting 
the degree of synovial membrane inflammation at the local joint level, even 
though it required manual processing on a workstation. The filtering, rescaling 
and measurements of 99mTc-nanocolloid uptake of the wrist joint took 10 to 15 
minutes by an experienced nuclear medicine specialist. The most obvious 
advantage of this method compared to MRI is the ability to acquire data from 
other joints as well in the same setting. Eight-image data collections were 
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acquired in 90 minutes to cover all of the major joints. Disadvantages include the 
use of a radioactive compound, which exposes patients to a small amount of 
radiation, poor anatomic resolution with inability to differentiate between soft 
tissue, and bone marrow inflammation. 

6.4 Correlation of MRI and NC scintigraphy with clinical and 
laboratory findings at baseline 

Multiple reasons can be postulated to explain the absence of correlation between 
imaging and clinical evaluation in our study. Typically used global clinical 
parameters, such as the number of tender and swollen joints and HAQ, are 
difficult to use as reference standards of inflammation, since they are greatly 
dependent on patients’ subjective symptoms and the clinician’s judgement. 
Clinically positive findings are likely to correspond to a phlogistic process, 
whereas a clinically negative result is not an absolute proof of the absence of such 
a process. Furthermore, it is problematic to compare the imaging assessments of a 
single joint area to the clinical evaluation of multiple joints. Thus, more detailed 
clinical assessment of the degree of inflammation of the symptomatic wrist joint 
would have enabled more accurate statistic comparison between clinical 
evaluation and imaging parameters. 

In addition, our study suffered from a relatively long time interval between 
clinical evaluation and imaging at baseline due to our limited imaging capacity 
(range 0–11 weeks, median 4 weeks), and medication was usually started before 
the imaging examinations. The non-existing correlation between the clinical and 
imaging data at baseline must thus be interpreted cautiously.  

A previous report found significant correlations between DEMRI and several 
clinical global disease activity measures (the number of swollen and tender joints, 
the Ritchie index, Disease Activity Score, HAQ, CRP, ESR, α2 globulins) 
(Cimmino et al. 2003). However, some other papers address the discrepancy 
between clinical evaluation and MRI. Gaffney et al., who studied rheumatoid 
knee joints, noted no correlation between DEMRI and clinical assessment or 
laboratory parameters (Gaffney et al. 1995). When comparing dynamic MRI of 
the rheumatoid wrist with clinical parameters, Huang et al. found a weak but 
significant correlation with the pain score, but not with the other clinical 
parameters (Huang et al. 2000). These results are in accordance with ours, and 
this further addresses the difficulty of comparing increased vascularity of a single 
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joint area detected by DEMRI and NC scintigraphy to the global clinical 
measures. 

In our study, the MRI and NC scintigraphy parameters correlated with ESR. 
This may reflect systemic disease activity. A weaker correlation emerged between 
CRP and the average 99mTc-NC uptake and between CRP and the wrist MRI 
synovitis and bone oedema scores. However, no correlation was found between 
CRP and MRI E-rates. In the literature, there are also conflicting reports 
concerning the relationship between MRI-detectable joint inflammation and the 
laboratory parameters of inflammation. In an early RA study of 42 patients, MRI 
scores of the wrist correlated with CRP and ESR (McQueen et al. 1998). In some 
other papers, no correlation was found between the laboratory parameters and 
MRI (Gaffney et al. 1995, Ostergaard et al. 1996b, Huang et al. 2000).  

6.5 The value of MRI and NC scintigraphy in the follow-up of early 
RA patients 

Baseline imaging parameters of inflammation (bone oedema score, synovitis 
score, e-rate, 99mTc-NC uptake) were found to associate with erosive development 
during the two-year follow-up. Previous longitudinal studies have also 
demonstrated the relationship between MRI-detectable synovial inflammation, 
bone oedema, and subsequent MRI-detectable bone damage (Ostergaard et al. 
1999, Conaghan et al. 2003b, Quinn et al. 2005). Our results support the existing 
data on the importance of MRI in disease monitoring and the prognostication of 
erosive disease together with the contribution of quantitative NC scintigraphy, a 
method not previously documented in the follow-up of early RA. 

The most powerful baseline variable with a significant association with the 
change in the erosion score at two years was bone marrow oedema. Furthermore, 
in the multivariate regression model, it was the only baseline variable that 
predicted erosive progression. The small size of the study population probably 
explains why the other significantly associated baseline variables had no 
predictive value in the regression model. However, it should be noted that bone 
marrow oedema is a non-specific, reversible finding that is frequently seen in 
trauma, tumours, osteoarthritis and rheumatoid arthritis. In RA, bone oedema has 
been interpreted as a pre-erosive lesion, and it has been reported to associate with 
a six-fold risk for erosion occurrence on MRI at the same site one and six years 
later (McQueen et al. 1999, McQueen et al. 2003). Our results of the site-specific 
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analysis are similar, but show an even greater risk for erosive development if 
bone oedema is present at baseline. 

