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Lay abstract 
 
Rheumatoid arthritis (RA) affects joints in the hands and feet. The bones of these joints 
are affected by periarticular bone loss leading to bone erosions. Magnetic resonance 
imaging (MRI) and X-ray are used to visualize erosions. Since erosions are characterized 
by a decrease in bone mineral density (BMD) leading to holes in the bone, we tested the 
reliability of a peripheral quantitative computed tomography (pQCT) scanner, to measure 
volumetric BMD (vBMD) in 25 RA patients and compared vBMD to healthy controls. 
The vBMD measures appeared lower in RA patients than healthy individuals in some 
joints. As well, there was agreement between bone erosions detected by MRI and reduced 
vBMD measured by pQCT. Although we could not monitor the change over time, we are 
hopeful that this scanner will be able to better characterize RA disease activity, with 
vBMD as a surrogate marker for erosion presence.  
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Abstract  
 
Introduction 
Rheumatoid arthritis (RA) is an inflammatory autoimmune disease that affects the feet in 
up to 90% of patients, and can result in bone erosions. Little is known about disease 
activity at the metatarsophalangeal joints (MTPJs). Magnetic resonance imaging is used 
to visualize erosions, but does not provide quantification. Quantitative computed 
tomography (QCT) allows for differentiation between bone layers and quantifies 
volumetric bone mineral density (vBMD). We used a peripheral QCT (pQCT) scanner in 
MTPJs 2-5 in RA patients to determine reliability of a pQCT protocol, and then we 
determined the variability in vBMD between RA patients and controls.  
 
Methods 
Patients (n=25) diagnosed with RA (2010 ACR criteria) were recruited from an academic 
Rheumatology clinic. Controls (n=27) were also recruited and matched for sex, age and 
ethnicity. Baseline MR data demonstrated that 80%, 64%, 40% and 20% of patients had 
erosions at MTPJs 2-5, respectively. One year later, MTPJs 2-5 were scanned using 
pQCT (XCT 2000); 2 transaxial slices were acquired per joint. A trained pQCT operator 
acquired 2 scans per participant with repositioning. Test-retest, intra- and inter-rater 
reliability were assessed blindly for total and cortical subcortical densities (mg/cm3). 
Reliability was reported as root mean square coefficients of variation (%RMSCV) and 
RMS standard deviation (RMSSD).  
 
Results 
The mean (SD) age and disease duration were 57.8 (10.2) years and 5.0 (0.9) years, 
respectively. Test-retest reliability was better for MTPJs 2 and 3, than MTPJs 4 and 5. 
Inter- and intra-rater reliability demonstrated high reproducibility. Total and cortical 
subcortical vBMD appeared lower in RA patients than controls.  
 
Conclusion  
We have reliably determined vBMD using pQCT in MTPJs 2 and 3 in RA patients. The 
lower vBMD in MTPJ 3 suggests that RA patients may have true erosions at this joint. 
This research is in the early phases, but we hope to explore the correspondence between 
pQCT and other RA assessment tools.    



 v 

 
 
 
 
 
 
Acknowledgements 
 
I would like to start by thanking my supervisors, Dr. Maggie Larché and Dr. Karen 
Beattie, for the opportunity to embark on this research project – I will always be grateful 
for the lessons that I have learned during this time. Both have helped me achieve 
independence and helped me gain confidence in my work. Dr. Larché has taught me to 
think critically and cheered me on for my achievements. Dr. Beattie has always listened, 
taught me how to communicate my ideas clearly, and provided advice during the 
challenging times. It has been an absolute pleasure working with both of them, and I am 
indebted to them for their mentorship, guidance and support.  
 
As well, I’d like to thank Dr. George Ioannidis for his statistics expertise and analysis 
advice during the course of my Master’s. I would also like to thank Dr. Andy Kin On 
Wong and Dr. Chris Gordon for their continued support in helping me with the pQCT 
scanner, from helping me learn how to use the scanner to teaching me the analysis 
methods. This Masters would not have been possible without them.  
 
As well, thank you to Barbara Baker for her help with research ethics and patient 
recruitment, she has taught me so much about executing a clinical study. Thank you to 
Christine Fyfe for performing all the MR scans, Hannah Zou for helping me familiarize 
with the project, Shannon Reitsma for answering my pQCT questions, and Aarabi 
Thayaparan for her help in pQCT rater analysis.  
 
Lastly, I’d like to express my utmost gratitude to my parents and my brother, Justin, for 
their unconditional encouragement and support throughout this Masters. They have 
helped me get through some of the more challenging days of data analysis and thesis 
writing. In fact, they believed in me at times when I didn’t even believe in myself. Part of 
this degree is theirs because I couldn’t have done it without them.   
 
 

-   Jessica Amin 
  



 vi 

Table of Contents 
LAY  ABSTRACT  .........................................................................................................................................  III  
ABSTRACT  ...............................................................................................................................................  IV  
ACKNOWLEDGEMENTS  ............................................................................................................................  V  
LIST  OF  FIGURES  ......................................................................................................................................  IX  
LIST  OF  TABLES  .........................................................................................................................................  X  
LIST  OF  ABBREVIATIONS  ..........................................................................................................................  XI  
DECLARATION  OF  ACADEMIC  ACHIEVEMENT  .........................................................................................  XII  
CHAPTER  1.0:  INTRODUCTION  ..................................................................................................................  1  

1.1  RHEUMATOID  ARTHRITIS  DISEASE  OVERVIEW  .............................................................................................  1  
1.1.1  Pathophysiology  of  RA  .............................................................................................................  3  

1.1.1.1  Bone  Physiology  ...............................................................................................................................  3  
1.1.1.2  Inflammation  Processes  ...................................................................................................................  6  

1.1.1.2.1  Blood  Markers  .........................................................................................................................  7  
Serological  Indicators  ........................................................................................................................  7  
Acute  Phase  Reactants  ......................................................................................................................  8  

1.1.1.2.2  Inflammatory  Markers/Cytokines  .............................................................................................  9  
TNF-‐α  ..............................................................................................................................................  10  
IL-‐1  .................................................................................................................................................  11  
IL-‐6  .................................................................................................................................................  11  

1.2  EPIDEMIOLOGY  ..................................................................................................................................12  
1.3  DIAGNOSIS  AND  CRITERIA  FOR  DIAGNOSIS  ................................................................................................13  

1.3.1  Measures  of  Disease  Activity  ..................................................................................................15  
1.3.1.1  Disease  Activity  Score  (DAS)  ...........................................................................................................  15  
1.3.1.2  Clinical  Disease  Activity  Index  (CDAI)  ..............................................................................................  16  
1.3.1.3  Self-‐Reported  Measures  of  Disease  Activity  ....................................................................................  17  

Leeds  Foot  Impact  Scale  (LFIS)  ..............................................................................................................  17  
Health  Assessment  Questionnaire  (HAQ)  ..............................................................................................  17  

1.3.1.4  Prognosis  .......................................................................................................................................  18  
1.4  TREATMENT  OPTIONS  ..........................................................................................................................19  

Disease  Modifying  Antirheumatic  Drugs  (DMARDS)  ....................................................................................  20  
Biologic  Agents  ..........................................................................................................................................  21  

1.5  IMAGING  MODALITIES  .........................................................................................................................22  
1.5.1  Conventional  Radiography/X-‐Ray  ...........................................................................................23  

Machine  and  Core  Concepts  ......................................................................................................................  23  
Use  in  Rheumatoid  Arthritis  .......................................................................................................................  24  
Previous  Studies  ........................................................................................................................................  26  

1.5.2  Ultrasonography  ....................................................................................................................26  
Machine  and  Core  Concepts  ......................................................................................................................  26  
Use  in  Rheumatoid  Arthritis  .......................................................................................................................  28  
Previous  Studies  ........................................................................................................................................  29  

1.5.3  Magnetic  Resonance  Imaging  .................................................................................................31  
Machine  and  Core  Concepts  ......................................................................................................................  31  
Use  in  Rheumatoid  Arthritis  .......................................................................................................................  35  
Previous  Studies  ........................................................................................................................................  39  

1.6  BONE  MINERAL  DENSITY  ......................................................................................................................41  
1.6.1  DXA  ........................................................................................................................................41  

Machine  and  Core  Concepts  ......................................................................................................................  41  



 vii 

Use  in  Rheumatoid  Arthritis  .......................................................................................................................  42  
Previous  Studies  ........................................................................................................................................  43  

1.6.2  CT  Derived  3-‐D  Technologies...................................................................................................44  
1.6.2.1  pQCT  .............................................................................................................................................  46  

Machine  and  Core  Concepts  .................................................................................................................  46  
Use  in  Rheumatoid  Arthritis  and  Past  Studies  ........................................................................................  47  

1.6.2.2  HR-‐pQCT  ........................................................................................................................................  48  
Machine  and  Core  Concepts  .................................................................................................................  48  
Use  in  Rheumatoid  Arthritis  and  Past  Studies  ........................................................................................  49  

1.6.3  Factors  Impacting  BMD  ..........................................................................................................50  
1.7  INITIAL  STUDY  PHASE  ..........................................................................................................................52  
1.8  OBJECTIVES  .......................................................................................................................................53  

CHAPTER  2.0  METHODS  ..........................................................................................................................54  
2.1  STUDY  OBJECTIVES  .............................................................................................................................54  
2.2  STUDY  DESIGN  ...................................................................................................................................54  

Patient  Recruitment  ........................................................................................................................55  
Control  Recruitment  ........................................................................................................................55  
Study  Population.............................................................................................................................56  
Inclusion  Criteria  .............................................................................................................................56  
Exclusion  Criteria  ............................................................................................................................56  

2.3  CLINICAL  EXAMINATION  .......................................................................................................................57  
Questionnaires................................................................................................................................57  

2.4  SCANNING  PROTOCOL  FOR  ULTRASONOGRAPHY  .........................................................................................58  
2.5  SCANNING  PROTOCOL  FOR  MRI  .............................................................................................................58  
2.6  PQCT  SCANNING  PROTOCOL  .................................................................................................................59  
2.7  PQCT  ANALYSIS  .................................................................................................................................62  

Trabecular  Percentage  %  ................................................................................................................63  
Contour  mode  .................................................................................................................................63  
Peel  mode  .......................................................................................................................................64  

2.8  STUDY  ANALYSES  ................................................................................................................................64  
pQCT  Bone  Outcome  Measures  .......................................................................................................66  
Quadrants  ......................................................................................................................................67  
Reliability........................................................................................................................................68  

2.9  STATISTICS  ........................................................................................................................................69  
CHAPTER  3.0  RESULTS  .............................................................................................................................72  

3.1  PATIENTS  .........................................................................................................................................72  
3.2  TEST-‐RETEST  RELIABILITY......................................................................................................................73  

RA  Patients  .....................................................................................................................................73  
Controls  ..........................................................................................................................................74  

3.3  INTRA-‐RATER  RELIABILITY  .....................................................................................................................75  
3.3.1  Whole  Bone  Slices  ..................................................................................................................75  

RA  Patients  ...............................................................................................................................................  75  
Controls  ....................................................................................................................................................  76  

3.3.2  Quadrants  ..............................................................................................................................77  
RA  Patients  ...............................................................................................................................................  77  
Controls  ....................................................................................................................................................  79  

3.4  INTER-‐RATER  RELIABILITY  .....................................................................................................................80  
RA  Patients  .....................................................................................................................................80  
Controls  ..........................................................................................................................................81  



 viii 

3.5  BONE  OUTCOME  MEASURES  .................................................................................................................83  
Whole  Bone  Data  ............................................................................................................................83  
Quadrant  Data  ...............................................................................................................................84  
Ranking  ..........................................................................................................................................86  
Ratios  .............................................................................................................................................87  

3.6  ASSOCIATION  BETWEEN  VBMD  &  CLINICAL  AND  IMAGING  SIGNS  OF  INFLAMMATION  AND  BONE  DAMAGE  ...............89  
3.6.1  Clinical  Findings......................................................................................................................89  
3.6.2  Imaging  Results  ......................................................................................................................90  

US  Parameters  ..........................................................................................................................................  90  
MR  Erosions  ..............................................................................................................................................  92  

CHAPTER  4.0  DISCUSSION  .......................................................................................................................95  
4.1  TEST-‐RETEST  RELIABILITY  ......................................................................................................................95  
4.2  INTRA-‐RATER  RELIABILITY  ......................................................................................................................99  

Whole  Bone  Slices  ...........................................................................................................................99  
Quadrant  Reliability  ......................................................................................................................  100  

4.3  INTER-‐RATER  RELIABILITY  ....................................................................................................................  103  
4.4  BONE  OUTCOME  MEASURES  ...............................................................................................................  106  

Mean  Total  and  Cortical  Subcortical  Density  in  RA  Patients  and  Controls    (Whole  Bone)  .................  106  
Mean  Total  and  Cortical  Subcortical  Density  in  RA  Patients  and  Controls  (Quadrants)  ....................  111  

4.5  ASSOCIATION  BETWEEN  VBMD  AND  CLINICAL  AND  IMAGING  SIGNS  OF  INFLAMMATION  AND  BONE  DAMAGE  .........  117  
Clinical  Findings  ............................................................................................................................  117  
Ultrasound  Findings  ......................................................................................................................  120  
Magnetic  Resonance  Erosions  .......................................................................................................  123  

4.6  LIMITATIONS  ...................................................................................................................................  129  
Peripheral  QCT  ..............................................................................................................................  130  

CHAPTER  5.0  CONCLUSION  ....................................................................................................................  133  
REFERENCES  ..........................................................................................................................................  134  
APPENDIX..............................................................................................................................................  147  

 
  



 ix 

List of Figures 
 
Figure 1 Examples of cortical interruptions on HR-pQCT………………... 5 
Figure 2 Radiographic findings in progressive and terminal RA…………. 24 
Figure 3 US scoring using GSUS and PDUS……………………………... 28 
Figure 4 Magnetic moments in MR imaging……………………………… 32 
Figure 5 T1 and T2 relaxation plots in MR imaging…………………….... 33 
Figure 6 Synovitis scoring in MR imaging………………………………... 36 
Figure 7 BME scoring in MR imaging……………………………………. 36 
Figure 8 Bone erosion scoring in MR imaging……………………………. 37 
Figure 9 Partial volume artefact…………………………………………… 38 
Figure 10 Forefoot positioning and marking for pQCT protocol…………... 60 
Figure 11 Scout view scan on pQCT……………………………………….. 61 
Figure 12 Slice assignment in pQCT MTPJ protocol………………………. 62 
Figure 13 Radius of total and trabecular areas……………………………... 65 
Figure 14 Image of a 3D voxel……………………………………………... 66 
Figure 15 Bone areas of interest……………………………………………. 66 
Figure 16 Software mediated division of bone regions…………………….. 67 
Figure 17 Quadrant assignment in the left and right foot on pQCT………... 67 
Figure 18 Bar graphs for mean vBMD measures and clinical parameters  

at MTPJs 2 and 3………………………………………………… 89 
Figure 19 Bar graphs for mean vBMD measures and US parameters at  

MTPJs 2 and 3…………………………………………………… 91 
  



 x 

List of Tables 
 
Table 1 DMARDs and their cellular targets…………………….……...... 21 
Table 2 Biologics and their cellular targets…………………….………... 22 
Table 3 Key differences between pQCT and HR-pQCT………………… 45 
Table 4 Slice allocations for MTPJs 2-5…………………………………. 62 
Table 5 Clinical findings in RA patients…………………………………. 72 
Table 6 Test-retest reliability in RA patients using %RMSCV………...... 73 
Table 7 Test-retest reliability in RA patients using ICC…………………. 74 
Table 8 Test-retest reliability in controls using %RMSCV………….…... 74 
Table 9 Test-retest reliability in controls using ICC…………………....... 75 
Table 10 Whole bone intra-rater reliability in RA patients using  

%RMSCV……………………………………………………...... 76 
Table 11 Whole bone intra-rater reliability in RA patients using ICC……. 76 
Table 12 Whole bone intra-rater reliability in controls using  

%RMSCV……………………………………………………...... 77 
Table 13  Whole bone intra-rater reliability in controls using ICC….…...... 77 
Table 14 Quadrant intra-rater reliability in RA patients using  

%RMSCV……………………………………………………...... 78 
Table 15 Quadrant intra-rater reliability in RA patients using ICC….……. 78 
Table 16  Quadrant intra-rater reliability in controls using %RMSCV.…… 79 
Table 17 Quadrant intra-rater reliability in controls using ICC…………… 80 
Table 18 Whole bone inter-rater reliability in RA patients using  

%RMSCV……………………………………………………...... 81 
Table 19  Whole bone inter-rater reliability in RA patients using ICC……. 81 
Table 20 Whole bone inter-rater reliability in controls using %RMSCV…. 82 
Table 21 Whole bone inter-rater reliability in controls using ICC……....... 82 
Table 22 Mean total density in RA patients and controls…………………. 83 
Table 23 Mean cortical subcortical density in RA patients and controls….. 83 
Table 24 Mean quadrant total density in RA patients and controls….……. 85  
Table 25 Mean quadrant cortical subcortical density in RA patients  

and controls……………...………………………….…………… 85 
Table 26  Overall rank of quadrants in RA patients and controls…..……… 87 
Table 27 Relative density ratio of quadrants in RA patients when  

compared to whole bone vBMD………………………………… 88 
Table 28 Relative density ratio of quadrants in controls when compared  

to whole bone vBMD……………………………………………. 88 
Table 29 Descriptive analysis of MR erosions and vBMD at MTPJs  

2-4…………………………………………………………....…... 92 
Table 30 Comparison of quadrant pQCT-vBMD and MRI quadrant  

level erosions at MT heads 2 and 3…………….………………... 93 
 
  



 xi 

List of Abbreviations 
%RMSCV: root mean square 
coefficients of variations 
µSv: microSieverts 
κ: Cohen’s kappa  
aBMD: areal bone mineral density 
ACPA: anti-citrullinated protein 
antibody  
ACR/EULAR: American College of 
Rheumatology/European League Against 
Rheumatism 
BMC: bone mineral content 
BMD: bone mineral density 
BME: bone marrow edema 
CCP: cyclic citrullinated peptides 
CDAI: clinical disease activity index  
CM: contour mode 
CR: conventional radiography  
CRP: C-reactive protein 
CT: computed tomography 
CTLA: cytotoxic T-lymphocyte antigen 
DAS28: disease activity score 28 
DMARDs: disease modifying anti-
rheumatic drugs 
DXA: dual energy X-ray absorptiometry 
EDGA: evaluator disease global 
assessment 
ELISA: enzyme-linked immunosorbent 
assay 
ESR: erythrocyte sedimentation rate  
FOV: field of view 
GSUS: grayscale ultrasound 
HA: hydroxyapatite 
HAQ-DI: Health Assessment 
Questionnaire-disability index 
HAQ: Health Assessment Questionnaire  
HLA: human leukocyte antigen 
HR-pQCT: high resolution peripheral 
quantitative computed tomography  
IFNγ: interferon gamma 
Ig: immunoglobulin 
IL-1Ra: interleukin-1 receptor 
antagonist 
IL: interleukin  

JAK: Janus kinase 
LFIS: Leeds Foot Impact Scale 
MC: metacarpal 
MCPJs: metacarpophalangeal joints  
MRI: magnetic resonance imaging 
mSv: milliSieverts 
MT: metatarsal 
MTPJs: metatarsophalangeal joints 
MTX: methotrexate 
NK: natural killer 
NSAIDs: nonsteroidal anti-inflammatory 
drugs 
PDGA: patient’s disease global 
assessment 
PD: power Doppler 
PIPJs: proximal interphalangeal joints 
PM: peel mode 
pQCT: peripheral quantitative computed 
tomography 
Q1-4: quadrant 1-4 
RA: rheumatoid arthritis 
RAMRIS: rheumatoid arthritis magnetic 
resonance imaging scoring system 
RANKL: receptor activator of NF-kappa 
B ligand 
RF: rheumatoid factor 
RMSSD: root mean square standard 
deviation  
ROI: region of interest  
SJC: swollen joint count 
ST: synovial thickening 
TGFβ: transforming growth factor beta 
TJC: tender joint count 
TLRs: toll-like receptors 
TNFα: tumour necrosis factor alpha 
TR: repetition time 
Treg: regulatory T-cells 
US: ultrasound  
VAS: visual analogue scale 
vBMD: volumetric bone mineral density 
VEGF: vascular endothelial growth 
factor 
WHO: World Health Organization 



 xii 

 
 
 
 
 
 
 
Declaration of Academic Achievement  
 
My supervisor, Dr. Maggie Larché, designed the foot imaging study. The pQCT scan 
protocol was designed by Dr. Andy Kin On Wong and me. The pQCT analysis protocol 
was designed by Dr. Chris Gordon and me. I performed all pQCT scans and analyzed all 
pQCT data acquired from January 2019 to October 2019; Aarabi Thayaparan assisted in 
inter-rater analysis (January 2020). I, Jessica Amin, declare that the data presented in this 
thesis is my own work. Dr. Maggie Larché and Dr. Karen Beattie have provided me with 
guidance and suggestions on analysis methods. The results from part of this project have 
previously been presented at research gatherings.   
 



M.Sc. Thesis – J. Amin; McMaster University – Medical Sciences 

 1 

Chapter 1.0: Introduction  
 
1.1 Rheumatoid Arthritis Disease Overview 

Rheumatoid arthritis (RA) is a chronic inflammatory, autoimmune disease that 

affects the small joints of the body, with extreme cases resulting in disability (suboptimal 

physical function), reduced quality of life and premature death (Aletaha et al., 2010; 

Rowbotham and Grainger, 2011; Vyas et al., 2016; Malm et al., 2017). The most 

common clinical features of RA include swollen joints, morning stiffness and myalgia 

(pain in a group of muscles) (Vyas et al., 2016). The synovial membrane of patients with 

RA is characterized by swelling, increased vascularity as well as an increase in 

inflammatory cells (Choy and Panayi, 2001). The disease manifests as chronic 

inflammation in the synovial joints, bone erosion and joint damage (Yang et al., 2017). 

RA involves both periarticular and generalized bone loss (Zhu et al., 2012). Patients 

initially present with periarticular osteopenia near the affected joints, which may then 

develop structural erosions that can be potentially irreversible (Yang et al., 2017). 

Periarticular bone loss is associated with the elevation of proinflammatory cytokines such 

as tumour necrosis factor alpha (TNFα), interleukin (IL) 6 and 1β in the synovium 

(Fouque-Aubert et al., 2010). Extra-articular features of RA include rheumatoid lung, 

rheumatoid nodules, keratoconjunctivitis sicca (dryness in the conjunctiva (membrane 

that lines inner part of the eyelid) and cornea), uveitis (inflammation in uvea), and 

rheumatoid pericarditis (inflammation of heart membrane) and vasculitis (inflammation 

of small blood vessels) (Mateen et al., 2016).   
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Autoantibody indicators in blood, such as rheumatoid factor (RF) and anti-

citrullinated protein antibody (ACPA) may be present before RA symptoms appear 

(Aletaha et al., 2010). Although ACPA has a high specificity and predictive value for RA, 

it is present in <60% of patients (Majithia and Geraci, 2007).  

Genetic studies have shown a strong link between RA and major-

histocompatibility complex II antigens human leukocyte antigen (HLA)-DR4 alleles 

(Choy and Panayi, 2001; Mateen et al., 2016; Firestein and Mcinnes, 2017). The epitope 

sequence associated with the disease is usually glutamine-leucine-arginine-alanine-

alanine, which is present in DR4, DR14 and DR1β chains (Mateen et al., 2016; Firestein 

and Mcinnes, 2017). Interestingly, a susceptibility epitope was determined in amino acids 

70-74 in the third hypervariable region of the DRβ chain (Firestein and Mcinnes, 2017). 

The epitope primarily faces away from the antigen binding groove that binds processed 

peptides (Firestein and Mcinnes, 2017). The main role of the HLA class II molecules is to 

present antigenic peptides to CD4+ T cells (Choy and Panayi, 2001; Firestein and 

Mcinnes, 2017). More recent research has identified more amino acids at the base of the 

antigen binding site, which may contribute to the specificity of antigen binding, 

specifically at amino acid 11 with leucine and alanine variants (Firestein and Mcinnes, 

2017). Additionally, past studies have shown that the presence of serine at amino acid 11 

reduces the risk of RA (Firestein and Mcinnes, 2017). Thus, variations in amino acids 

deep within the binding cleft are contributing factors to disease. 
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1.1.1 Pathophysiology of RA 

Established cases of RA lead to progressive structural joint damage. Radiographic 

imaging of joint space loss and erosions have been used as a surrogate marker for joint 

damage (Goldring, 2003). Currently, many disease modifying anti-rheumatic drugs 

(DMARDs) and biologics slow the progression of joint damage in RA patients (Goldring, 

2003). These drugs target IL-1 and TNFα, thus providing evidence that these immune 

markers are involved in joint destruction and inflammatory processes (Goldring, 2003).  

1.1.1.1 Bone Physiology  

  Bone tissue is composed of three main parts: mineral, organic matrix and water 

(Manhard et al., 2017). The mineral crystals of bone are bound to protein (Department of 

Health and Human Services, 2004). Specifically, the crystals are composed of calcium, 

phosphate, and carbonate and hydroxyl substitutions, forming hydroxyapatite (HA) 

(Department of Health and Human Services, 2004; Manhard et al., 2017). This part of the 

bone gives it its’ strength and stiffness (Manhard et al., 2017). The organic matrix is 

composed of type 1 collagen, noncollagenous proteins and fats; this part of the bone is 

important for malleability and flexibility (Manhard et al., 2017). Lastly, the water resides 

in the porous parts of the bone and is attached to the matrix (Manhard et al., 2017).  

The outer dense layer of bone is called cortical bone and accounts for three 

quarters of an individuals’ total skeletal mass (Department of Health and Human 

Services, 2004). This tough exterior layer is important for strength, protection, and a site 

of attachment for tendons and muscles (Department of Health and Human Services, 

2004). The inner porous component of bone is called trabecular bone. This network of 
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rods and plates is essential for mineral exchange and provides integrity at weight-bearing 

sites (Department of Health and Human Services, 2004).  

Bone remodeling continuously occurs during an individuals’ life. This process is 

important for replacing damaged bone and brittle older bone (Department of Health and 

Human Services, 2004). Physiological bone remodeling is initiated by the cells that line 

the trabecular bone surface (Goldring, 2003). These osteoblast originated cells as well as 

cells from the bone marrow stroma receive hormonal and cytokine signals that start the 

cycle of bone remodeling (Goldring, 2003). After activation, these cells release other 

cytokines and chemokines that play a role in recruitment and induction of osteoclasts. 

Osteoclasts are the main type of cell involved in bone resorption (Goldring, 2003). Bone 

resorption is important for providing calcium and phosphorus when these minerals are 

deficient in the body (Department of Health and Human Services, 2004). In addition, cells 

from the bone lining are important as they prepare the bone surface to recognize 

osteoclast precursor cells (Goldring, 2003). Upon completion of the resorption process, 

the bone surface is occupied by osteoblasts or preosteoblasts (these differentiate into 

mature osteoblasts) (Goldring, 2003). Bone matrix is laid down and then mineralized to 

produce a new bone surface (Goldring, 2003). After completion of the cycle, osteoclasts 

and osteoblasts apoptose (Goldring, 2003). The dynamic balance between the amount of 

bone removed during resorption and the bone placed down during formation allows for 

adaptation to the changing environment and repair to microdamage (Goldring, 2003).  

Imbalances in the bone remodeling system can lead to bone disease (Department 

of Health and Human Services, 2004). In RA, bone resorption is increased resulting in 
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loss of cortical and adjacent trabecular bone, and osteoblastic activity in the osteitis is 

suppressed preventing repair of bone (Geusens and van den Bergh, 2014). The increased 

osteoclastic activity induced by autoantibodies and proinflammatory cytokines results in 

periarticular bone erosion (cortical disruptions), loss of bone mineral density (BMD) and 

damage to the microstructure (Fig. 1) (Peters et al., 2019). Note that erosions are different 

 

from bone cysts, which are regions of bone disappearance (osteolysis) in the trabecular 

bone, but no destruction in the cortical layer (Schett and Gravallese, 2012).  

 Many published imaging studies utilize cadavers to analyze bone structure and 

develop protocols. However, there have been controversies regarding how transferable 

the physiological conditions in cadavers are to living organisms as cadavers may not 

replicate the dynamic balance between bone formation and resorption as live humans do 

(Kushdilian et al., 2016). In addition, when originally made, certain modalities such as 

pQCT were meant for measuring BMD in living bone (Chirchir, 2016). Some researchers 

have looked into the effects of freezing cadavers and have found a 10% reduction in 

stiffness in trabecular bone, likely due to the expansion of interstitial fluids (Topp et al., 

2012). Others have demonstrated that formalin and formaldehyde embalmed bones may 

be more brittle and have reduced strength, respectively (Topp et al., 2012). Regardless, 

Figure 1. Examples of cortical interruptions as seen on HR-pQCT in the MCPJs 
of RA patients (white arrows) (Peters et al., 2019). 
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studies have shown stable bone mineral content measures in cadavers, made of 62-65% of 

dry bone weight; dry bone weight is valid for use as the mineral density is still high 

(Chirchir, 2016). Thus, it can be concluded that cadaveric bone has the potential to be a 

model for density measures.   

Bone erosions are specific to RA patients, demonstrating the severity of disease 

activity (Fouque-Aubert et al., 2010). The erosive changes imply that there is an 

imbalance between the resorption and formation processes, leading to progressive 

articular bone loss (Goldring, 2003). Erosions generally appear within two years of 

disease onset, but may continue to develop over the next decade (Fouque-Aubert et al., 

2010).  

1.1.1.2 Inflammation Processes 

 Inflammatory arthritis is induced by autoimmune inflammation in joints and can 

present as spondylo-arthropathies (psoriatic arthritis, reactive arthritis, ankylosing 

spondylitis) or RA; RA is the most common form (Ledingham et al., 2017). Inflammatory 

arthritis is diagnosed with the presence of morning stiffness (lasting more than 1 hour), 

joint pain, and warm, swelling joints (Ledingham et al., 2017). Blood tests which include 

inflammatory markers (ESR, CRP) and RF also need to be performed in order to confirm 

suspicions of autoimmunity (Ledingham et al., 2017). However, negative blood results do 

not necessarily indicate that an individual does not have RA (Ledingham et al., 2017).   
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1.1.1.2.1 Blood Markers 

Serological Indicators  

Rheumatoid factor (RF) is an autoantibody. RFs are a class of immunoglobulins 

(IgM, IgG or IgA) (Ingegnoli et al., 2013). The CH2 and CH3 domains of the Fc segment 

on the IgG antibody are recognized by RF (Egerer et al., 2009). Rheumatoid factor can be 

detected by the following standardized methods: enzyme-linked immunosorbent assay 

(ELISA) and nephelometry (Egerer et al., 2009). Patients who are positive for this factor 

are considered to have seropositive RA. Rheumatoid factors are not specific to RA 

patients and can be found in patients with other autoimmune and non-autoimmune 

diseases, and healthy individuals (normal range: ≤14 U/ml) (Yazdani-Biuki et al., 2005; 

Ingegnoli et al., 2013).   

Anti-citrullinated protein antibodies are an important serological indicator for RA 

specific disease activity, as normal uninflamed synovium does not have high levels of 

citrullinated proteins (Szekanecz et al., 2008). Anti-citrullinated protein antibody levels 

are determined based on their reactivity to cyclic citrullinated peptides (CCP) (van der 

Woude et al., 2010). Citrullination occurs through an enzymatic process of deaminating 

the arginine residues, producing a citrulline residue (Egerer et al., 2009). Protein 

citrullination is a posttranslational modification that results in a change in the charge of 

the protein (positive amino group is hydrolyzed to a neutral oxygen group), ultimately 

altering the 3D structure of the protein (van Venrooij et al., 2002; Egerer et al., 2009). 

The physiological implications of citrullination are a change in cell differentiation and 

apoptosis (Egerer et al., 2009). 
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Acute Phase Reactants 

C-reactive protein (CRP) is a part of the pentraxin protein family, which has a 

structure of five 23-kDa subunits, and causes precipitation in the serum (Litao and Kamat, 

2014; Kim et al., 2015). C-reactive protein levels can increase 1000 fold or more as a 

result of infection, inflammation and tissue damage, and is stimulated by IL-6, IL-1β and 

TNF-α in hepatocytes (Kim et al., 2015). C-reactive proteins remove harmful 

microorganisms and damaged cells through a complement cascade system, which 

increases the phagocytic action of neutrophils (Kim et al., 2015). Additionally, it plays a 

role in inflammation by stimulating the production of proinflammatory cytokines (Kim, 

2015). The clinical implications of elevated CRP have been linked to morning stiffness, 

pain, fatigue and disability (Kim et al., 2015).     

Erythrocyte sedimentation rate (ESR) measures the height of red blood cells that 

settle in a tube of anticoagulated blood in a given time unit (usually an hour) with a quick 

and inexpensive lab test (Brigden, 1998). The two factors that impact this measurement 

are the level of red blood cell aggregation and hematocrit levels (Brigden, 1998). The 

aggregation of red blood cells is dependent on plasma proteins, which decrease the 

negative electrostatic forces between the cells (Brigden, 1998). This results in aggregation 

and faster sedimentation (Brigden, 1998). Reduced levels of hematocrit cause the red 

blood cell aggregates to fall faster, therefore increasing sedimentation rate (Brigden, 

1998). Patients with inflammation have higher ESR levels due to the high levels of 

fibrinogen and stacking of erythrocytes (Litao and Kamat, 2014). In RA, ESR levels can 

reflect an individuals’ morning stiffness and fatigue (Brigden, 1998).        



M.Sc. Thesis – J. Amin; McMaster University – Medical Sciences 

 9 

1.1.1.2.2 Inflammatory Markers/Cytokines 

 Rheumatoid arthritis is characterized by consistent inflammation in the synovitis, 

with the majority of disease activity in the peripheral joints. B-cells play a crucial role in 

the pathogenesis of RA and this is evident through reduced symptoms in patients who 

take pharmacological treatments that target the reduction of B-cells, such as rituximab 

(anti-CD20 antibody) (Mateen et al., 2016). The following are contributing factors of B-

cells to RA disease activity: produce RF (autoantibodies to IgG), secrete proinflammatory 

cytokines (TNF-α, IL-6), activate T-cells, antigen presentation, respond to chemokines, 

and assist in forming TNF-α which results in activation of macrophages (Mateen et al., 

2016).      

 Activated B-cells, macrophages, dendritic cells (antigen presenting cells) present 

RA specific antigens to T-cells. This results in activation of innate immune cells, B-cell 

activation, osteoclast activation, and secretion of cytokines that are associated with 

synovial tissue inflammation (Mateen et al., 2016). CD4+ T-cells are prominently found 

near HLA-DR+ dendritic cells and macrophages, and differentiate into Th1-like effector 

cells (Mateen et al., 2016). Th1-like effector cells stimulate production of pro-

inflammatory cytokines (e.g. IFNγ  and TNF-α) (Mateen et al., 2016). CD4+ T-cells 

differentiate into fewer Th2-like effector cells, which produce anti-inflammatory 

cytokines (e.g. IL-4, IL-10, IL-13) (Mateen et al., 2016). Th17 cells, another class of 

CD4+ T-cells, play an important role in synovial inflammation and bone erosions via 

production of IL-17 and IL-23 (Mateen et al., 2016). Regulatory T-cells (Treg) have 

inhibitory effects by releasing inhibitory cytokines (e.g. TGFβ and IL-10) and expressing 
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cytotoxic T-lymphocyte antigen 4 (CTLA-4) to inhibit immune activation (Mateen et al., 

2016). CTLA-4 competitively binds to co-stimulatory ligands on T-cells (Mateen et al., 

2016). In RA, Treg cells are reduced and Th17 thrive, leading to inflammation (Mateen et 

al., 2016).    

 Cytokines play an important role for a functioning body; they are responsible for 

cell growth, proliferation, differentiation, inflammation, tissue repair, activation status 

and maintenance of immune responses (Mcinnes et al., 2015; Mateen et al., 2016). They 

are also involved in the pathogenesis of RA, as they play a role in inflammation and joint 

damage. Rheumatoid arthritis is characterized by the imbalance between dominating pro-

inflammatory cytokines over anti-inflammatory cytokines. (Mateen et al., 2016) The 

pathophysiology of RA involves many cytokines. For the purposes of this report, the 

emphasis has been placed on cytokines that appear most frequently in the literature and 

those that can be targeted with medication. 

TNF-α 

 Tumour necrosis factor plays a role in white blood cell activation, adhesion, 

migration, endothelial cell activation and programmed cell death, chemokine expression, 

and osteoclast activation and function (Mcinnes et al., 2015). Tumour necrosis factor-α is 

one of the main cytokines involved in the inflammation process of RA and is present in 

elevated amounts in the serum of RA patients. It is produced by macrophages, monocytes, 

fibroblasts, mast cells and natural killer (NK) cells (Mateen et al., 2016). It has two 

receptors: TNF-R1 (also known as 55-KD receptor/p55) and TNF-RII (also known as 75-

KD receptor/p75) (Mateen et al., 2016). TNF-R1 is present in most tissues and can bind 
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to membrane bound TNF and soluble forms of TNF, whereas TNF-RII expression is 

specific to immune cells and can only interact with membrane-bound TNF (Mateen et al., 

2016). Tumour necrosis factor-α induces the proliferation and differentiation of B-cells, 

T-cells and NK cells, as well as production of pro-inflammatory cytokines (e.g. IL-1, IL-

6, IL-8) (Mateen et al., 2016).  

IL-1 

 The IL-1 cytokine family primarily consists of the following: IL-1α, IL-1β, IL-18 

and IL-33 (Mcinnes et al., 2015; Mateen et al., 2016). IL-1α is expressed on cell surfaces 

whereas IL-1β elicits its effects by acting on other cells. IL-1 receptor antagonist (IL-

1Ra), an endogenous inhibitor, can be used to inhibit the effects of IL-1α and IL-1β. 

There are two categories of IL-1 receptors: IL-1R1 and IL-1RII (Mateen et al., 2016). 

The interaction between IL-1 and IL-1RII results in an intracellular signal transduction, 

which can be enhanced with the IL-1R-AcP accessory protein. On the other hand, binding 

of IL-1 to IL-1RII results in no signal transduction due to a short cytoplasmic domain 

(Mateen et al., 2016). In RA patients, there is a discrepancy in the homeostatic levels of 

IL-1 receptor antagonist and IL-1. There are elevated levels of IL-1β in both plasma and 

synovial fluid (Mateen et al., 2016).    