The clinical parameters (the number of swollen and painful joints and HAQ) 
improved during the follow-up, while bone damage in the wrist joint proceeded. 
Previous longitudinal studies have also shown the discrepancy between 
improvement in clinical measures of disease activity and bone damage detected 
by MRI or radiographs (Mulherin et al. 1996, Jevtic et al. 1997, Ostergaard et al. 
1999, McQueen et al. 1999, Klarlund et al. 2000a, McQueen et al. 2001). Thus, 
conventional DMARD treatment suppresses disease activity as detected by 
clinical and laboratory parameters, but seems to have less impact on the 
progression of erosions, at least in some of the patients. It has been postulated that 
the processes underlying joint inflammation may differ from those resulting in 
erosion and articular damage (Mulherin et al. 1996). Scott et al. summarized data 
from a number of studies and showed that radiographically detected bone damage 
and clinical outcome assessed by HAQ are not related in the earliest phases of RA. 
Significant correlations are found 5–8 years after disease onset, and they increase 
further in late disease (Scott et al. 2000). Long-term MRI follow-up studies are 
few, but one study of early RA patients found that baseline MRI parameters (bone 
oedema score, total MR score) of the dominant wrist had predictive value on 
functional outcome at six years after disease onset (Benton et al. 2004).  

During the two years of follow-up, nine patients out of 24 (38%) showed a 
persistent response to the treatment (≥ 50% improvement in the tender and 
swollen joint scores and HAQ, with normal CRP or ESR levels). Only one of 
these patients presented with new erosions. Thus, persistent erosive progression 
seems unlikely in patients with persistent clinical response. The significance of 
this finding is greatly influenced by the small number of subjects in this subgroup. 
A previous two-year follow-up study of 187 established RA patients (mean 
disease duration of 7 yrs) with clinical remission at entry showed that clinically 
relevant erosive progression in hand and feet radiographs can be detected in 7% 
of patients with ongoing persistent remission (Molenaar et al. 2004).  

MRI and NC scintigraphy may be especially useful in patients with 
insufficient clinical response. The wide range of erosion progression scores 
among these patients in our study reflects varying tendency in the erosiveness of 
the disease, ranging from persistent non-erosive to persistent erosive disease. In 
these cases, evaluation of local disease activity by quantitative imaging methods 
may be useful for predicting future erosiveness. During follow-up, bone marrow 
oedema with thick and intensively enhancing synovitis in MRI or intense 
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99mTc-NC uptake in scintigraphy seem to imply later erosive development (Table 
6). 

One major weakness of this study was the fact that the MRI imaging protocol 
differs partly from the OMERACT recommendations (pre- and post-contrast T1w 
images in coronal and axial plane). At the start of the study, the OMERACT MRI 
scoring criteria had not yet been published. At baseline, we had post-contrast 
images only in one plane (coronal), which made it difficult to evaluate the 
accurate amount of the hypertrophied synovial tissue. Thus, at follow-up, the 
baseline axial sequence (pre-contrast T2w FSE) was replaced by an axial post-
contrast T1-w GRE sequence. This may have had an impact on the results in 
terms of more accurate grading of synovitis at follow-up when compared to 
baseline images. In addition, erosions were more easily depicted from axial T1w 
images when compared to baseline axial T2w FSE images. This may have 
resulted in improved erosion detection in the follow-up scans. However, two 
readers with blinded readings and an additional consensus reading with reference 
to the baseline images were used to achieve as accurate scoring of erosions as 
possible.  

This study represents clinical treatment practice from the late 1990s in a 
regional secondary clinic in a university hospital serving a population of 270,000 
inhabitants. Thus, our clinics admit patients with the whole disease spectrum from 
mild to severe RA. At baseline, one third of the patients were treated with some 
DMARD combination, including methotrexate, which is a rather conservative 
approach compared to the modern aggressive treatment strategies. The treatment 
was guided by clinical parameters, and at the end of the two-year follow-up, two 
thirds of the patients were on a combination. Furthermore, the imaging findings 
were available to the treating rheumatologists during the follow-up, which may 
have modified their treating decisions.  

According to our results, more intensive treatment with e.g. biological agents 
should be considered if high inflammatory activity can be documented as a form 
of bone oedema and/or high NC uptake in patients on DMARDs without a 
clinically sufficient response to the treatment. However, these findings must be 
interpreted cautiously, because no attempt to standardize DMARD therapy was 
made in this observational study, which was not designed to study any specific 
treatment. A previous report of 20 poor-prognosis early RA patients showed 
increased rates of clinical remission and a lower rate of new MRI-detectable 
erosions after one year in 10 patients treated with methotrexate combined with 
anti-TNFα agent infliximab, when compared to 10 patients treated with 
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methotrexate only (Quinn et al. 2005). Further case-controlled studies with more 
patients are needed to explore this topic more thoroughly.  