IL-6  

 IL-6 is another important cytokine in RA and is targeted by some therapeutics. It 

is a 22-29 KD glycoprotein which participates in both proinflammation and 

antiinflammation. It can be produced by B-cells, T-cells, fibroblasts, endothelial cells, 

monocytes, macrophages, keratinocytes, chondrocytes and some tumour cells (Mateen et 
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al., 2016). The IL-6 receptor has two chains: IL-6 specific receptor (IL-6Ra) and a signal 

transducer (gp130). In the signaling pathway, IL-6 binds to the receptor, and interacts 

with gp120 to stimulate downstream activation of cells using Janus Kinase (Mateen et al., 

2016). There are higher levels of IL-6 in the blood and synovial fluid of RA patients. It 

has further implications in acting on neutrophils which release reactive oxygen 

intermediates and proteases (Mateen et al., 2016). In addition, IL-6 induces osteoclast 

differentiation using a receptor activator of NF-kappa B ligand (RANKL) pathway or 

RANKL independent pathway. As well, it can act synergistically with IL-1β and TNF-α 

to produce vascular endothelial growth factor (VEGF) which plays a role in development 

of the pannus (Mateen et al., 2016).  

 

1.2 Epidemiology  

Approximately 1% of Canadians are affected by RA, with rising incidences in the 

aging population (Statistics Canada, 2006). The age of peak disease incidence is 50 years, 

affecting women 3-4 times more than men (Egerer et al., 2009; Mateen et al., 2016). The 

foot is often affected early on with a prevalence of up to 90% in the metatarsophalangeal 

joints (MTPJs), while 15% have initial disease manifestation in the forefoot (Muradin and 

van der Heide, 2016). Based on conventional radiography, early erosive changes are more 

commonly found in the feet, however, from 3 years and on, both hands and feet are 

equally affected (Otter et al., 2010; Colebatch et al., 2013; Wilson et al., 2017).  

About 80% of patients have reduced functionality within 2 decades of disease 

onset (Statistics Canada, 2006). Abnormalities such as atrophy, claw toes and dislocation 
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of the plantar fascia lead to deformities (Muradin and van der Heide, 2016). The number 

of Ontarians suffering from RA has doubled in the period between 1996 and 2010 

(Towheed et al., 2016). The crude number of individuals diagnosed with RA has 

increased from 5,523 in 1996 to 6,395 in 2010 (Widdifield, Bernatsky, Bombardier, et al., 

2015). After standardization of age and gender, the prevalence of RA has steadily 

increased from 473 per 100,000 in 1996 to 784 per 100,000 in 2010 (Widdifield, 

Bernatsky, Bombardier, et al., 2015). The annual cost of disease, while considering direct 

(e.g. medications) and indirect costs (e.g. time lost from paid work), was previously 

reported to be $9300 for RA patients living in Ontario (Maetzel et al., 2004). Although 

new interventions have advanced management of RA, there are still 40-50% more deaths 

in individuals with RA in comparison to the general population (Widdifield, Bernatsky, 

Paterson, et al., 2015). To add to the problem, RA is associated with increased risk of co-

morbidities such as cardiovascular disease, metabolic syndrome, psychiatric disease and 

certain cancers (Firestein and Mcinnes, 2017). These diseases are attributed to the 

elevated levels of circulating cytokines and immune molecules (Firestein and Mcinnes, 

2017).  

 

1.3 Diagnosis and Criteria for Diagnosis  

RA initially presents with polyarthritis, accompanied by pain, swelling and 

stiffness in a bilateral and symmetrical manner (Majithia and Geraci, 2007). The most 

commonly involved joints in RA are the metacarpophalangeal joints (MCPJs), proximal 

interphalangeal joints (PIPJs), wrist and metatarsophalangeal joints (MTPJs) (Majithia 
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and Geraci, 2007). Preliminary blood tests should include a complete blood cell count 

with differential RF, and ESR/CRP (Majithia and Geraci, 2007). In addition, baseline 

renal and hepatic function should be tested to assist in determination of appropriate 

medication. The American College of Rheumatology (ACR) criteria assists in diagnosis, 

although does not always provide a definite diagnosis, thus it is suggested that it is used 

in combination with other available information about the patient (Majithia and Geraci, 

2007).  

The two initial questions by a primary care physician are: 1. Is diagnosis of RA 

likely? 2. Does the patient need early treatment or a referral to a rheumatologist? 

(Majithia and Geraci, 2007). Some of the findings leading to these questions are joint 

swelling in 3 or more joints, a positive squeeze test (pain while squeezing joints) in the 

metacarpal (MC) or metatarsal (MT) joints, morning stiffness for more than 30 minutes 

and increased blood markers (ESR, CRP, RF) (Majithia and Geraci, 2007). Patients are 

referred to a rheumatologist when the diagnosis is unclear or more than 5 joints are 

involved in symptoms, or they have unusual laboratory findings (Majithia and Geraci, 

2007).  

The 2010 ACR/European League Against Rheumatism (ACR/EULAR) 

classification criteria (Appendix A1) is used for patients where clinical swelling is 

detected in at least 1 joint and for those who do not have another diagnosis (e.g. gout, 

psoriatic arthritis) (Kay and Upchurch, 2015). There are four main criteria that patients 

are evaluated on: joint involvement, serology (RF and ACPA), acute-phase reactants 

(CRP and ESR), and duration of symptoms. A score greater than or equal to 6 classifies 
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an individual as having RA (Kay and Upchurch, 2015). The amendment of the 

classification criteria from the 1987 ARA RA classification criteria was to ensure early 

diagnosis in order to initiate early therapy to reduce the occurrence of structural damage 

(Kay and Upchurch, 2015). The newer criteria includes circulating ACPAs as well as the 

higher levels of the serological biomarkers in the overall score (Kay and Upchurch, 

2015).     

Patients are monitored every 2-3 months for assessment of disease activity, extra-

articular manifestations, side effects and overall functionality (Majithia and Geraci, 

2007). In addition, yearly hand and foot X-rays are recommended (Majithia and Geraci, 

2007).  

 

1.3.1 Measures of Disease Activity 

1.3.1.1 Disease Activity Score (DAS) 

Disease Activity Score (DAS) and the newer DAS28 are clinical measures that 

can be used to determine an RA patient’s disease activity and progression. Disease 

Activity Score was first developed in the early 1990s and included the following 

measures: 44 swollen joint count, ESR levels and patient global assessment on a visual 

analogue scale (VAS, values from 0 [best]-100 [worst] mm) (Porter et al., 2011). The 

adjusted DAS28 includes the following: swollen and tender joint count (scored from 0-1; 

0 indicates no swelling/tenderness, 1 indicates presence of swelling/tenderness), patient’s 

evaluation of their disease activity (VAS) and ESR levels (Porter et al., 2011). This new 

version was created to save time and for convenience, and has proven to be valid (Porter 
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et al., 2011). It can be calculated using the following formula: 𝐷𝐴𝑆28 = 0.56 ∗

,𝑇𝐽𝐶28 + 0.28 ∗ ,𝑆𝐽𝐶28 + 0.70 ∗ ln(𝐸𝑆𝑅) + 0.014 ∗ (𝑔𝑒𝑛𝑒𝑟𝑎𝑙	  ℎ𝑒𝑎𝑙𝑡ℎ) (Singh et al., 

2011; van Riel and Renskers, 2016). The DAS28 score is a continuous variable, that can 

range from 0 to 9.4; scores >5.1 indicate high disease activity, scores between 3.2 and 5.1 

indicate moderate activity, scores <3.2 indicate low disease activity, and scores <2.6 

indicate remission (Porter et al., 2011; Singh et al., 2011). The newest DAS28 includes 

CRP levels rather than ESR levels, although this method is not as well validated as the 

DAS28-ESR method (Porter et al., 2011).   

1.3.1.2 Clinical Disease Activity Index (CDAI) 

 The Clinical Disease Activity Index (CDAI) is a measure of disease activity that 

does not account for any acute phase reactants. It accounts for the total swollen and tender 

joint count (SJC and TJC) from 28 joints, and patient and physician global assessments 

on the VAS scale (PDGA and EDGA, respectively; 0-10 cm). The CDAI score can range 

from 0-76. This method is beneficial in clinical settings as it does not require data from 

acute phase reactants or complex calculations, while easily providing an approximation of 

the patient’s disease state. The CDAI can be calculated using the following formula: 

𝐶𝐷𝐴𝐼 = 𝑇𝐽𝐶 + 𝑆𝐽𝐶 + 𝑃𝐷𝐺𝐴 + 𝐸𝐷𝐺𝐴 (Singh et al., 2011). Interpretation of CDAI scores 

are as follows: scores >22 indicate high disease activity, scores between 10 and 22 

indicate moderate disease activity, scores <10 indicate low disease activity, and scores 

<2.8 indicate remission (Singh et al., 2011).  
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1.3.1.3 Self-Reported Measures of Disease Activity 

Leeds Foot Impact Scale (LFIS) 

 The Leeds Foot Impact Scale (LFIS) was developed in order to better detect the 

status of the foot in patients with RA. The questionnaire includes two subscales and a 

total of 51 statements. The first subscale involves questions regarding impairment/shoes 

(21 items) such as “My feet hurt me” and “I can’t get any shoes on”. The second subscale 

includes items regarding activities/participation (30 items) such as “I can’t run” and “I 

feel I slow other people down”. Each item can be given a score of 0 (not true) or 1 (true). 

The two subscale scores are then added for a total LFIS score, where the maximum score 

can be 51. (Helliwell et al., 2005)     

Health Assessment Questionnaire (HAQ) 

 The Health Assessment Questionnaire (HAQ) is a patient reported outcomes 

evaluation. The original full HAQ consists of five sections: disability, pain, medication 

effects, costs of care, and mortality (Bruce and Fries, 2005). The shorter version (2-page 

HAQ) only includes the HAQ-disability index (HAQ-DI), patient global VAS and the 

pain VAS (Bruce and Fries, 2003, 2005; Gonzalez and Gottlieb, 2016). The HAQ-DI 

measures a patient’s overall functionality with questions regarding fine motor 

skills/locomotor activity in the upper and lower extremities (Bruce and Fries, 2005). A 

standard scoring system is implemented for any aids or devices that are used while 

performing tasks (Bruce and Fries, 2005). There is a total of 21 items divided into 8 

categories (dressing and grooming, arising, eating, walking, hygiene, reach, grip, 

activities) (Gonzalez and Gottlieb, 2016). Each category has sub-category questions. Each 
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item can be scored from 0 to 3, with a higher value indicating greater disability 

(0=without any difficulty, 1=with some difficulty, 2=with much difficulty, and 3=unable 

to do) (Bruce and Fries, 2005; Voshaar et al., 2015). Once completed, the highest sub-

category value is taken to determine the overall value for that category (Bruce and Fries, 

2005). If aids/devices are used, scores of 0 or 1 are increased to 2 (scores that are already 

at 3 remain the same) (Bruce and Fries, 2005). The categorical scores are then averaged 

for an overall HAQ-DI score which can range from 0 to 3 (Bruce and Fries, 2005; 

Voshaar et al., 2015). Scores of 0-1 indicate mild to moderate difficulty, 1-2 indicate 

moderate to severe disability, and 2-3 represent severe to very severe disability (Bruce 

and Fries, 2005). The HAQ-DI has repeatedly proven to be a validated assessment, with 

test-retest correlations ranging from 0.87 to 0.99 (Bruce and Fries, 2005).  

1.3.1.4 Prognosis 

 One of the most crucial aspects of managing RA is predicting prognosis. 

Typically, the presence of X-ray erosions predicts a poor prognosis. Magnetic resonance 

imaging has also been shown to be advantageous in determining prognosis due to its 

ability to visualize soft tissue. In particular, bone marrow edema (BME) has been shown 

to be a reliable predictor for subsequent X-ray erosions (Tan and Conaghan, 2011). As 

well, grayscale ultrasound (GSUS) has been shown to be a predictor for MRI erosive 

damage (Tan and Conaghan, 2011). A systematic review demonstrated that ultrasound 

was also able to predict flare in varying regions in patients who were power Doppler 

ultrasound (PDUS)-positive, with ORs between 3.6 and 13 (Cate et al., 2013). As well, 
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GSUS and PDUS had predictive value in determining if radiological joint damage would 

occur, with ORs between 1.4 and 12 (Cate et al., 2013). 

Strategic treatment plans and pharmacological therapies are able to bring 75-80% 

of patients to low disease activity or remission, allowing them to continue their daily 

activities with a normal life expectancy (Aletaha and Smolen, 2018). However, there are 

still 20-25% of RA patients in developed countries that are not able to achieve low 

disease activity. Reasons include not being able to access optimal care and resistant 

disease that does not improve with medication (Aletaha and Smolen, 2018). For such 

patients, new therapies are needed, such as more selective JAK inhibitors (Aletaha and 

Smolen, 2018).  

 

1.4 Treatment Options  

Although RA is not curable, medications and altered lifestyle choices can help 

patients gain better control of their disease and potentially achieve remission. Treatment 

for RA has many layers as it should include patient education, physical/occupational 

therapy and drug treatment (Majithia and Geraci, 2007). Nonsteroidal anti-inflammatory 

drugs (NSAIDs) can be used to improve symptoms, but cannot prevent the progression of 

joint damage (Aletaha and Smolen, 2018). The NSAIDs should only be used during the 

short window of time when diagnosis of RA is still not confirmed. Second, 

glucocorticoids can be used (prednisolone) to provide short term relief of symptoms 

(Mateen et al., 2016). In the last 20 years, the best options for patients diagnosed with RA 

have included the use of DMARDs, as well as biologic agents (Aletaha et al., 2010).    
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Disease Modifying Antirheumatic Drugs (DMARDS) 

Disease Modifying Antirheumatic Drugs (DMARDs) are a class of drugs that can 

improve symptoms for RA patients and prevent the progression of joint damage, and thus 

should be initiated as soon as diagnosis is confirmed (Burmester and Pope, 2017; Aletaha 

and Smolen, 2018). The DMARDs are divided into two categories: synthetic DMARDs, 

which are orally administered chemical molecules, and biologic agents, which are non-

orally administered proteins (Aletaha and Smolen, 2018). Synthetic DMARDs are further 

divided into conventional (methotrexate (MTX), sulfasalazine, leflunomide, 

hydroxychloroquine) and targeted DMARDs (tofacitinib, baricitinib) (Aletaha and 

Smolen, 2018). To date, targets to conventional DMARDs are unknown, however, 

targeted DMARDs are known to target Janus kinase (JAK) enzymes (Aletaha and 

Smolen, 2018). JAKs are involved in the signaling pathway that converts the responses of 

cytokines into downstream cellular effects (Aletaha and Smolen, 2018).  

In patients with mild disease activity (usually involves less than 5 joints) and 

normal radiographic scans, hydroxychloroquine, sulfasalazine, minocycline and in some 

cases MTX can be used (Majithia and Geraci, 2007). Methotrexate is typically used as an 

initial drug therapy for moderate to severe cases (usually the involvement of more than 5 

joints) or cases with abnormal radiographic findings (bone erosions) (Majithia and 

Geraci, 2007; Burmester and Pope, 2017). If this option is not sufficient for patients, 

leflunomide, azathioprine or combination therapy (MTX with another medication) are 

recommended (Majithia and Geraci, 2007). Methotrexate is one of the most common RA 

medications as 25-40% of patients experience improvement with monotherapy, and when 
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used with a glucocorticoid, ~50% of patients are able to achieve low disease 

activity/remission (Aletaha and Smolen, 2018). Table 1 has a list of DMARDS and their 

respective targets (Majithia and Geraci, 2007).  

Table 1: DMARDs and their Cellular Targets 
Medication  Target 
Methotrexate Interleukin-8, -6 
Hydrochloroquine Toll-like receptors (TLRs), IL-6, IL-17, IL-

22 
Leflunomide Dihydroorotate dehydrogenase 
Sulfasalazine Unknown 

 

Biologic Agents 

Biological agents use molecular mechanisms to target cytokines, signaling 

molecules, and cells that are involved in inflammation and joint destruction (Majithia and 

Geraci, 2007). Biologic agents target TNF, B-cells, and members from the cytokine 

family (IL-1, IL-6) (Burmester and Pope, 2017; Aletaha and Smolen, 2018). If remission 

or reduced disease activity is not achieved within 3-6 months, EULAR suggests that other 

conventional DMARDs are used, or patients begin using a biologic in combination with a 

conventional DMARD (Burmester and Pope, 2017; Aletaha and Smolen, 2018). 

Unfortunately, all biologics come with the risk of infection and tuberculosis reactivation 

(Majithia and Geraci, 2007). Table 2 has a list of biologics and their respective cellular 

targets (Majithia and Geraci, 2007).  
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Table 2: Biologics and their Cellular Targets 
Medication Target 
Adalimumab, etanercept, infliximab 
(first line agents) 

TNF 

Anakinra  IL-1 
Tocilizumab IL-6 
Abatacept  T-cell co-stimulation down-regulator 
Rituximab  Anti-B cell antibody 

 

1.5 Imaging Modalities 

 Imaging modalities are important to help rheumatologists confirm their clinical 

diagnosis of RA (Vyas et al., 2016). Diagnosis is challenging as clinical, imaging and 

serological evidence of disease may not appear simultaneously (Vyas et al., 2016). 

Structural changes can occur early on in RA, thus, imaging modalities that are able to 

detect these variations with high sensitivity in the early stages of disease are crucial to 

initiate prompt treatment, and prevent bone and joint damage. Imaging modalities can 

determine the severity and monitor the progression of disease activity in response to 

treatment (Vyas et al., 2016). During the time period in the early disease stage, termed the 

“window of opportunity”, if the correct treatment is initiated, patients can have long-term 

improved outcomes and prevent the progression of disease (Vyas et al., 2016). Therefore, 

early diagnosis and treatment are pivotal to positive health outcomes in RA patients, 

stressing the importance of accurate imaging in RA. In addition, modalities that are easily 

accessible and able to monitor drug efficacy in relation to disease progression are ideal 

(Rowbotham and Grainger, 2011). All in all, the ideal imaging modality would allow for 

early and accurate diagnosis, have the ability to predict poor prognosis and have the 
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ability to monitor disease progression in response to drug therapy (Tan and Conaghan, 

2011).  

 

1.5.1 Conventional Radiography/X-Ray 

Machine and Core Concepts 

X-rays provide a two-dimensional projection of three-dimensional anatomical 

structures (Døhn et al., 2006). Radiographic joint damage is most commonly found in the 

peripheral joints in early RA (~75% of patients display damage in the first 2 years of 

disease onset) (Alasaarela et al., 1998). Conventional radiography (CR) uses X-rays, an 

energy form that is on the higher end of the electromagnetic spectrum. The X-rays are 

produced in a vacuum tube, when a high voltage is passed across two terminals. This 

releases high-energy electrons from the cathode, which move towards the anode. It is 

important to be cautious of the radiation levels (measured in milliSieverts, mSv), as they 

ionize tissues, allowing electrons to be liberated to form ion pairs, and ultimately lead to 

generation of free radicals. The energy level of the X-rays can be adjusted by altering the 

voltage and current in the tube, using filters, and switching the anode material. Different 

tissues appear differently on X-ray images (due to attenuation), depending on their 

density, thickness and atomic number. For instance, the air in lungs is transparent and 

appears black; calcified bone tissues appear white on X-ray images. Soft tissues have 

characteristics in between the former two examples. Additionally, contrast agents can be 

used to enhance X-ray attenuation. Positive contrast agents have high radiodensity 

properties, such as iodine and barium, and appear white on X-ray as the rays are blocked. 
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Negative agents are low density, such as air and carbon dioxide, and are black in X-rays. 