In conclusion, MRI and NC scintigraphy may help to identify the patients 
with persistent erosive disease from patients with persistent non-erosive disease in 
the follow-up of early RA. 

6.6 MRI findings resembling erosions and synovitis in 
asymptomatic subjects 

In the MRI study of both wrists (IV), small bony lesions resembling erosions 
were found in 14 out of 31 healthy volunteers (45%, 95% CI: 27 to 64%). 
Altogether 24 of the 930 wrist bones (15 bones of each wrist) showed erosion-like 
lesions (3%), detected by using OMERACT criteria. A similar number of changes 
resembling erosions was found in a previously published MRI study of 28 healthy 
individuals, in which 2.2% of the evaluated MCP joint bones and 1.7% of the 
evaluated wrist bones showed small erosion-like changes, as evaluated by 
OMERACT definitions (Ejbjerg et al. 2004).  

Rather than true specific erosions, some of these lesions are more likely to 
represent subchondral juxtaarticular or degenerative cysts, which have been 
reported to be common in a previous cadaver study (Schrank et al. 2003). In this 
study, 280 formalin-fixed cadaver wrists with a mean age 80.3 years (range 40 to 
101 years) were radiographed. 87 wrists showed 1 to 3 radiolucent cyst-like foci. 
Of these 87 wrists 50 specimens underwent MRI imaging and further histological 
examination (37 were excluded because of severe degenerative changes). In MRI, 
27 wrists showed 48 intraosseous ganglion cysts and 7 degenerative cysts, which 
were proved by histopathology. The prevalence of ganglion cyst was thus 10%. 
However, only the wrists with radiolucent foci were imaged by MRI, so the true 
prevalence is probably higher.  

In a recently published high-field MRI study of 30 asymptomatic volunteers 
(mean age 31 years, range 22–49 years), 24 bright osseous lesions were identified 
in 14 subjects (47%, 95% CI 29–65%) by two musculoskeletal radiologists 
(Robertson et al. 2006). Among the 24 osseous lesions, erosions, intraosseous 
ganglia, subchondral cysts and five regions of bone marrow oedema were 
identified at consensus. The readers were not able to reach agreement entirely as 
to whether these lesions were erosions, cysts or intraosseous ganglia. Fewer 
lesions were found in our study, probably because the lack of fat-suppressed 
sequences prevented us from scoring bone oedema and non-scoring of 
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intraosseous cysts as an erosion, if suspected. Better spatial resolution achieved 
with the high-field scanner used in this study may also explain why fewer lesions 
were detected in our study. 

According to the results of study IV, the lesions resembling erosions were 
always small and few in number; i.e., no more than two erosive-like changes per 
wrist could be detected. Furthermore, these lesions were more often found in 
older subjects. This should be kept in mind when interpreting MRI scans of 
patients with joint pain without clinical signs of inflammation. A single small 
erosion-like lesion in a wrist joint seems to be a highly non-specific finding. 
Again, multiple erosive-like changes should be taken to imply inflammatory joint 
disease.  

Administration of i.v. contrast medium was used in the first 10 subjects to 
evaluate synovitis. Synovitis-like mild to moderate GDTPA-enhancement in the 
synovial compartments of the wrist joint was seen in six of them. Of these six 
subjects, five had enhancement in both wrists, and one in one wrist. This finding 
is in accordance with previous reports. Patrik et al. found contrast enhancement in 
radiocarpal joints in 8 [44%] out of 18 healthy subjects (Partik et al. 2002). 
Ejberg et al, who used the OMERACT criteria, detected mild synovitis-like 
changes in the wrist joints of 6 (21%) out of 28 healthy subjects (Ejbjerg et al. 
2004).  

One dose of intravenous contrast media was used to image both wrists. This 
led to delayed post-contrast imaging of the non-dominant wrist (about 12 minutes 
after contrast injection). In the rheumatoid knee, diffusion of the contrast media 
from the hypertrophied enhancing synovial tissue to the joint fluid has been 
reported to become significantly visible in MRI from about 11 minutes after 
contrast injection (Ostergaard & Klarlund 2001). However, diffusion of the 
contrast media to the joint fluid was not considered a substantial problem in our 
study, since joint effusion was not an expected occurrence in volunteers who had 
been clinically assessed to be symptom-free before imaging. 

In conclusion, small bony defects resembling erosions and mild to moderate 
enhancement in wrist joint compartments can be detected in about half of normal 
volunteers; these lesions are thus not necessarily related to inflammatory joint 
disorders. 
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6.7 Future aspects and recommendations 

Compared to the traditional closed-bore high-field scanners, the benefits of open 
configuration MRI scanners are lower price and increased comfort to 
claustrophobic patients. Open configuration also enables image-guided 
interventions and therapy. Recent technological advances have also allowed the 
construction of open configuration scanners that operate in high magnetic fields 
(up to 1T). More sophisticated imaging methods, e.g. selective presaturation 
techniques for fat suppression, are available in the newer open configuration 
scanners as compared to the older generation scanner that was used in this study. 

One major drawback of low-field scanners has been the inability to obtain 
suitable fat suppression techniques for contrast-enhanced imaging. The single-
scan phase-contrast method offers a promising and reliable tool to overcome this 
problem without any substantial increase in imaging time. However, the need for 
operator-dependent post-processing manoeuvres decreases the clinical value of 
this method.  

Future technical development is needed to make the phase-contrast method 
more automatic. A modified three-point Dixon “sandwich” technique, a close 
relative of the phase-contrast method, has been reported to produce reliable fat 
suppression at low field without manual post-processing in the evaluation of knee 
joint pathology and in contrast-enhanced examinations of the spine (Bredella et al. 
2001, Huegli et al. 2004). In the latest software version available to Oulu 
University Hospital’s 0.23T scanner, there is an automated modified multiple 
echo three-point Dixon fat suppression method that can be combined with 
contrast-enhanced imaging. (Personal information from Philips Medical Systems 
MR Finland). However, since no experience of this method exists, the feasibility 
and reliability of this technique remains to be explored.  

MRI is the only imaging modality that can detect both inflammatory lesions 
(synovitis, bone oedema) and erosions in RA. However, despite its inability to 
detect synovitis and bone oedema, conventional radiography remain the primary 
imaging method of erosive damage thanks to its superior availability and lower 
cost when compared to MRI. During the time from the start of this study, 
numerous cross-sectional studies have been published to address the value of 
MRI in the detection of inflammation and bone damage in RA. However, few 
long-term longitudinal studies exist to assess the value of MRI or NC 
scintigraphy in monitoring therapy response and in predicting structural and 
functional outcome. Our plan is to image further the small cohort of early RA 
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patients in this study with MRI and NC scintigraphy at eight years after disease 
onset to evaluate whether initial and follow-up imaging parameters derived from 
these methods have value in predicting joint damage and functional outcome at 
the stage of established disease. 

In conclusion, even though there are technical limitations associated with low 
field, clinically useful information about the degree of local disease activity that is 
further associated with the future erosive development in early RA patients can be 
obtained with a 0.23T open-configuration scanner. NC scintigraphy gives similar 
information as MRI about the local inflammatory activity of the wrist joint, with 
the benefit of imaging multiple joints at the same session but with inferior 
anatomic resolution and inability to depict or differentiate bone damage. MRI and 
NC scintigraphy can be recommended especially if sustained clinical response to 
treatment is not achieved, as these methods may help to differentiate the patients 
with persistent erosive disease from those with symptomatic non-erosive disease.  
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7 Summary and conclusions 

1. The phase difference-based fat suppression method can be successfully 
employed at low field in the imaging of contrast-enhanced arthritic joints, it 
improves the conspicuity and delineation of contrast-enhancing synovitis, but 
the method is considered time-consuming due to manual post-processing of 
images. Further development is needed to make this method clinically more 
useful. 

2. 99mTc-NC uptake can be reliably measured from specific regions of the 
inflamed joint, and the degree of the uptake is strongly associated with 
enhancement rates measured from the same regions in dynamic MRI. 
Furthermore, these measures associate with the semiquantitative estimations 
of the volume of synovial hypertrophy and bone oedema and with laboratory 
markers of inflammation. Clinically useful quantitative information about the 
inflammatory load of the wrist joint in early RA can thus be obtained with 
these imaging methods.  

3. High local inflammatory activity, assessed by MRI and NC scintigraphy at 
inclusion, is closely related to progression of wrist joint erosions on MRI 
during the first two years of RA. Thus early RA patients with intense 99mTc-
NC uptake in scintigraphy, rapid and intense enhancement of contrast media 
in dynamic MRI or bone oedema and thick synovial hypertrophy in static 
MRI are at risk of developing further bone damage. Furthermore, at one-year 
follow-up, in the subgroup of patients without sustained clinical response, 
these methods seem to distinguish the patients with persistent erosive disease 
from the patients with persistent non-erosive disease, when evaluated one 
year later. This may be useful in clinical decision-making to target more 
effective therapy at the non-responders with high inflammatory activity on 
MRI and NC scintigraphy.  

4. In the MRI of the wrist joint, small lesions resembling erosions and mild 
synovitis-like contrast enhancement can be found in about half of the normal 
volunteers. These signs are thus not always related to arthritis, and must 
always be interpreted with reference to the clinical picture. 
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