(Harvey and Blomley, 2005) 

The low cost and easy accessibility make it an attractive choice to clinicians (Vyas 

et al., 2016). Other advantages of the modality include its reasonable reproducibility, 

quick scan time, and validated methods for assessing scans (Østergaard et al., 2008; Tan 

and Conaghan, 2011). 

Use in Rheumatoid Arthritis  

X-ray is the most commonly used imaging modality for RA and is used as the 

first-line of imaging for diagnosis, as it is the traditional gold standard (Tan and 

Conaghan, 2011; Vyas et al., 2016). It is able to detect bony erosions and joint space 

narrowing in patients with established RA (Vyas et al., 2016). These parameters are 

assessed using the Sharp van der Heijde scoring system. Erosions in the hands and wrist 

are examined in 16 joints, scored on a scale of 0-5 per joint (5=more than 50% loss of 

articular bone) (Boini and Guillemin, 2001; Landewé and van der Heijde, 2005). For the 

Figure 2. Radiological findings in A) progressive and B) terminal RA. (Aletaha and 
Smolen, 2018)  
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feet, 6 joints are assessed and are graded on a scale of 0-10 per joint (Ory, 2003; Landewé 

and van der Heijde, 2005). Joint space narrowing is assigned a score between 0-4: 0=no 

narrowing; 1=minimal narrowing; 2=50% loss of joint space; 3=75% loss of joint space; 

4=complete loss of joint space (Ory, 2003). For joint space narrowing, 15 joints are 

assessed in the hands and wrists, and 6 joints in the feet (Landewé and van der Heijde, 

2005). The maximum score is 280 and 168 for erosions and joint space narrowing, 

respectively, for a total Sharp score of 448 (Landewé and van der Heijde, 2005). 

Radiographic features in an RA hand are shown in Fig. 2.   

In RA patients, regular follow-ups are required and repeated exposure to ionizing 

radiation from X-ray is not preferable with the limited two dimensional data that is 

provided (Østergaard et al., 2008; Vyas et al., 2016). In addition, it has a low sensitivity 

in the early stages due to its inability to detect soft tissue changes and early 

manifestations of bone erosion (Østergaard et al., 2008; Tan and Conaghan, 2011). Its 

inability to provide information regarding soft tissue edema, tenosynovitis, synovial 

thickening and bone marrow make it a suboptimal choice for detecting disease activity 

(Østergaard et al., 2008; Colebatch et al., 2013; Vyas et al., 2016).  

Overall, CR is not beneficial for early diagnosis, as erosions may not be seen 

when they initially appear with X-ray, although are present in 90-95% of patients who 

have had symptoms for 10 years and on (Vyas et al., 2016). In CR, patients with early RA 

appear to have “undifferentiated arthritis”, with normal X-ray results (Rowbotham and 

Grainger, 2011). In addition, evidence based research over the last decade has 
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demonstrated the strengths of other modalities which are more sensitive at the early 

stages of disease and can fill the gaps of X-ray (Colebatch et al., 2013). 

Previous Studies 

 Previous studies have demonstrated that the sensitivity of CR for detection of 

erosions in MTPJs was poorer than US when MRI was used as the reference standard 

(0.32 versus 0.79), whereas the specificity was similar between the two modalities 

(Szkudlarek et al., 2004). As well, CR was unable to detect erosions in patients with early 

RA (<2 years disease duration), whereas MRI and US were able to detect erosive disease 

(MRI to a greater extent than US). Even though CR was able to detect erosions in patients 

with established RA (>2 years disease duration), it did so to a lesser extent than MRI and 

US (Szkudlarek et al., 2004). Other studies agree with the poor sensitivity of CR for 

detection of erosions when compared to CT as the reference method (14%-24%) (Døhn et 

al., 2006, 2007, 2008). The lack of detection of some of the earliest anatomical changes in 

RA urges the need for more sensitive, easily accessible modalities. 

 

1.5.2 Ultrasonography 

Machine and Core Concepts 

Ultrasound (US) is a relatively inexpensive, patient friendly, fairly accessible 

imaging modality which does not expose patients to ionizing radiation, and is beneficial 

for detecting changes in soft tissue structures (Østergaard et al., 2008; Tan and Conaghan, 

2011; Vyas et al., 2016). Ultrasound images are generated by detecting reflected sound 

waves, which are a result of the US energy pulse waves released from the transducer (Li 
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and Liebling, 2009). A reflected wave/echo is generated when the longitudinal sound 

waves reach an interface (Li and Liebling, 2009). High resolution imaging of superficial 

anatomical regions can be achieved with high frequency transducers (10-22 MHz) 

(Østergaard and Wiell, 2004). The depth of the interface can be determined by timing the 

return of the echo to the transducer and by determining the speed of sound (Li and 

Liebling, 2009; Venables, 2011).  

Some modes of US that can be used are grayscale (GSUS; also known as B-

mode), color Doppler and power Doppler (PD). Grayscale US can be used to assess static 

anatomy such as joint effusions, erosions, tissue heterogeneity and pannus tissue by 

detecting the amplitude of the wave; sound waves travel through homogenous mediums 

such as clear fluid, resulting in anechoic images (Li and Liebling, 2009; Venables, 2011). 

Color Doppler can be used for detecting blood flow (can detect direction and presence of 

flow) by assessing the change in frequency of the moving flow (Li and Liebling, 2009). 

Power Doppler assesses the amplitude of the frequency change and is more sensitive to 

smaller vessels when compared to color Doppler (Venables, 2011). Ultrasound gels are 

used to prevent distortion of the image by allowing minimal pressure, and ensure better 

clarity in the near-field region close to the transducer (Li and Liebling, 2009).  
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Use in Rheumatoid Arthritis  

US is widely used to monitor disease progression changes in follow-up visits and 

upon the administration of DMARDs as it can provide real-time structural information 

(Østergaard et al., 2008; Vyas et al., 2016). One of the abnormalities detected is synovial 

fluid, and according to OMERACT, this is an abnormal hypoechoic US signal (Tan and 

Conaghan, 2011). Synovial thickening (ST) is assessed semi-quantitatively on a 4-point 

scale: 0=no ST; 1=minimal ST (angle between periarticular bones filled); 2=moderate ST 

bulging over the line that connects the top of the periarticular bone (not extending into the 

diaphysis); 3=severe ST bulging over the line connecting the tops of periarticular bone 

and reaching to at least one bone diaphyses (Fig. 3) (Szkudlarek et al., 2003). Power 

Doppler allows for the detection of synovial vascularity, which is graded on a 4-point 

semi-quantitative grading system: 0=no flow; 1=one or more vessels; 2=<50% of 

synovium has vessel signals; 3=>50% of synovium has vessel signals (Fig. 3) 

(Szkudlarek et al., 2003; Tan and Conaghan, 2011). PDUS has been shown to correlate 

well with histologically detected synovitis in joints with inflammation (Tan and 

Conaghan, 2011). According to OMERACT, joint erosions are defined as intra-articular 

discontinuity of the bone surface that is visible in two perpendicular planes (Tan and 

Figure 3. GS and PD scoring, using US. (D’Agostino et al., 2017)  
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Conaghan, 2011). Erosions are also scored on a 4-point scale: 0=regular surface; 

1=irregularity in surface without a discrepancy seen in 2 planes; 2=discrepancy in bone 

surface visualized in 2 planes; 3=extreme bone destruction (Szkudlarek et al., 2003). 

Ultrasound has been shown to detect more erosions than CR in early RA (Tan and 

Conaghan, 2011). There is also a EULAR-OMERACT combined scoring system to 

assess GS and PD signals simultaneously (D’Agostino et al., 2017). Some studies assign 

US grades of 0 and 1 for ST and erosions as normal, and grades of 0 for PD as normal in 

order to better differentiate between arthritic and non-arthritic patients (Szkudlarek et al., 

2003; Cate et al., 2013).  

Downfalls of this device include the variability between machines as well as the 

inter-reader variation as a result of the dependence on the expertise of the operator 

(Østergaard et al., 2008; Li and Liebling, 2009; Vyas et al., 2016). In addition, its 

sensitivity to bone erosions is dependent on the site of interest (high sensitivity in areas 

which are easily accessible, e.g. MTPJ 5) as it cannot penetrate bone (Østergaard et al., 

2008). 

Previous Studies 

 Past studies have shown the benefits of inclusion of US in routine rheumatology 

practice, as it can allow site-specific scanning at multiple joints, confirmation of 

diagnosis, and real time results, all of which reduce clinic time and allow quick decision 

making (Wakefield et al., 2005; Tan and Conaghan, 2011).  

Despite the dependence on operator experience, one study has demonstrated high 

intra- and inter-rater reliability for assessing synovitis with the use of a reference atlas; 
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median intra- and inter-rater ICC values were 0.95 and 0.97 for GS and PDUS, 

respectively (Hammer et al., 2011). Thus, high intra- and inter-rater reliability can be 

achieved with the help of extensive training, calibration of the scoring system, and 

reference to the atlas (Hammer et al., 2011). As well, US has been shown to be a 

reproducible tool in assessing and monitoring tenosynovitis in RA patients; intra-rater 

reliability was good for GS and PDUS, whereas inter-rater reliability was moderate and 

good for GS and PDUS, respectively (Naredo et al., 2013).  

US has been compared to other RA imaging modalities. In one study, US has been 

reported to be more sensitive in detecting bone erosions in MCPJs, PIPJs and MTPJs than 

CR (Østergaard et al., 2008). In another study, US was compared to CR in RA patients, 

and it was found that GS and PDUS were able to detect 20% more erosions than CR; US 

sensitivity has been shown to be better than CR in multiple studies (Alasaarela et al., 

1998; Weidekamm et al., 2003; Szkudlarek et al., 2004, 2006). Interestingly, even when 

compared to MRI, US was found to be better at detecting bone erosions at MTPJs 1 and 

5, likely because the probe had access to the dorsal, lateral and plantar region in these 

joints (Szkudlarek et al., 2004).  

In a systematic review that compared clinical examination to US, multiple papers 

demonstrated that US synovitis improved diagnosis in RA patients; US was found to be 

superior to clinical examination in 75% of patients (Colebatch et al., 2013). In addition, 

when comparing clinical examination with US for synovitis, US had a 2.18 fold higher 

mean detection rate in the hands and wrist (Colebatch et al., 2013). Ultrasound is also 

used for remission evaluation in RA patients. In a systematic review of 11 studies, there 
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was disagreement between clinical presentation and US results; some joints that did not 

show swelling/inflammation during the clinical assessment showed US signs (Cate et al., 

2013). This is expected, as clinical assessments are often unable to detect mild synovitis 

(Joshua et al., 2006). As well, PDUS was able to detect signs of inflammation in up to 

60% of patients in clinical remission (Cate et al., 2013). The study concluded that PDUS 

is superior to GSUS in detecting true remission, as it is more specific and has higher 

predictive value (Cate et al., 2013).    

 

1.5.3 Magnetic Resonance Imaging 

Machine and Core Concepts 

Magnetic Resonance Imaging (MRI) has become an important tool in the clinical 

practice of musculoskeletal medicine. It is able to generate multiplanar cross-sectional 

images without using ionizing radiation (Østergaard et al., 2008). The scan protocol is 

determined based on the region of interest (ROI), availability of coils and the strength of 

the magnet (Vyas et al., 2016). Images should be taken from two separate planes and the 

thickness of slices should be <3 mm; thinner slices are recommended for smaller joints 

(Vyas et al., 2016).  

Magnetic resonance imaging technology uses electromagnetic radiation (magnetic 

fields) to produce slice images (Katti et al., 2011). Nuclei within body tissues have their 

own magnetic moment; usually hydrogen nuclei are used in MRI due to the large quantity 

of water in the body (McMahon et al., 2011). Once an external large magnetic field (B0; z 

plane) is applied, the hydrogen nuclei align; some atoms align parallel to the field, and 
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some antiparallel to the field (Katti et al., 2011). The axis of the protons slightly oscillate 

in the direction of the field, and this is called precession (Katti et al., 2011). Then, a 

radiofrequency pulse (also known as B1 field) is applied for a given period of time, 

aligning the protons in a high-energy state, which eventually moves the net magnetization 

from the B0 field (or longitudinal magnetization) to the transverse plane (xy plane) (refer 

Figure 4. Magnetic moments in MRI. 
A) Static magnetic field in the z 
plane (B0 field) B) Upon 
administration of a radiofrequency at 
90° (B1 field) C) After removing the 
radiofrequency; the net 
magnetization is in the xy plane. 
(McMahon et al., 2011)  
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to Fig. 4) (McMahon et al., 2011). Only net magnetization in the xy plane can be detected 

by the MR receivers (McMahon et al., 2011).  

After reaching the excited phase in the xy plane, the nuclei begin to 

relax/disappear. There are two types of relaxation: T1 relaxation (longitudinal) and T2 

relaxation (transverse). In T1 relaxation (time it takes for magnetic vector to reach resting 

state), the relaxation occurs along the z plane and the energy from the radiofrequency 

pulse is spread to the surroundings; it takes seconds for 63% of the original longitudinal  

 

magnetization to be recovered (Fig. 5) (Berger, 2002; McMahon et al., 2011). A low 

intensity, dark MR image is seen in tissues with a long T1 relaxation (Katti et al., 2011). 

In T2 relaxation, the transverse magnetization is lost and the nuclei begin to misalign (i.e. 

time it takes axial spin to reach resting state); it takes tens to hundreds of milliseconds for 

63% of the original transverse magnetization to remain (Fig. 5) (Berger, 2002; McMahon 

et al., 2011). A high-intensity, bright MR image is seen in tissues with long T2 relaxation 

times (the opposite is true for short T2 relaxation times) (Katti et al., 2011). Different 

Figure 5. Plots showing T1 and T2 relaxation. T1 (left) shows recovery of the magnetic 
field to the z plane. T2 (right) shows loss of the transverse signal due to loss of order in the 
hydrogen nuclei. T2* is a chemical shift as a result of disturbances in the magnetic field; 
may result in quicker loss of order in the hydrogen nuclei. (McMahon et al., 2011)  
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tissues have different T1 and T2 rates, thus protocols can be optimized based on the 

region being scanned. Fast moving molecules (e.g. synovial fluid) or molecules that are 

far apart will have longer T1 times than solid materials (e.g. bone). T2 relaxation rates are 

slower in gas phases (e.g. water) and faster in solid phases (e.g. bone) (McMahon et al., 

2011). T1-weighted images allow for differentiation between various tissues which have 

T1 properties (e.g. bone marrow and muscle), by using short repetition times between the 

radiofrequency pulse excitation (McMahon et al., 2011). This allows tissues with short 

T1 times to recover the longitudinal magnetization between the pulses and provide a 

differentiated signal than a tissue with a longer T1 relaxation time; fat has the shortest T1 

time and appears bright in the MR image (Katti et al., 2011; McMahon et al., 2011). In 

T2-weighted images, a longer repetition time results in a greater loss of order in the 

transverse plane (McMahon et al., 2011). Tissues with longer T2 times will display 

brighter in T2-weighted images (e.g. synovitis/tissues with water content), and this is 

often seen in abnormal tissues (Katti et al., 2011; Vyas et al., 2016).  

Intravenous contrast agents (i.e. IV gadolinium) can be used to better distinguish 

synovitis (Tan and Conaghan, 2011). Gadolinium is a heavy metal that has paramagnetic 

effects on water protons, allowing the protons to quickly relax on T1-weighted sequences 

(McQueen, 2000). The intensity of the signal, which spreads to vascular tissue, is 

proportional to the concentration of gadolinium and the relaxation of the surrounding 

water molecules (McQueen, 2000; Raymond and Pierre, 2005). Therefore, tissues that are 

highly vascular and have inflamed synovium are enhanced in brightness (McQueen, 

2000). Gadolinium allows for the differentiation between joint effusion (excess fluid 
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accumulation in joint) and synovium as they appear with low intensity on T1-weighted 

images (McQueen, 2000). Bony erosions usually appear enhanced with gadolinium 

administration, further confirming the presence of an inflamed synovium (McQueen, 

2000).  

Use in Rheumatoid Arthritis  

 Magnetic resonance imaging has been used in RA patients for its ability to detect 

erosions without using ionizing radiation, in a multiplanar view, while simultaneously 

detecting changes in soft tissue and fluid at the joint level (McQueen, 2000; Vyas et al., 

2016).  

Magnetic resonance imaging has been shown to be the most sensitive modality for 

early diagnosis, as well as for disease monitoring (Tan and Conaghan, 2011; Vyas et al., 

2016). Previous MRI studies have observed that the pathological progression of RA 

begins with synovitis, followed by BME, and finally results in erosions (McQueen, 2000). 

MRI is superior to CR as it allows for visualization of bone, surrounding soft tissues and 

fluid within a given joint (McQueen, 2000; Tan and Conaghan, 2011). Magnetic 

resonance imaging is beneficial in terms of detecting underlying pathological changes 

that may go undetected in the early phases using CR. For instance, bony erosions present 

as focal areas in the cortical bone, where the normal signal intensity is decreased in T1-

weighted images and increased in T2-weighted images (McQueen, 2000). 



M.Sc. Thesis – J. Amin; McMaster University – Medical Sciences 

 36 

In terms of parameters measured by MRI, a reference atlas has been published by 

the EULAR-OMERACT groups (Conaghan et al., 2005). Synovial inflammation is one of 

the prominent markers of RA; synovitis detected in MRI has also correlated with 

histopathological features of inflammation. Synovitis appears on MRI with a thickness 

greater than the normal synovium, with a high signal intensity on T1-weighted images 

(Ostergaard et al., 2003). On MRI, it is scored on a scale of 0-3 (0=normal, 1=mild, 

2=moderate, 3=severe), and best visualized in a T1-weighted sequence (Fig. 6)  

 

(Østergaard et al., 2017). Bone marrow edema is another parameter that can be measured 

by MRI, although it is nonspecific to RA. According to OMERACT, BME seen on MRI 

is a lesion within the trabecular bone with poorly defined margins and MRI signals 

indicating increased water content. Bone marrow edema appears with a low signal  

 

intensity on T1-weighted images and with a high signal intensity on T2-weighted fat-

saturated images (Ostergaard et al., 2003). Bone marrow edema is graded on a scale of 0-

Figure 6. Synovitis scored from 0-3 in figures A-D, respectively, at the MCPJ 
(Conaghan et al., 2005).  

A. B. C. D. 

A. B. C. D. 

Figure 7. BME scored from 0-3 in figures A-D, respectively, at the MC head 
(Conaghan et al., 2005).  
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3 (0=no BME, 1=1-33% of bone with edema, 2=34-66% BME, 3=67-100% BME), and 

optimally visualized as T2-weighted fat-saturated images (Fig. 7) (Østergaard et al., 

2017). Bone marrow edema is a strong predictor of subsequent erosion development and 

has a prevalence of 39-75% in early RA patients (McQueen, 2000; Conaghan et al., 2003; 

Døhn et al., 2011; Lee et al., 2015). As well, MRI is advantageous as it can determine if 

the edema is active (detected as enhancing pannus) or inactive (detected as fibrous tissue) 

(Perry et al., 2005). Lastly, bone erosions, a sharp distinct bone lesion, are also detected 

by MRI (Ostergaard et al., 2003). Note that due to the low amount of moving protons in 

bone, cortical bone appears on MRI as signal voids, distinguished from signal releasing 

bone marrow and periosseous tissues (Døhn et al., 2008). According to OMERACT, bone 

erosions need to be visible from two different planes, and a cortical break needs to be 

seen in at least one plane. On T1-weighted images, cortical bone appears abnormally with 

a high signal intensity, and trabecular bone appears abnormally with a low signal intensity 

(Ostergaard et al., 2003). Erosions are scored from 0-10 (0=no erosion, 1=1-10% bone is 

eroded, 10=91-100% bone is eroded, etc.), and best seen in T1-weighted images (Fig. 8)  

 

 

 

A. B. C. D. 

Figure 8. Bone erosions scored from 0-3 in figures A-D, respectively, at the MC 
head (Conaghan et al., 2005).  
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(Østergaard et al., 2017). Magnetic resonance imaging is able to better characterize bone 

erosions due to its ability to visualize tomographic scans which make it easier to see. (Tan 

and Conaghan, 2011)    

Limitations to MRI scanning include high cost, long scan durations, low 

availability, and the invasive nature and potential side effects of contrast agents 

(Østergaard et al., 2008; Tan and Conaghan, 2011; Manhard et al., 2017). As well, 

patients may have contraindications to the scanner due to the strong magnetic field (e.g. 

metals in the body, pregnancy) (Dill, 2008). Other disadvantages of the system include 

partial volume artefacts (where the voxel is too large and contains more than one type of 

tissue, therefore the signal is an average of two tissues; Fig. 9); although this can be 

resolved by imaging from two planes (axial and coronal) and using thinner slices 

(Norman et al., 1983; Kothari et al., 1998; Taber et al., 1998; McQueen, 2000; Perry et 

al., 2005). Lastly, quantitative data cannot be extracted from the images, unless a 

radiologist analyzes them (e.g. BMD).  

  

  

A. Tissues B. Voxel  

Figure 9. Partial volume artefact. A. Three different tissues are presented in this 
square. B. Due to the large size of the voxel, the three tissues cannot be 
differentiated and the average measure for all three tissues is taken. (Kothari et al., 
1998)   
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Previous Studies 

In a systematic review that compared clinical assessment to MRI, MRI was able to 

detect inflammation with a 2.20 fold mean detection rate in the hands and wrist 

(Colebatch et al., 2013). As well, MRI results have been compared to histologic data. 

Jimenez-Boj et al. sought to determine the pathologic nature of erosions and BME in RA 

joints; in all tested joints, there were changes in the bone marrow, seen on both MRI and 

histologic sections (2007). Histological analysis revealed that bone damage in RA was 

due to the replacement of bone marrow fat with inflammatory cells adjacent to the 

cortical break; correlation was found between MR lesions and localized bone marrow 

inflammation (due to inflammatory infiltrates) and increased blood vessels (Jimenez-Boj 

et al., 2007). Thus, MRI can be used as an indicator of the inflammation in adjacent bone 

marrow, and the correlation between lesions and histologic findings demonstrates that 

lesions occur due to true inflammatory changes in the bone marrow.  

Due to the versatile nature of MRI, it has been compared to other imaging 

modalities to determine its benefits in RA disease. In one study that compared US and 

MRI modalities in RA, it was shown that MRI detected erosions better at MTPJs 2-4, 

when compared to US (Szkudlarek et al., 2004). Magnetic resonance imaging is 

beneficial in its ability to acquire a 360° view of the ROI. In another study, MRI was able 

to detect erosions in 45% of scans in comparison to 15% by CR in early RA patients 

(McQueen et al., 1998). As well, one study demonstrated that after the presentation of 

MR erosions, X-ray erosions appear 6-12 months later (McQueen, 2000).  
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In regards to the role of MRI in erosion detection in RA patients, it has been 

previously found that when comparing RA patients to symptom-free controls, RA patients 

had 1.20 times the erosion scores of controls, independent of age and gender (Boeters et 

al., 2018). Although, there was a lot of overlap in erosion scores at the individual level. 

As well, erosions present with simultaneous BME and synovitis were specific to middle-

aged RA patients (<60 years) (Boeters et al., 2018). When comparing to patients with 

other arthritides, erosions with inflammation were not specific to RA patients anymore, 

although erosion grades ≥2 were (Boeters et al., 2018).  

The MRI outcomes have also been used to monitor the response to therapy in RA 

patients. One study compared patients taking DMARDs and steroids to those only taking 

DMARDs. Patients on DMARD and prednisolone therapy experienced a decrease in 

synovial membrane volume after 3-6 months; those taking DMARDs only displayed a 

decrease in the synovial volume after 6-12 months (Østergaard et al., 1999). In another 

study, patients taking MTX and intra-articular corticosteroids and those taking only MTX 

were compared. A decrease in synovitis was seen in both groups at 0-3 months; patients 

in the MTX only group developed more erosions than the other group. After 3 months, no 

differences in synovitis or bone damage were found between the two groups. Thus, in 

both studies MR was able to demonstrate the anti-inflammatory effects of fast-acting 

glucocorticoids by imaging the synovium. 
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1.6 Bone Mineral Density  

 One of the primary focuses of the next phase of this study is to quantify the 

volumetric bone mineral density (vBMD) of patients with RA in the MTPJs. To our 

knowledge, to date, no studies have been published regarding the measurement of vBMD 

using peripheral quantitative computed tomography (pQCT) in the MTPJs of RA patients. 

Thus, this portion of the study, when compared to a normal population, will provide a 

better idea on the presence of erosions.   

 

1.6.1 DXA 

Machine and Core Concepts 

Areal bone mineral density (aBMD) is most commonly measured by dual energy 

X-ray absorptiometry (DXA) (Zengin et al., 2015). Two-dimensional aBMD values act as 

a surrogate marker of bone strength and determination of fracture risk (Zengin et al., 

2015). DXA scans are sensitive to the mineral component of the bone (Manhard et al., 

2017). An aBMD value is extracted from the difference in X-ray attenuation of photon 

energy between bone mineral and soft tissues, presented in units of mineral mass per 

pixel area (Manhard et al., 2017). In terms of clinical use, DXA aBMD values are 

assessed based on T-scores which determine an individuals’ variability from a young 

healthy populations’ BMD (matched for gender and ethnicity), using standard deviations. 

DXA is most commonly used for detecting risks of fracture at the hip, spine and distal 

radius. Along these lines, the World Health Organization (WHO) has created the 
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following criteria for T-scores:  <-2.5 = osteoporosis; -1 to -2.5 = osteopenia (Manhard et 

al., 2017).  

Dual energy X-ray absorptiometry is advantageous as it has good precision, low 

cost and a low radiation dose of 5-20 µSv (Maricic, 2014; Zengin et al., 2015; Manhard et 

al., 2017). But, the modality is limited by its ability to only measure aBMD (g/cm2), 

projectional bone area (cm2), and bone mineral content (BMC, g) (Zengin et al., 2015). It 

provides an average value of all bone components (trabecular and cortical BMD) (Zengin 

et al., 2015). Thus, it does not account for bone structure (shape and size) as it is unable 

to differentiate bone depth, and does not recognize different components of bone 

(trabecular and cortical bone) (Zengin et al., 2015). Hence, results from DXA must be 

interpreted with caution as height and weight of a patient are not considered (Zengin et 

al., 2015). 

Use in Rheumatoid Arthritis  

 Dual energy X-ray absorptiometry has been previously used in RA patients to 

determine fracture risk and osteoporotic bone loss using T-scores (Zhu et al., 2012; 

Maricic, 2014). Assessment of osteoporotic bone loss in RA is important, as osteoporosis 

in RA has a prevalence of 20-30% and 7-26% in the spine and hip, respectively (Zhu et 

al., 2012). As well, DXA has compared RA patients to age- and sex-matched controls by 

using standard deviation calculations (Z-scores) (Jensen et al., 2005). Interestingly, 

moderate correlations have been found between the hip, spine and radial BMD in DXA, 

and radial and MC head vBMD in HR-pQCT (Zhu et al., 2012). Although many studies 

have assessed aBMD using DXA in RA patients, it is limited by its’ inability to assess 
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microstructural changes, and differentiate between trabecular and cortical bone, which are 

important components to assess in the inevitable periarticular bone loss seen in RA.    

Previous Studies 

 The reliability for measuring BMD in the spine, hand and heel have demonstrated 

good reproducibility (%CV <5%) (Shibuya et al., 2002; Hoff et al., 2007). As well, past 

studies have demonstrated high test-retest, intra- and inter-rater reliability in the MCPJs 

and MTPJs, although variability was higher in MTs 3 and 4 (Jensen et al., 2005; Fuller et 

al., 2016).   

In one study, patients with early and established RA were assessed. Greater 

reductions in Z-scores were seen in patients with more progressed disease (and erosions) 

in comparison to those with early disease (and no erosions) (Jensen et al., 2005). In one 

2-year follow-up study, significant reductions in spinal and hip DXA-BMD were 

displayed in RA patients (Hoff et al., 2007). Interestingly, in the same study, hand BMD 

was only reduced in patients with early disease (≤3 years) and not in those with longer 

disease duration (>3 years), likely due to the increased inflammation in the peripheral 

joints in the early years of disease (Hoff et al., 2007). Other studies have also 

demonstrated the comparatively faster loss of BMD in the hands in comparison to the hip 

and spine in early RA patients (Devlin et al., 1996; Haugeberg et al., 2006). Studies that 

have compared RA patients to controls have demonstrated lower hand DXA-BMD in 

patients in cross-sectional studies (Alenfeld et al., 2000) and further hand bone loss in 

longitudinal studies (Deodhar et al., 1995). Longitudinal studies with RA patients and 

patients with other rheumatic diseases have also shown that RA patients have greater 
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reductions in hand BMD over time (Daragon et al., 2001; Jensen et al., 2004; Haugeberg 

et al., 2006). Note that although joint level bone loss is of particular interest in RA, 

measuring whole hand DXA-BMD is more feasible and has higher precision (Hoff and 

Haugeberg, 2010).   

 

1.6.2 CT Derived 3-D Technologies 

Computed tomography (CT) is a tomographic (cross-sectional) radiographic (use 

of X-rays) imaging modality that is able to visualize calcified tissue (Østergaard et al., 

2008). It is a reference standard for damage of calcified tissues, such as bone erosions 

(Østergaard et al., 2008; Srikhum et al., 2013). Evidence in the literature has 

demonstrated that CT may be more sensitive to detection of bone erosions than MRI and 

radiography (Østergaard et al., 2008; Srikhum et al., 2013). However, it is not used often 

in clinical practice due to exposure to ionizing radiation.  

Advances in CT derived three-dimensional technologies such as peripheral 

quantitative CT (pQCT) and high-resolution pQCT (HR-pQCT) have allowed for 

quantification of volumetric bone mineral density (vBMD) and bone microarchitecture, 

respectively (Zengin et al., 2015). These modalities also allow for visualization of the 

trabecular and cortical bone in vivo, providing better measures for bone strength (Zengin 

et al., 2015). As well, these technologies use less radiation than whole-body CT (e.g. 

typical abdominal CT has a radiation dose of 5 mSv) (Lee et al., 2015). See Table 3 for a 

quick comparison between pQCT and HR-pQCT.  

 



M.Sc. Thesis – J. Amin; McMaster University – Medical Sciences 

 45 

Table 3: Key Differences between pQCT and HR-pQCT (Wong, 2016) 
Feature pQCT HR-pQCT 
Resolution/voxel size 200-800 µm 82 µm (standard) 
Slice thickness 2.3 mm (non-isotropic) 82 µm (isotropic)  
Effective dose 1 µSv/slice 3 µSv/scan (110 slices over 

9.02 mm distance) 
Detector type  Single cadmium telluride 

(CdTe) crystals (functional 
through a variety of 
temperatures) 

CCD metal-oxide silicon 
(The silicon is sensitive to 
higher temperatures; 
therefore, a cooling 
mechanism is needed on 
HR-pQCT. This results in 
a larger and less portable 
scanner.)  

Gantry depth Unlimited  Limited  
Protocols Not standardized  Highly standardized  
Cost Lower cost Higher cost 

 

QCT uses the concepts of photoelectric absorption to detect bone. The number of 

photons passing through an object can be modeled using the Beer-Lambert law (shown 

below) (Wong, 2016). In this equation, the ratio between the intensity of transmitted 

photons (Iout) and intensity of incident photons (Iin) is negatively related to the thickness 

of the material (d) and the linear attenuation coefficient (µ) (which is affected by the 

photon energy and material density) (Wong, 2016). A greater number of photons will be 

captured by detectors if the material is thinner and less dense. Quantitative CT can 

differentiate between bone, muscle and fat due to the differences in the linear attenuation 

of these tissues (Wong, 2016).      
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1.6.2.1 pQCT 

Machine and Core Concepts 

 Peripheral QCT is an imaging modality with the advantage of short scan times, 

low radiation doses and high reproducibility (Srikhum et al., 2013). It uses a purpose built 

scanner to scan extremities of the body such as the tibia and radius, while providing 

valuable information on the mechanical properties of bone (Chaplais et al., 2014; 

Weatherholt et al., 2016).  

Peripheral QCT can be used to evaluate bone geometry, and separately determine 

vBMD for trabecular and cortical bone in a non-invasive manner with a low radiation 

dose (1 µSv/single scan) (Binkley and Specker, 2000; Fonseca et al., 2013). Bone 

parameters such as total cross-sectional area and density, cortical area, thickness, and 

density, and trabecular area and density can be determined using pQCT (Binkley and 

Specker, 2000). Since the modality measures transaxial slices (cross-sections), it has the 

added benefit of not requiring adjustment for body size (Fonseca et al., 2013). 

Additionally, information regarding bone strength can also be extracted from analysis, 

providing a better understanding of overall bone health. Scans can be acquired in a 

relatively short period of time (e.g. 9 mins), making it a feasible imaging modality for RA 

patients who have undergone various scans in a single day. But, the modality is limited by 

its accessibility and primary use solely in research studies (Fonseca et al., 2013). In 

addition, although there is a vast array of data for bone density and geometry yielded by 

pQCT, a lot of the data is not comparable as there is a lack of standardization of the 

measurements (Fonseca et al., 2013).  
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Use in Rheumatoid Arthritis and Past Studies  

Currently, there is no standardization in pQCT protocols to assess vBMD in RA 

patients. Thus, studies have assessed outcomes based on different scan protocols and 

criteria. The most commonly used bone parameters are total, trabecular and cortical 

vBMD.   

Reproducibility has been assessed using pQCT. The reliability in cadaveric feet 

(distal and midshaft regions of MTPJ 2) were assessed in one study; %CV values ≤10% 

were considered good reliability (Chaplais et al., 2014). After repositioning, ICC values 

were 0.96-1.0, and %CV was 0.8-3.5%; the most reproducible variable was cortical 

vBMD (Chaplais et al., 2014). All in all, good reproducibility can be achieved with pQCT 

for joints as small as the MTPJs. Other studies have also explored the reliability of pQCT 

at various sites of the tibia (Sievanen et al., 1998; Veitch et al., 2004; Shields et al., 2006; 

Szabo et al., 2011; Duff et al., 2017) and radius (Sievanen et al., 1998; Szabo et al., 2011; 

Duff et al., 2017), and demonstrated acceptable reproducibility.  

Studies have also focused on medication use and the impact that it may have on 

bone density in RA patients using pQCT. One study assessed the role of corticosteroids in 

postmenopausal RA patients who were taking prednisolone and those who were oral 

corticosteroid naïve. There was no significant difference in bone outcome measures 

between the steroid-users and non-users. Thus, corticosteroids had little negative impact 

on bone density and RA demonstrated to be associated with significant loss of 

appendicular bone (e.g. hips, radius) (Martin et al., 1997). In a similar study, the impact 

of low dose steroids on bone loss in RA was explored in peri- and postmenopausal 
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women. Trabecular bone loss was higher in the steroid treated group than the non-steroid 

users (Felder and Ruegsegger, 1991). The modest decrease of trabecular density and no 

effect on cortical density with steroid treatment suggested that estrogen depletion in 

postmenopausal women may be a greater contributor to loss of bone (Felder and 

Ruegsegger, 1991). Thus, pQCT-vBMD in both studies were able to assess the impact of 

steroid treatment in postmenopausal patients.          

The pQCT scanner has previously been used for other bone related health issues, 

such as the impact of exercise on bone density measures in postmenopausal women 

(Polidoulis et al., 2012), the effect of impact/nonimpact sports on bone health in 

premenopausal women (Nikander et al., 2006), the variation in bone density based on 

menopausal status (Szabo et al., 2011; Stathopoulos et al., 2016), the potential for 

osteoporotic fracture risk (Siu et al., 2003), and bone health in children (Fonseca et al., 

2013; Duff et al., 2017; Vlok et al., 2019). The pQCT scanner is ideal for measuring bone 

density in growing children as it measures cross-sectional area, independent of bone size, 

and images can be acquired within a short duration with little radiation (Fonseca et al., 

2013).  

 

1.6.2.2 HR-pQCT 

Machine and Core Concepts 

 High-resolution pQCT (HR-pQCT; dose: 3 µSv/single scan) is a modification of 

the conventional CT modalities. It is a non-invasive modality with the ability to take in 

vivo measurements of the vBMD (measured in units of mg HA/cm3) and bone 
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microarchitecture (Barnabe et al., 2016; Stagi et al., 2016; Peters et al., 2019). Protocols 

used in RA patients typically use a spatial resolution of 82µm, allowing for a resolution 

that is ~5 times greater than the pQCT modality (Fouque-Aubert et al., 2010; Fonseca et 

al., 2013; Zengin et al., 2015). High resolution-pQCT can visualize bone structure and 

pathological features, such as erosions (Regensburger et al., 2015; Barnabe et al., 2016). 

The high resolution of this system allows for visualization of very small cortical breaks 

(Regensburger et al., 2015). The system directly measures trabecular bone and uses this 

as a surrogate marker for trabecular bone volume, trabecular thickness, trabecular 

separation and bone strength (Zengin et al., 2015). However, just like pQCT, HR-pQCT 

is sensitive to movement and results in motion artefacts; microarchitecture measures are 

more sensitive to motion than geometric and densitometry parameters (Stagi et al., 2016).  

Use in Rheumatoid Arthritis and Past Studies 

 The HR-pQCT scanner has shown to be beneficial in assessing erosion 

progression in RA patients, due to the smaller voxel sizes which can display better 

resolution than pQCT. As well, the ability for this modality to measure microstructural 

properties, such as trabecular separation, trabecular number and cortical porosity allow 

for better characterization of bone damage and disease progression (Cheung et al., 2013). 

Barnabe et al. and the Study group for xtrEme Computed Tomography in 

Rheumatoid Arthritis (SPECTRA) have previously defined erosions in HR-pQCT in 

hopes of standardizing erosion detection criteria (2016). The definition for an erosion, as 

determined by SPECTRA, is the presence of a definite interruption in cortical bone, a 

cortical break that extends over at least 2 consecutive slices detectable in 2 perpendicular 
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planes, loss of trabecular bone at the cortical break and a nonlinear shape (Barnabe et al., 

2016). The group also quantified erosions: maximal width ranged from 0.16-8.9 mm 

(mean 1.84 mm) and maximal depth ranged from 0.3-8.0 mm (mean 1.86 mm) (Barnabe 

et al., 2016) 

 Previous studies with post-menopausal women have shown a reduction in vBMD 

and variations in trabecular and cortical bone architectures which were associated with 

vertebral and non-vertebral fractures (Boutroy et al., 2005; Sornay-Rendu et al., 2007). In 

another study, bone damage was assessed in early and late RA patients at MCPJs 2 and 3. 

RA patients had a lower total vBMD at MCP2, and lower trabecular vBMD at both MCPJ 

2 and 3 (Fouque-Aubert et al., 2010). Total and trabecular vBMD were negatively 

correlated with disease characteristics such as DAS28, ESR and CRP levels (Fouque-

Aubert et al., 2010). Thus, in both cases, measurements taken by HR-pQCT were 

associated with other disease outcomes.  

 

1.6.3 Factors Impacting BMD 

 Bone mineral density is dependent on age, gender and ethnicity. Aging is 

associated with both intrinsic and extrinsic factors which reduce bone mass over time. 

Intrinsic factors include genetics, peak bone mass at youth, and biochemical and 

hormonal changes, whereas extrinsic factors include nutrition, physical activity and 

medical conditions (Demontiero et al., 2012). Peak bone mass and size occurs at 15-20 

years of age for women and later for men (Demontiero et al., 2012). After this, bone 

turnover occurs at a slower rate due to the reduction in biochemical measures of bone 
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remodeling. The result of age associated bone loss is cortical thinning, increased cortical 

porosity, thinning of trabeculae and reduced trabecular connectivity (Demontiero et al., 

2012). The overall impact of these series of events results in a decrease in bone quality 

and strength (Demontiero et al., 2012).  

Age-adjusted DXA measures show that men generally have higher BMD than 

women (Looker et al., 2009). Hip BMD measures have demonstrated that men older than 

50 years of age experience BMD loss at a rate of 1.5-2.5% per decade (Papaioannou et 

al., 2009). Longitudinal studies have demonstrated a crude rate of BMD loss of 0.3-0.5% 

per year at the hip for men (Papaioannou et al., 2009). Prior to menopause, women 

experience accelerated bone loss at a yearly rate of ~1-2% (Curtis et al., 2015). When 

women reach menopause, there is a significant increase in bone resorption, resulting in 

faster bone loss (Demontiero et al., 2012). In one pQCT study, it was demonstrated that 

in healthy Japanese women, cortical bone volume and cortical BMD began to decrease 

after 40 years of age (Fujii et al., 1995). In another study, men and women were divided 

into three groups: 50-60 years old, 60-70 years old and 70+ years old. Data showed that 

rate of bone loss was similar for all groups of men, however for women, there was greater 

loss of BMD in the 60-70 and 70+ groups (Daly et al., 2013). Other studies have shown 

that women lose more trabecular bone than men and that cortical bone in men stays fairly 

constant whereas in women there is a reduction (Roschger et al., 2003).  

Ethnicity factors that may affect bone health include geography, diet, sunlight 

exposure, ancestry and physical features linked with race (e.g. height) (Zengin et al., 

2015). In terms of ethnicity, past studies have demonstrated that individuals of African 
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origin have the highest BMD, whereas Asian individuals have the lowest BMD (Barrett-

Connor et al., 2005). Hispanics and Caucasians have similar bone mass, which is an 

intermediate between the two extremes (Barrett-Connor et al., 2005). Interestingly, a 

study reported that both Asians and individuals with African origin had the lowest 

fracture rates, whereas Caucasians and Hispanics had the highest fracture rates (Barrett-

Connor et al., 2005). The lower fracture risk in individuals with African origin can be 

attributed to the thicker cortices and higher connectivity within the trabecular 

microarchitecture (Zengin et al., 2015). This is not an uncommon finding, as global age-

matched data has demonstrated that white-American or British/European populations 

have higher incidences of fracture than other ethnic groups (Zengin et al., 2015).  

 

1.7 Initial Study Phase 

This study is an extension of an initial observational study that involved patients 

who were newly diagnosed with RA and were treatment naïve (symptoms <2 years). 

Patients were diagnosed using the 2010 ACR/EULAR classification criteria (Aletaha et 

al., 2010) and were excluded if they had any other arthritic diseases (e.g. gout). The 

MTPJs 2-5 were assessed clinically, and with US and peripheral MRI. The main results of 

the study demonstrated that US was able to detect subclinical inflammation, and 

suggested that US should be used alongside clinical examination in patients who do not 

display joint swelling.  

During the preliminary phases of the foot imaging study, there have been 

discordances when it came to comparing the presence of erosions in MRI and US, 
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specifically for erosions that were grade ≤1. Thus, this study extension was undertaken to 

answer underlying questions from the last phase and to better characterize erosions seen 

in RA patients.  

 

1.8 Objectives  

To our knowledge, there have been no publications on pQCT-derived measures of 

vBMD in the MTPJs of patients with RA. Our study introduces a novel protocol which 

analyzes vBMD in the feet of RA patients, with aims of better characterizing periarticular 

bone in patients with inflammatory disease. To do so, we established 3 objectives: 

1.   Develop a reliable protocol for quantifying vBMD in MTPJs 2-5 by dividing 

MTPJs into two regions of interest; 

2.   Compare vBMD in patients with RA to vBMD of age, sex and ethnicity-

matched individuals; 

3.   Assess the possible associations between vBMD and US parameters and MR 

erosions in RA patients.  

The cortical subcortical region is the region of most interest as established cases of RA 

may be characterized by erosions, and therefore vBMD loss in the outer regions. We are 

hopeful that our results will allow more definite characterization on the presence/absence 

of the smaller erosions in the feet, as well as help us draw associations between the 

quantified vBMD and US parameters and MR erosion scores. 
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Chapter 2.0 Methods 
 

2.1 Study Objectives 

 As a continuation of the previous study, one of the main goals of this project was 

to quantify vBMD as a potential surrogate marker of bone erosions. To accomplish this, 

three objectives were established. The first was to determine test-retest and rater 

reliability of a novel pQCT protocol for scanning the MTPJs. The second objective was to 

compare quantitative vBMD values between controls and RA patients as measured by the 

pQCT scanner. The last objective was to determine if there was an association between 

vBMD and clinical measures, US parameters and MR parameters. 

 

2.2 Study Design 

 This is a longitudinal observational clinical study. Patients have completed up to 6 

visits prior to this study appointment which were scheduled at baseline, 6 weeks, 3 

months, 6 months, 1 year and ≥2 years. A clinical examination and US were performed at 

all time points. X-rays and MR scans were performed at baseline, 1 year and ≥2 years. 

Data for this thesis were acquired at the ≥3 year follow-up. The appointment included a 

clinical examination and US of the MCPJs and MTPJs, bilateral X-ray of the hands and 

feet, MR scan of the most symptomatic foot, and two pQCT scans of the most 

symptomatic foot.  
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Patient Recruitment 

Patients with RA were recruited from an academic Rheumatology clinic. Patients 

were diagnosed based on the 2010 ACR/EULAR classification criteria. At baseline, 

patients were within ≤1 year of diagnosis, and were between 18 and 85 years of age. If 

they had been previously treated with a disease modifying agent, corticosteroid treatment 

(within the last 3 months) or had a significant arthritic disease, they were excluded from 

participating. At the baseline visit, data collection included demographic information (e.g. 

age, sex, occupation, etc.), clinical symptoms, the DAS28 score, HAQ score, VAS pain, 

antibody status (RF, ACPA), inflammatory markers (ESR, CRP), and medication history. 

A total of 42 patients were recruited.  

In the current study, RA patients were recruited from the original cohort by 

telephone. Patient recruitment began in January 2019, upon approval by the Hamilton 

Integrated Research Ethics Board. A total of 25 RA patients agreed to return for a follow-

up visit.  

 

Control Recruitment 

 The pQCT segment of the study was designed to compare vBMD data between 

those with and without RA. Thus, healthy controls were recruited in a 1:1 ratio for 

normative comparison with RA patients matched for age, gender and ethnicity. Healthy 

controls included individuals who did not have inflammatory arthritis (osteoarthritis was 

acceptable) and were recruited through word of mouth, an online advertisement on Kijiji, 

and posters in the Charlton Medical building (25 Charlton Ave E). Based on the annual 1-
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2% rate of BMD loss, age matched controls who were ±2 years were acceptable (Nilas 

and Christiansen, 1988; Curtis et al., 2015). Given the majority of the patient population 

was Caucasian, mostly Caucasian controls were recruited. For the three non-Caucasians, 

patients were matched with controls from the same continent.  

 

Study Population 

 Each individual enrolled in the study was provided with information about the 

purpose of the study, and potential risks and benefits. Consent forms were signed by each 

participant prior to beginning study protocol. In order to keep patient and control 

identities confidential, an ID number was assigned to each individual. To allow follow-up 

with patients, identifiers such as name and telephone number were collected at baseline. 

 

Inclusion Criteria 

 Since patients were being recruited from the original cohort, new inclusion criteria 

were not defined. However, this time patients had to have had RA for ≥3 years rather than 

≤1 year. In addition, most patients who participated in the study were on disease 

modifying agents (DMARDs and biologics) as this is the standard of care for RA.   

 

Exclusion Criteria  

 Rheumatoid arthritis patients were excluded if they had any new contra-

indications to MRI including in vivo/implanted metal (e.g. pacemaker, defibrillator, 
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metal/wire mesh implants, metal rods/pins/plates, tattoos), pregnancy or surgery (e.g. 

brain, vascular, bone, eye, head).  

 

2.3 Clinical Examination 

 During the clinical examination, an update on clinical symptoms and medications 

was noted. The weight and height of patients were recorded. Based on any changes, an 

adjusted healthcare plan may have been suggested, such as change in medications or 

doses. Metatarsophalangeal joints 1-5 were assessed for swelling and tenderness 

(0=absent, 1=present) by an experienced rheumatologist (ML), forming a total swollen 

joint count (SJC) and tender joint count (TJC), respectively. However, MTPJ 1 will be 

excluded for purposes of analysis due to the overlap with other arthritic diseases in this 

region, such as gout. In addition, examination of MCPJs 1-5 and PIPJs 2 and 3 were 

determined for all patients. The most recent CRP lab values were noted, and if 

unavailable, bloodwork was ordered as recommended standard of care. ESR values were 

not reported in newer blood test reports.  

 

Questionnaires 

 Prior to the clinic visit, patients were asked to complete the following 

questionnaires based on their current health status and lifestyle: LFIS and HAQ.   
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2.4 Scanning Protocol for Ultrasonography 

 The rheumatologist that performed all prior clinical examinations and US scans 

also performed all US scans in the current phase (ML). An US (Esoate MyLab70) with a 

6-18 MHz linear array probe was used, at a frequency of 18 MHz. The US determined 

synovial thickening (ST), Power Doppler (PD) and erosions in MTPJs 2-5 in both feet, 

MCPJs 2 and 3 in both hands, PIPJs 2 and 3 in both hands, as well as in both wrists. For 

MTPJs 2-5, scans were taken for the dorsal and plantar side, and for MTPJ 5, the lateral 

side was also scanned. Synovial thickening and PD were scored semi-quantitatively (0-3; 

0=absent, 3=marked/severe) for each joint, yielding a maximum score of 12 for each 

feature of the foot (Kawashiri et al., 2014; do Prado et al., 2018). Erosion was described 

as being absent or present based on the visualization of a cortical break seen in two 

perpendicular planes (Kawashiri et al., 2014).    

 

2.5 Scanning protocol for MRI 

 The MRI protocol was performed using the OrthoOne 1.0-T extremity scanner 

(GE Medical). The protocol acquired scans from the most symptomatic foot, as 

determined from previous phases of the study. Patients were comfortably seated on a 

reclining chair, with the base of their foot positioned in the scanner bore, allowing the 

legs to bend. The foot was stabilized with cushions inside the coil to reduce movement. 

The other foot was placed on a stool for comfort and ease. The same scanning sequences 

from the previous phases were used (based on the OMERACT RA MRI scoring system 
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(RAMRIS) protocol), although there was a minor adjustment – an extra axial sequence 

was added in order to better visualize and improve clarity for MTPJ 5.  

 Each scan began with an axial scout view to determine the positioning of the foot 

in the coil. All scans had a T1-weighted spin echo sequence to optimize the scan for the 

forefoot region. There were two sequences for the sagittal plane (repetition time (TR) 900 

and 4800 ms, field of view (FOV) 150 mm, slice thickness 3 mm), two sequences for the 

coronal plane (TR 700 and 3600 ms, FOV 150 mm, slice thickness 3.5 mm), and three 

sequences for the axial plane (TR 950 and 5000 ms, FOV 120 mm, slice thickness 3mm) 

to determine synovitis, BME and erosions in the patient population. 

For the current phase, images from the ≥3 year follow-up were not analyzed. For 

purposes of analyses, the results from the previous phase (≥2 year study visit) were used 

for comparison with the new bone density data.  

Previously, MTPJs were divided into dorsal, plantar, medial and lateral regions; 

we have similarly divided pQCT bone slices this way as this analysis is beneficial for 

better identification of variations in densities and will continue to help in further 

elucidating the relation between erosions and pQCT results.  

 

2.6 pQCT Scanning Protocol 

A trained pQCT operator (JA) acquired all scans using a Stratec XCT 2000 device 

(Stratec Medizintechnik GmbH, software version 6.20). A cone phantom was scanned at 

the beginning of each study day for quality assurance and machine calibration. The cone 

phantom is composed of water and bone-equivalent solid materials, and is normalized for 
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testing of peripheral bone density parameters (Chaplais et al., 2014). The effective dose 

of radiation for this protocol was 1 µSv per transaxial slice scan. There was a total of 16 

slice scans (8 slice scans per protocol), resulting in a total radiation dose of 16 µSv.  

For a thorough review of the protocol, please refer to the “SOP for pQCT MTPJ 

protocol” in Appendix A2. Briefly, MTPJs 2-5 were marked on the most symptomatic foot  

 

of each RA patient, or the dominant foot of each healthy control. The foot was positioned 

on the custom-made plate, allowing for the foot to be positioned in the centre of the 

pQCT gantry (Fig. 10A). Correct positioning of the foot was ensured using the exterior 

coloured marker guides (Fig. 10B). A scout view scan of MTPJs 2-5 was performed prior 

to running the protocol to gage the positioning of the foot relative to the scanner, and to 

provide an anatomic reference line (locate scan range) (Fig. 11) (Stagi et al., 2016). The  

 

X X X X 

A. B. 

Figure 10. A. Forefoot centered in the middle of the pQCT gantry. B. Exterior coloured 
marker guides of MT heads 2-5.  
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protocol was set up with 4 reference lines, each consisting of 2 transaxial scans, for a total 

of 8 slice scans (Fig. 12). Slices 1 and 2 pertained to MTPJ 2, slices 3 and 4 to MTPJ 3, 

slices 5 and 6 to MTPJ 4, and slices 7 and 8 to MTPJ 5 (Table 4). Any analyses that were 

performed at the joint level used the average of the two slices for vBMD parameters. For 

each joint, one transaxial scan was placed 3.5 mm from the reference line and the other 

was placed 5.0 mm from the reference line. These distances were determined based on 

previous analyses of MR images which demonstrated that erosions were most prevalent in 

the region between 2.35 mm and 6.15 mm relative to the MT head. Each reference line  

 

BIG TOE PINKY 

PHALANGEAL  
BASE 

MT HEAD 

2 3 4 5 

2 
3 

4 

5 

Low density bone High density bone 

Figure 11. Scout view image of the left foot. The white circular figures represent the 
phalangeal bases (orange lines) and the red circular figures below that represent the MT 
heads (blue lines). The green boxes represent the major anatomical markers – the big toe and 
the pinky toe. Above the scout view image is a BMD scale, with red representing low density 
bone (e.g. trabecular bone) and white representing higher density bone (e.g. cortical bone).    
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 was placed at the distal end of the MT head of MTPJs 2, 3, 4 and 5. 

 

For RA patients the most symptomatic foot was scanned twice, with repositioning 

to allow for measurement of test-retest reliability. For controls, the dominant foot was 

scanned. The sampling resolution (voxel size) and scan speed were 0.40 mm and 40.00 

mm/sec, respectively.  

 

2.7 pQCT Analysis  

For a thorough review of the analysis protocol, please refer to the “SOP for pQCT 

MTPJ analysis” in Appendix A3. Some vocabulary to familiarize with: Contour Mode - 

Table 4: Slice Allocations for MTPJs 
2-5 

MTPJ Average of: 
2 Slice 1 + 2 
3 Slice 3 + 4 

 4 Slice 5 + 6 
 5 Slice 7 + 8 

- 3.5 mm from reference line 
- 5.0 mm from reference line 

- MTPJ reference line 
  (distal to bone) 

2 

3 

4 

5 

1 
2 

7 
8 

4 
3 

5 
6 

Figure 12. Slice assignment in the pQCT MTPJ protocol. After the scout view image was 
performed, reference lines were placed at the distal region/tip of the MT heads for MTPJs 2-5. 
Each MTPJ has two transaxial slice scans – the first at 3.5 mm from the reference line and the 
second at 5.0 mm from the reference line. The scan protocol began at slice 1 in MTPJ 2 and ended 
at slice 8 in MTPJ 5. 
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detection of outer bone layer by separating bone from soft tissue, Peel Mode - separation 

of cortical from trabecular bone (Veitch et al., 2004). These analysis parameters can be 

appropriately selected based on the judgement of the images by the rater. In addition, a 

threshold density is set by the operator, allowing voxels with lower density (e.g. noise) to 

be removed for analysis purposes. (Binkley and Specker, 2000) 

 

Trabecular Percentage % 

 Trabecular percentage is a pre-determined value which is allocated to the 

trabecular region of bone within a MT, or the inner portion of the ROI. This represents 

the proportion of the bone comprised of trabecular bone.   

 

Contour mode  

There are three types of contour modes (CM): CM1, CM2 and CM3. CM1 

differentiates bone from soft tissue based on the threshold that is manually set by the rater 

(e.g. 150 mg/cm3). CM2 uses automatic detection to find the outer edge of the bone by 

evaluating the profile of the individual densities of the pixels. Then, the middle of the 

steepest gradient is used as the threshold. CM3 is similar to CM2 in the aspect that it is 

automatic, but allows the rater to adjust the threshold. It is important to note that CM2 

and CM3 are not feasible to use in the MTPJs due to the thin cortical layer in this region. 

(Veitch et al., 2004) 

 

 



M.Sc. Thesis – J. Amin; McMaster University – Medical Sciences 

 64 

Peel mode 

 There are eight types of peel modes (PM): PM1-7 and PM20. For the purposes of 

this study, we have explored PM1-2. PM1 allocates the outer bone region based on the 

CM and peels off the cortical bone. The remains are the pre-determined trabecular 

percentage. Peel mode 2 detects voxels lower than the threshold and examines the 

neighbouring pixels to differentiate between the cortical and trabecular bone. Peel mode 1 

was used for whole bone analyses and PM2 was used for quadrant analyses.   

 

2.8 Study Analyses 

For these analyses, PM1 was selected with a threshold of 150 mg/cm3. The 

threshold was set based on the amount of visible trabecular bone. The percentage of peel 

(trabecular area %) was set to 49% based on the size of erosions determined by HR-

pQCT, published by Barnabe et al., 2016 (calculation shown below) (Fig. 13). Thus, the 

inner 49% of bone was marked as trabecular bone, while the outer region was treated as 

cortical subcortical bone. For the purposes of our research question, we have chosen to 

use the cortical subcortical region rather than the cortical bone, as there is little cortical 

bone in the region that we are scanning in the MTPJs (~0.25 mm width), and it does not 

scan reliably on the pQCT machine due to the relatively large slice thickness (2.3 mm) 

used by the pQCT scanner (Jimenez-Boj et al., 2007). In addition, choosing a percentage-

driven analysis method ensures that the erosions/loss of BMD will be detected, if present.  
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Calculation of Trabecular Area Percentage  

Equations 

𝑇𝑜𝑡𝑎𝑙	  𝑎𝑟𝑒𝑎 = 	  𝜋𝑅66 

𝑇𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟	  𝑎𝑟𝑒𝑎 = 	  𝜋𝑅:6 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒	  𝑤𝑖𝑑𝑡ℎ	  𝑜𝑓	  𝑒𝑟𝑜𝑠𝑖𝑜𝑛 = 	  𝑅6 − 𝑅: = 1.84	  𝑚𝑚 

 

Calculations 

1. 𝑇𝑜𝑡𝑎𝑙	  𝑎𝑟𝑒𝑎 = 	  𝜋𝑅66	  

∴ 𝑅6 = 	  K
𝑡𝑜𝑡𝑎𝑙	  𝑎𝑟𝑒𝑎

𝜋 = 	  K
116.45
𝜋 = 6.09	  𝑚𝑚 

 

2. 𝐴𝑣𝑒𝑟𝑎𝑔𝑒	  𝑤𝑖𝑑𝑡ℎ	  𝑜𝑓	  𝑒𝑟𝑜𝑠𝑖𝑜𝑛 = 	  𝑅6 − 𝑅: 

𝑅: = 	  𝑅6 − 1.84	  𝑚𝑚 = 6.09	  𝑚𝑚 − 1.84	  𝑚𝑚 = 4.25	  𝑚𝑚 

 

3. 𝑇𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟	  𝑎𝑟𝑒𝑎 = 	  𝜋𝑅:6 = 	  𝜋(4.25)6 = 56.70	  𝑚𝑚6 

 

4. 𝑇𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟	  % =	  
56.70	  𝑚𝑚6

116.45	  𝑚𝑚6 ∗ 100% = 48.69%	   

 

 

 

 

Figure 13. Radius of the total and 
trabecular areas (R2 and R1, 
respectively). 
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pQCT Bone Outcome Measures 

 The 6 bone outcomes that are determined by the XCT software are total density 

and area, trabecular density and area, and cortical subcortical density and area. Each 

image slice is composed of voxels. Voxels are similar to the pixels on an image, however 

each one is three-dimensional (Fig. 14). The 

quantitative value of each slice is the average 

density of a 2.3 mm wide slice. Total density 

considers the average density of the entire area 

(trabecular and cortical bone) (Fig. 15).  The 

total area is simply the cross-sectional area of 

this. The trabecular density only accounts for 

voxels based on either the trabecular % (e.g. 

49%) or the dictated density used to differentiate between cortical and trabecular bone. 

The trabecular area is the cross-sectional area of only the trabecular region. The cortical 

subcortical region is the outer region of the image slice. The voxels that compose the 

density of the cortical subcortical region are those 

that remain after the trabecular % has been 

removed (e.g. 51%). The same cross-sectional 

region is being accounted for in the cortical 

subcortical area (Fig. 16).  For the purposes of this 

study, we have focused on total and cortical 

subcortical density due to their acceptable 

0.4  mm  

0.4  mm  

0.4  mm  

Figure 14. Image of a 3D voxel 
with the dimensions of 
0.4*0.4*0.4mm. 

Figure 15. Bone areas of interest. 

Trabecular)
region

Cortical)subcortical)region

Cortical)bone

Total  bone 
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scanning and measurement reliability. Hereafter, they will be collectively referred to as 

bone parameters. 

 

Quadrants 

 In addition to analyzing the whole bone cross-section, we have subdivided the 

bone slices into 4 quadrants in order to compare these results to previous MR (≥2 year 

1 
2 
3 4 1 

4 3 
2 

Figure 17. Quadrant assignment in A. the left foot and B. the right foot. Q1=plantar, 
Q2=lateral, Q3=dorsal, Q4=medial. Note that the lateral and medial regions are switched 
between the two feet as the medial region is assigned relative to the center of the body. 

A.  B.  

Cortical subcortical region 

Trabecular bone 

Figure 16. Software mediated division of the cortical subcortical region from the trabecular 
region.  



M.Sc. Thesis – J. Amin; McMaster University – Medical Sciences 

 68 

phase) images showing bone erosions. Quadrants (Q1-Q4) were analyzed for slices 1-4 

only (Fig. 17).  

 

Reliability 

Since this pQCT protocol is the first of its kind, we have determined test-retest 

reliability, intra-rater reliability and inter-rater reliability. Additionally, to our knowledge, 

this modality has not been used to scan the MTPJs in an RA population. Thus, it is 

important to determine the reproducibility of positioning in the device, as well as the 

operator and rater reliability.  

Test-retest reliability was determined using short-term precision error by 

acquiring two scans from each participant, and repositioning each person in between 

scans. This measure was used to determine the operator’s reproducibility in positioning 

the foot in the same position each time, as well as marking the reference line in the same 

location using the XCT scanning software. As well, the variation in measurements taken 

by the modality are also reflected with this measure (Koo and Li, 2016).  

Intra-rater reliability was determined by blindly selecting the ROI for each slice 

by a single rater (JA) on two occasions with the reader blinded to initial results. This 

measure allowed us to determine the variation in analysis when a single rater analysed the 

same image more than once. For whole bone and quadrant intra-rater reliability, the ROI 

was re-drawn twice at two different time points.   
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Lastly, for inter-rater reliability, two blinded raters (JA and AT) selected the 

whole bone ROI at two different times. This measure allowed us to determine the 

variation in analysis methods when two different individuals analyzed the same image.    

 

2.9 Statistics 

 For all measures of pQCT reliability (test-retest, intra-rater, inter-rater), relative 

and absolute measures were reported with root mean square coefficients of variations 

(%RMSCV) and RMS standard deviation (RMSSD), respectively (refer to calculation 

below (Duff et al., 2017)), and the MedCalc software (version 19.2.6) was used to report 

the 95% CI of %RMSCV. These measures are typically used for precision error analysis 

of pQCT and HR-pQCT protocols. According to previous densitometry studies and the 

International Society of Clinical Densitometry (ISCD), the generally acceptable 

benchmark for reproducibility using %RMSCV is <5% (Wong et al., 2014). One pQCT 

study that assessed reproducibility in the MT bone used the criteria that %CV ≤10% was 

considered “good” reliability, thus we are being fairly conservative with the <5% 

threshold in our study (Chaplais et al., 2014). Gluer et al. demonstrated that 27 degrees of 

freedom would be sufficient to report precision error, and suggested taking 3 

measurements from 14 study participants or 2 measurements from 27 study participants to 

achieve this; our study used the latter recommendation (Gluer et al., 1995).    

Calculation for %RMSCV = 100	   ∗
WX(YZ)

[

6&
 

Where d=difference between the two paired measures, m=mean of the paired measures, 
n=number of data pairs 
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The remaining analyses were performed using SPSS Statistics (version 24). For 

pQCT reliability, intraclass correlation coefficient (ICC) was reported. This method 

provided us with valuable information as it included both the degree of correlation and 

the agreement between measures (Koo and Li, 2016). ICC values <0.5 were considered 

poor, 0.5-0.75 were moderate, 0.75-0.9 were good, and values greater than 0.90 were 

considered excellent reliability (Koo and Li, 2016). There are multiple models that can be 

used for ICC depending on the nature of the analysis. For the purposes of our research 

question, we used a 2-way mixed effects model.      

An independent t-test was run in order to determine if a statistically significant 

difference existed between total and cortical subcortical vBMD of RA patients and 

controls (p<0.05). Different approaches were taken to determine if there was a difference 

between the groups, including running an independent t-test between the populations for 

quadrants. 

Lastly, the relationship between total and cortical subcortical vBMD measures 

were compared to clinical and imaging findings. Relationships between vBMD and each 

of the clinical findings (SJC and TJC) and US parameters (ST and PD) were presented 

using bar graphs (95% CI error bars reported). Pearson and Spearman correlation 

analyses were performed for patient reported symptoms and vBMD measures 

(interpretation: 0.00-0.30 (negligible correlation), 0.30-0.50 (low correlation), 0.50-0.70 

(moderate correlation), 0.70-0.90 (high correlation), 0.90-1.00 (very high correlation)) 

(Mukaka, 2012). MR erosion data was presented with descriptive statistics due to the low 
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number of erosions in the cohort. As well, quadrant vBMD and bone erosion data were 

compared in patients with more severe disease (an MR erosion score ≥2).    
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Chapter 3.0 Results 
 

3.1 Patients 

Twenty-five patients between the ages of 23-72 years (mean (SD) age, 57.8 (10.2) 

years; 88% female) were recruited. The average (SD) disease duration was 5.0 (0.9) 

years. Patients received medications as per standard of care. Twenty patients (80%) were 

on DMARDs, 10 patients (40%) were on biologics, and 2 patients (8%) were taking 

neither; some patients were on more than one medication. Further details on patient 

characteristics and medications are below (Table 5).    

Table 5: Clinical Findings in RA Patients 
SJC, mean (SD)* 2.2 (2.3) 
TJC, mean (SD)* 2.6 (4.0) 
CRP (mg/L), mean (SD) 3.91 (4.65) 
HAQ, mean (SD) 0.64 (0.63) 
Patient global, mean (SD) 2.5 (2.4) 
CDAI calculated, mean (SD) 9.8 (8.5) 
DAS28-CRP, mean (SD) 2.64 (1.20) 
Morning stiffness (mins), mean (SD) 30.88 (63.42) 
DMARD, n  
 Methotrexate (Trexall) 10 
 Leflunomide (Arava) 4 
 Hydroxychloroquine (Plaquenil) 4 
 Sulfasalazine (Azulfidine)  2 
Biologics, n  
 Adalimumab (Humira) 1 
 Etanercept (Enbrel) 1 
 Tofacitinib (Xeljanz)   4 
 Rituximab (Rituxan) 1 
 Abatacept (Orencia)  2 
 Tocilizumab (Actemra)  1 

*Note that the mean SJC and TJC listed here are those used for the CDAI calculation 
(includes MCPJs 1-5, PIPJs 1-5, shoulders, elbows, wrists, knees) 
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3.2 Test-Retest Reliability 

RA Patients 

 Test-retest reliability demonstrates better precision for some slices than others. In 

RA patients, reproducibility is most optimal for slices 1 and 2 in total density, as the 

%RMSCV lies below the 5% benchmark. Precision in total density for slices 3 and 4, and 

cortical subcortical density for slices 1-4 is close to the 5% threshold. The %RMSCV is 

worse for slices 5-8 and thus, demonstrates more variability. The %RMSCV corresponds 

to the RMSSD values, with higher RMSSD values agreeing with the lower reliability in 

slices 5-8. (Table 6) 

 In terms of ICC, both total and cortical subcortical density show excellent 

reliability for slices 1-4 (except slice 4 for total density). However, in accordance with 

Table 6, the reliability appears to worsen in slices 5-8, with ICC scores in the range of 

poor, moderate and good, and with relatively wide confidence intervals. (Table 7) 

Table 6: Test-Retest Reliability in RA Patients Using %RMSCV, n=25 
Slice Total Density Cortical subcortical Density 

%RMSCV RMSSD 
(mg/cm3) 

95% CI %RMSCV RMSSD 
(mg/cm3) 

95% CI 

1 4.21 13.00 2.29-5.49 5.48 14.68 0.00-8.13 
2 3.16 8.63 1.92-4.04 6.46 18.06 3.79-8.32 
3 5.57 15.16 3.16-7.22 5.32 13.27 3.46-6.68 
4 5.78 16.67 0.00-8.24 5.60 15.70 3.51-7.10 
5 11.52 32.89 2.43-16.11 12.02 37.27 0.00-18.00 
6 14.40 45.11 0.00-21.45 12.40 32.18 4.95-16.82 
7 11.74 35.89 7.50-14.81 9.45 30.90 5.24-12.29 
8 9.31 29.23 5.03-12.17 9.62 28.50 5.99-12.22 
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Table 7: Test-Retest Reliability in RA Patients Using ICC, n=25 
Slice Total Density Cortical subcortical Density 

ICC 95% CI ICC 95% CI 
1 0.96 0.91-0.98 0.96 0.90-0.98 
2 0.98 0.95-0.99 0.93 0.84-0.97 
3 0.91 0.80-0.96 0.95 0.89-0.98 
4 0.90 0.74-0.95 0.93 0.78-0.97 
5 0.65 0.20-0.85 0.57 0.05-0.81 
6 0.40 -0.33-0.73 0.61 0.14-0.83 
7 0.69 0.29-0.86 0.83 0.60-0.92 
8 0.85 0.66-0.93 0.90 0.77-0.95 

 

Controls 

 Scan-rescan reliability appears better in healthy participants than RA patients. 

There is less variability between scans for slices 1-6 in both density outcomes of interest, 

with %RMSCV values below the 5% benchmark in most cases. The variability increases 

in slices 7 and 8. The agreement between %RMSCV and RMSSD remains in controls as 

it did in RA patients. (Table 8) 

 ICC values for both total and cortical subcortical density demonstrate excellent 

reliability in most cases. The only exceptions are slice 8 for total density, and slices 7 and 

8 for cortical subcortical density, both of which demonstrate good reliability. (Table 9) 

Table 8: Test-Retest Reliability in Controls Using %RMSCV, n=27 
Slice Total Density Cortical subcortical Density 

%RMSCV RMSSD 
(mg/cm3) 

95% CI %RMSCV RMSSD 
(mg/cm3) 

95% CI 

1 2.23 6.69 0.91-3.02 3.09 9.08 1.74-4.01 
2 1.81 5.22 0.00-2.55 2.51 8.61 0.74-3.47 
3 4.11 11.46 0.00-6.41 3.30 9.72 1.81-4.31 
4 3.33 8.47 0.00-4.96 4.69 13.15 0.53-6.60 
5 3.93 10.33 1.83-5.25 3.60 9.50 2.12-4.62 
6 4.40 11.95 2.69-5.61 5.65 16.26 3.29-7.28 
7 6.19 16.89 2.84-8.27 8.42 23.66 4.08-11.18 
8 7.95 22.80 1.12-11.19 10.37 31.53 3.46-14.25 
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Table 9: Test-Retest Reliability in Controls Using ICC, n=27 
Slice Total Density Cortical subcortical Density 

ICC 95% CI ICC 95% CI 
1 0.99 0.97-0.99 0.98 0.96-0.99 
2 0.99 0.98-1.00 0.98 0.97-0.99 
3 0.93 0.85-0.97 0.96 0.91-0.98 
4 0.97 0.92-0.98 0.92 0.83-0.96 
5 0.95 0.89-0.98 0.96 0.92-0.98 
6 0.95 0.89-0.98 0.92 0.82-0.96 
7 0.92 0.83-0.97 0.89 0.75-0.95 
8 0.89 0.75-0.95 0.87 0.72-0.94 

 

3.3 Intra-Rater Reliability 

3.3.1 Whole Bone Slices 

RA Patients 

 Intra-rater reliability is well below the 5% benchmark for %RMSCV values. In all 

cases, the values are within 1-2%, demonstrating high reliability. RMSSD also 

demonstrates agreement with %RMSCV, with lower RMSSD for slices that have higher 

reliability and higher RMSSD for slices that have lower reliability. When comparing 

between the two parameters, total density has less variability than cortical subcortical 

density. (Table 10) 

 In addition, ICC values all demonstrate excellent reliability. Interestingly, the ICC 

values for total density are slightly stronger than those of cortical subcortical density. 

(Table 11) 
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Table 10: Whole Bone Intra-Rater Reliability in RA Patients Using %RMSCV, n=25 
Slice Total Density Cortical subcortical Density 

%RMSCV RMSSD 
(mg/cm3) 

95% CI %RMSCV RMSSD 
(mg/cm3) 

95% CI 

1 0.75 2.26 0.48-0.94 1.66 4.93 0.99-2.13 
2 1.03 2.98 0.00-1.47 2.48 7.86 0.00-3.91 
3 0.94 2.61 0.42-1.25 2.06 6.28 0.00-2.92 
4 0.94 2.45 0.49-1.23 1.79 5.04 1.04-2.31 
5 1.28 2.81 0.07-1.81 2.19 5.27 0.90-2.96 
6 0.85 2.17 0.37-1.15 1.60 4.59 0.59-2.19 
7 1.19 3.10 0.31-1.65 2.38 6.59 0.32-3.35 
8 0.83 2.44 0.52-1.05 1.55 4.84 1.07-1.92 

 
Table 11: Whole Bone Intra-Rater Reliability in RA Patients Using ICC, n=25 
Slice Total Density Cortical subcortical Density 

ICC 95% CI ICC 95% CI 
1 1.00 1.00 1.00 0.99-1.00 
2 1.00 0.99-1.00 0.99 0.96-1.00 
3 1.00 0.99-1.00 0.99 0.97-0.99 
4 1.00 0.99-1.00 0.99 0.98-1.00 
5 1.00 0.98-1.00 0.99 0.96-1.00 
6 1.00 0.99-1.00 0.99 0.98-1.00 
7 1.00 0.99-1.00 0.99 0.97-1.00 
8 1.00 1.00 1.00 0.99-1.00 

 

Controls 

 Similar to RA patients, the density measures are highly reproducible with 

%RMSCV below 2% in all cases when a single rater analyzes the images. RMSSD 

demonstrates agreement with %RMSCV. As seen with RA patients, the reproducibility is 

higher in total density than cortical subcortical density. (Table 12) 

 To add, ICC values for all slices in both parameters of interest are >0.9, 

demonstrating excellent reliability. It appears that ICC values for both parameters of 

interest are very similar to each other. (Table 13)   
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Table 12: Whole Bone Intra-Rater Reliability in Controls Using %RMSCV, n=27 
Slice Total Density Cortical subcortical Density 

%RMSCV RMSSD 
(mg/cm3) 

95% CI %RMSCV RMSSD 
(mg/cm3) 

95% CI 

1 0.55 1.73 0.37-0.68 1.08 3.40 0.75-1.33 
2 0.40 1.20 0.30-0.48 0.81 2.70 0.66-0.93 
3 0.43 1.19 0.24-0.56 0.88 2.44 0.48-1.14 
4 0.47 1.31 0.33-0.57 0.66 1.95 0.47-0.81 
5 0.37 0.91 0.22-0.48 0.78 1.91 0.31-1.05 
6 0.49 1.29 0.21-0.67 1.03 2.62 0.00-1.47 
7 0.70 2.28 0.32-0.94 1.17 4.16 0.47-1.58 
8 0.73 2.43 0.30-0.98 1.60 5.68 0.21-2.26 

 
Table 13: Whole Bone Intra-Rater Reliability in Controls Using ICC, n=27 
Slice Total Density Cortical subcortical Density 

ICC 95% CI ICC 95% CI 
1 1.00 1.00 1.00 1.00 
2 1.00 1.00 1.00 1.00 
3 1.00 1.00 1.00 1.00 
4 1.00 1.00 1.00 1.00 
5 1.00 1.00 1.00 1.00 
6 1.00 1.00 1.00 1.00 
7 1.00 1.00 1.00 0.99-1.00 
8 1.00 1.00 1.00 0.99-1.00 

 

3.3.2 Quadrants 

RA Patients  

 In terms of quadrant divisions, the reproducibility of manual selection of quarter 

ROIs was determined. All quadrants, aside from Q4 in slice 4, demonstrate acceptable 

reliability for both total and cortical subcortical density, with %RMSCV values below 

5%. For both parameters of interest, Q4 consistently has the highest variability across all 

slices, with high %RMSCV and RMSSD values. As well, Q3 has the lowest variability in 

most cases. (Table 14) 
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Similar to intra-rater reliability in whole bone analysis, ICC for quadrants 

demonstrates excellent reliability across all measures. Quadrant 4 had poorer 

reproducibility, but ICC values were not far from the other quadrants. (Table 15) 

Table 14: Quadrant Intra-Rater Reliability in RA Patients Using %RMSCV, n=25 
Slice Quadrant 

(Q) 
Total Density Cortical subcortical Density 

%RMSCV RMSSD 
(mg/cm3) 

95% CI %RMSCV RMSSD 
(mg/cm3) 

95% CI 

1 Q1 2.01 6.06 1.20-2.58 2.94 8.26 2.18-3.54 
Q2 2.33 6.78 1.26-3.05 3.69 12.21 2.06-4.80 
Q3 1.48 4.87 0.84-1.91 2.14 7.33 1.36-2.70 
Q4 3.78 9.11 1.98-4.96 5.53 14.25 3.42-7.03 

2 Q1 2.83 7.15 0.00-4.01 4.00 10.53 1.41-5.48 
Q2 3.85 11.08 2.33-4.93 4.55 14.77 3.22-5.57 
Q3 2.42 8.07 1.37-3.13 2.65 9.28 0.47-3.72 
Q4 4.69 11.90 0.00-6.78 4.73 12.73 1.60-6.49 

3 Q1 1.84 4.67 1.40-2.20 3.64 9.11 2.68-4.39 
Q2 3.47 8.24 0.57-4.88 3.97 9.73 2.46-5.06 
Q3 1.94 6.03 0.99-2.56 2.64 8.80 1.45-3.44 
Q4 4.57 11.30 2.80-5.82 4.66 12.13 2.70-6.01 

4 Q1 2.32 5.80 1.25-3.03 3.76 9.16 2.18-4.85 
Q2 4.78 12.02 2.49-6.28 5.27 13.73 3.02-6.81 
Q3 1.73 5.14 1.24-2.11 2.99 9.12 1.80-3.83 
Q4 6.05 15.20 3.93-7.61 6.42 17.17 4.43-7.92 

 
 
Table 15: Quadrant Intra-Rater Reliability in RA Patients Using ICC, n=25 
Slice Quadrant 

(Q) 
Total Density Cortical subcortical Density 

ICC 95% CI ICC 95% CI 
1 Q1 0.99 0.98-1.00 0.99 0.97-1.00 

Q2 0.99 0.97-1.00 0.97 0.94-0.99 
Q3 1.00 0.99-1.00 0.99 0.99-1.00 
Q4 0.99 0.97-1.00 0.97 0.94-0.99 

2 Q1 0.99 0.93-1.00 0.98 0.93-0.99 
Q2 0.95 0.90-0.98 0.94 0.85-0.98 
Q3 0.99 0.97-1.00 0.99 0.97-1.00 
Q4 0.97 0.93-0.99 0.97 0.94-0.99 

3 Q1 0.99 0.97-0.99 0.95 0.89-0.98 
Q2 0.98 0.94-0.99 0.97 0.93-0.99 
Q3 0.99 0.98-1.00 0.99 0.97-1.00 
Q4 0.95 0.89-0.98 0.96 0.92-0.98 
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4 Q1 0.98 0.90-0.99 0.95 0.86-0.98 
Q2 0.94 0.86-0.98 0.93 0.82-0.97 
Q3 1.00 0.98-1.00 0.99 0.98-1.00 
Q4 0.88 0.69-0.95 0.91 0.79-0.96 

 

Controls  

 Quadrant data for controls demonstrates that all vBMD outcomes are 

reproducible, with %RMSCV values below 5%. In all cases (except slice 4 cortical 

subcortical density), the variability in Q4 is the highest. Similar to RA patients, controls 

also have the highest reliability in Q3. (Table 16)  

 ICC values for quadrant precision in healthy subjects are all in the range of 

excellent reliability. There appears to be little variability between quadrants of the same 

slice. (Table 17) 

Table 16: Quadrant Intra-Rater Reliability in Controls Using %RMSCV, n=27 
Slice Quadrant Total Density Cortical subcortical Density 

%RMSCV RMSSD 
(mg/cm3) 

95% CI %RMSCV RMSSD 
(mg/cm3) 

95% CI 

1 Q1 2.16 6.49 1.35-2.74 2.74 7.87 2.14-3.22 
Q2 2.44 6.74 1.23-3.22 2.99 9.08 1.78-3.84 
Q3 1.81 6.10 1.07-2.32 2.39 8.34 1.72-2.90 
Q4 4.19 10.64 1.57-5.72 4.48 11.78 2.66-5.75 

2 Q1 2.25 6.39 1.23-2.93 3.12 9.39 1.86-4.01 
Q2 2.45 6.99 0.90-3.34 3.05 9.86 2.11-3.76 
Q3 1.65 5.19 0.51-2.28 2.60 8.09 0.97-3.54 
Q4 4.80 12.72 2.26-6.40 3.73 10.78 2.33-4.73 

3 Q1 2.23 5.97 1.22-2.92 3.99 10.76 1.64-5.40 
Q2 2.57 6.47 1.68-3.23 3.42 9.52 1.80-4.48 
Q3 1.78 5.77 1.28-2.18 2.27 7.54 1.42-2.87 
Q4 4.86 12.33 2.53-6.39 6.00 15.87 3.69-7.64 

4 Q1 2.52 6.17 0.00-3.58 3.90 9.98 2.14-5.09 
Q2 2.52 6.61 0.92-3.44 2.60 7.24 1.63-3.30 
Q3 1.25 3.92 0.84-1.55 2.25 6.27 1.01-3.02 
Q4 5.20 12.87 2.78-6.81 3.58 9.49 1.47-4.84 
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Table 17: Quadrant Intra-Rater Reliability in Controls Using ICC, n=27 
Slice Quadrant Total Density Cortical subcortical Density 

ICC 95% CI ICC 95% CI 
1 Q1 0.98 0.90-0.99 0.98 0.94-0.99 

Q2 0.99 0.97-0.99 0.99 0.97-0.99 
Q3 0.99 0.99-1.00 0.99 0.98-1.00 
Q4 0.98 0.95-0.99 0.98 0.96-0.99 

2 Q1 0.98 0.93-0.99 0.97 0.92-0.99 
Q2 0.98 0.96-0.99 0.98 0.96-0.99 
Q3 1.00 0.99-1.00 0.99 0.99-1.00 
Q4 0.97 0.94-0.99 0.98 0.96-0.99 

3 Q1 0.98 0.93-0.99 0.92 0.80-0.97 
Q2 0.98 0.96-0.99 0.97 0.92-0.99 
Q3 0.99 0.98-1.00 0.99 0.98-1.00 
Q4 0.95 0.90-0.98 0.94 0.87-0.97 

4 Q1 0.98 0.91-0.99 0.95 0.79-0.98 
Q2 0.98 0.95-0.99 0.98 0.96-0.99 
Q3 1.00 0.99-1.00 0.99 0.98-1.00 
Q4 0.95 0.88-0.98 0.98 0.95-0.99 

 

3.4 Inter-Rater Reliability 

RA Patients 

 For RA patients, inter-rater data demonstrates good reliability, with %RMSCV 

values <3%. Cortical subcortical density has higher variability than total density at each 

slice, with RMSSD showing agreement with this trend when comparing between the two 

parameters. (Table 18) 

 As well, ICC demonstrates excellent reliability. The ICC values for total density 

are slightly stronger than cortical subcortical density, although values are very close. 

(Table 19) 
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Table 18: Whole Bone Inter-Rater Reliability in RA Patients Using %RMSCV, n=25 
Slice Total Density Cortical subcortical Density 

%RMSCV RMSSD 
(mg/cm3) 

95% CI %RMSCV RMSSD 
(mg/cm3) 

95% CI 

1 1.54 4.33 0.00-2.23 2.95 8.62 0.65-4.12 
2 0.63 1.84 0.45-0.77 1.79 5.66 0.81-2.40 
3 1.29 3.50 0.00-1.88 2.97 9.11 0.00-4.54 
4 1.13 2.97 0.62-1.48 1.96 5.60 1.02-2.58 
5 1.00 2.34 0.00-1.47 1.36 3.46 0.86-1.72 
6 0.53 1.21 0.26-0.70 1.45 3.49 0.00-2.30 
7 2.19 5.53 0.00-3.39 2.47 7.12 1.43-3.19 
8 1.87 4.52 0.00-3.16 2.48 6.61 0.00-3.97 

 
Table 19: Whole Bone Inter-Rater Reliability in RA Patients Using ICC, n=25 
Slice Total Density Cortical subcortical Density 

ICC 95% CI ICC 95% CI 
1 1.00 0.99-1.00 0.99 0.97-0.99 
2 1.00 1.00 0.99 0.99-1.00 
3 1.00 0.99-1.00 0.97 0.94-0.99 
4 1.00 0.99-1.00 0.99 0.98-1.00 
5 1.00 1.00 1.00 0.99-1.00 
6 1.00 1.00 1.00 0.99-1.00 
7 0.99 0.98-1.00 0.99 0.98-1.00 
8 1.00 0.99-1.00 1.00 0.99-1.00 

 

Controls 

 For controls, %RMSCV values are well below 5% and are generally within the 

range of 1-2%. Similar to RA patients, the variability in rater measurements is higher in 

cortical subcortical density than total density. (Table 20) 

 ICC also demonstrates excellent reliability. Total density ICC values demonstrate 

stronger resemblance of measurements taken by the two raters, in comparison to those 

taken for cortical subcortical density. (Table 21) 
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Table 20: Whole Bone Inter-Rater Reliability in Controls Using %RMSCV, n=27 
Slice Total Density Cortical subcortical Density 

%RMSCV RMSSD 
(mg/cm3) 

95% CI %RMSCV RMSSD 
(mg/cm3) 

95% CI 

1 0.89 2.86 0.44-1.19 1.90 5.81 0.80-2.57 
2 0.83 2.49 0.39-1.11 1.71 5.53 0.86-2.26 
3 0.86 2.43 0.55-1.08 1.78 5.19 0.88-2.36 
4 0.76 2.22 0.52-0.94 1.23 3.68 0.86-1.51 
5 0.72 1.78 0.35-0.96 1.37 3.60 0.72-1.80 
6 0.86 2.43 0.54-1.09 1.66 4.89 1.00-2.12 
7 1.02 3.35 0.00-1.47 1.92 6.49 0.73-2.61 
8 1.06 3.66 0.19-1.48 2.17 7.83 0.32-3.05 

 
Table 21: Whole Bone Inter-Rater Reliability in Controls Using ICC, n=27 
Slice Total Density Cortical subcortical Density 

ICC 95% CI ICC 95% CI 
1 1.00 1.00 1.00 0.99-1.00 
2 1.00 1.00 1.00 0.99-1.00 
3 1.00 1.00 0.99 0.98-1.00 
4 1.00 1.00 1.00 0.99-1.00 
5 1.00 1.00 1.00 0.99-1.00 
6 1.00 1.00 0.99 0.99-1.00 
7 1.00 1.00 1.00 0.99-1.00 
8 1.00 0.99-1.00 0.99 0.99-1.00 
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3.5 Bone Outcome Measures 

Whole Bone Data 

 We explored the potential differences in density between RA patients and healthy 

subjects. Both total and cortical subcortical density appear to be higher in controls than 

RA patients at each respective slice. There is a statistically significant difference between 

measures at slices 3, 5 and 6 for both parameters. Standard deviation values in all cases 

appear larger in the most lateral and medial joints (slices 1, 2, 7, 8) than the inner joints 

(slices 3-6). As well, in most cases for both parameters, the minimum density value for 

RA patients is lower than that of controls for a given slice, while the maximum density 

value for controls is higher than that of RA patients for a given slice. Thus, the range for 

RA patients is on the lower end when compared to controls. (Table 22 and 23) 

Table 22: Mean Total Density in RA patients and Controls 
Slice Total Density (mg/cm3) 

RA Patients Controls 
Mean SD Min. Max. Mean SD Min. Max. 

1 285.54 43.88 204.90 372.70 299.74 42.77 216.10 379.60 
2 274.06 41.01 195.30 344.30 291.57 43.83 200.40 366.20 
3 251.45* 33.25 185.10 317.10 272.52* 32.83 226.20 338.90 
4 247.43 34.27 176.50 307.40 264.94 31.28 221.60 334.90 
5 227.37* 35.37 140.40 288.90 254.63* 33.10 207.40 329.00 
6 231.15* 37.14 148.70 318.60 253.67* 39.61 185.80 345.10 
7 261.62 45.83 172.90 365.10 285.33 49.33 180.40 385.20 
8 277.38 55.29 184.80 393.30 285.38 51.46 192.50 394.20 

*statistically significant difference between the two populations (p<0.05) 

Table 23: Mean Cortical Subcortical Density in RA patients and Controls 
Slice Cortical Subcortical Density (mg/cm3) 

RA Patients Controls 
Mean SD Min. Max. Mean SD Min. Max. 

1 289.78 47.83 208.90 390.70 305.06 49.47 224.20 392.10 
2 288.31 49.51 208.20 405.20 311.16 51.24 220.90 425.60 
3 260.28* 40.30 195.30 360.40 281.43* 34.28 225.60 353.50 



M.Sc. Thesis – J. Amin; McMaster University – Medical Sciences 

 
84 

4 261.74 45.44 193.90 364.90 277.54 33.88 222.70 344.40 
5 237.24* 35.57 163.40 299.50 268.92* 35.46 198.10 354.90 
6 246.16* 39.19 172.50 341.60 274.00* 43.43 200.70 400.50 
7 270.74 49.51 193.10 357.20 295.38 57.40 190.90 430.40 
8 295.91 65.84 192.10 444.40 303.78 68.54 195.50 486.00 

*statistically significant difference between the two populations (p<0.05) 

Quadrant Data 

 Based on the high prevalence of erosions in MTPJs 2 and 3 as well as the 

acceptable test-retest reliability in these joints from Chapter 3.2 (Table 6 and 8), we have 

opted to further explore quadrant data only for slices 1-4 (Naumann et al., 2012; Albrecht 

et al., 2013; Kong et al., 2018).  

 When comparing quadrants between RA patients and healthy subjects, the average 

total density appears to be higher in controls than patients at each quadrant across all 

slices. However, there is only a statistically significant difference between the populations 

at Q3 of slice 3. In all slices for both populations, total vBMD is highest at Q3. In slices 1 

and 2, the vBMD in both populations is lowest in Q4. In most cases, the SD appears to be 

lower in Q1 and Q2, in comparison to Q3 and Q4. Interestingly, in slices 2-4, the 

minimum vBMD in RA patients appears to be lower than in controls for Q1-Q3, but at 

Q4, RA patients appear to have a higher vBMD than controls. There is no consistent trend 

seen for maximum values. (Table 24) 

 In terms of cortical subcortical density, mean vBMD measures generally appear 

higher for controls than RA patients at the quadrant level of each slice. There is a 

statistically significant difference between the two populations for Q1 of slice 4. In both 

populations, Q3 has the highest density at all slices. Between quadrants of the same slice, 

the vBMD in Q1 is the lowest among both of the populations. Similar to the trend seen in 
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total density, the SD appears to be higher in Q3 and Q4 compared to Q1 and Q2 in both 

populations. As seen with total density, RA patients appear to have a lower minimum 

density than controls for Q1-Q3, except in Q4, where the vBMD appears to be higher in 

RA patients (consistent for all slices except slice 2). (Table 25) 

Table 24: Mean Quadrant Total Density in RA patients and Controls 
Slice Quadrant Total Density (mg/cm3) 

RA Patients Controls 
Mean SD Min. Max. Mean SD Min. Max. 

1 1 275.25 48.07 202.50 391.10 278.66 30.81 229.00 334.20 
2 286.90 44.05 198.70 374.90 288.32 42.25 223.10 396.90 
3 332.56 55.18 213.30 411.20 351.14 58.39 272.00 468.30 
4 268.45 57.10 184.90 404.50 278.66 54.44 194.50 391.40 

2 1 265.30 42.46 190.40 363.50 275.66 29.17 218.80 348.40 
2 287.80 37.72 201.40 380.80 294.44 37.81 228.90 363.40 
3 322.42 53.05 224.70 405.60 345.60 60.94 240.90 453.40 
4 257.07 47.83 182.40 385.20 273.79 56.93 165.70 396.10 

3 1 249.02 29.59 193.00 313.00 259.37 30.10 212.90 304.30 
2 244.30 37.54 172.00 342.10 256.31 35.24 212.20 333.30 
3 293.10* 46.71 204.40 389.00 323.54* 39.39 263.70 414.30 
4 253.06 37.79 191.20 341.30 261.32 40.61 187.30 368.60 

4 1 241.83 25.16 193.40 288.60 255.14 28.66 197.60 309.10 
2 253.84 35.16 203.70 364.30 261.18 33.54 211.10 358.10 
3 290.34 50.19 211.00 392.30 309.70 40.03 252.60 397.60 
4 257.56 30.43 218.50 321.80 254.76 39.76 186.70 344.10 

*statistically significant difference between the two populations (p<0.05) 

 
Table 25: Mean Quadrant Cortical Subcortical Density in RA patients and Controls 

Slice Quadrant Cortical Subcortical Density (mg/cm3) 
RA Patients Controls 

Mean SD Min. Max. Mean SD Min. Max. 
1 1 274.38 55.43 208.10 410.10 274.91 39.47 222.20 351.90 

2 302.01 51.86 200.10 406.80 304.33 51.27 230.60 423.50 
3 355.20 70.84 196.70 475.00 370.74 72.80 266.00 508.10 
4 279.22 61.58 216.50 424.00 298.61 65.29 199.20 431.20 

2 1 272.56 49.84 205.00 388.20 284.41 36.36 225.90 367.40 
2 304.05 41.98 208.90 431.00 324.62 52.64 229.20 411.10 
3 347.22 73.61 208.40 488.50 367.00 75.06 232.20 498.50 
4 276.72 55.96 186.20 424.30 296.80 60.88 202.60 442.30 
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3 1 245.91 30.41 197.10 315.20 258.20 26.34 212.20 301.80 
2 252.67 41.18 169.20 353.20 267.35 38.88 220.20 361.20 
3 313.89 62.97 213.10 440.10 336.31 51.87 256.40 438.20 
4 266.90 46.76 211.60 366.30 273.69 46.16 199.70 397.30 

4 1 243.33* 27.66 200.00 308.00 260.50* 31.04 213.90 328.80 
2 264.08 37.16 208.20 368.60 277.97 37.42 214.20 371.40 
3 315.0 80.81 205.30 473.20 330.04 55.22 231.80 430.10 
4 264.18 40.84 221.90 372.90 266.83 44.40 193.70 384.80 

*statistically significant difference between the two populations (p<0.05) 

Ranking 

 In order to better characterize the vBMD quantitative measures, we have ranked 

the quadrants in slices 1-4 in order of lowest to highest vBMD. After ranking the 

quadrants, the total number of patients with each rank were determined (e.g. in how many 

patients did Q1 have the lowest density, in how many patients did Q1 have the second 

highest density, etc.). Lastly, to determine the proportion of patients at each rank (%), the 

total number of patients within the given rank were divided by the total number of 

patients in the study (n=25). For RA patients, the data consistently demonstrates that Q3 

(dorsal region) has the highest vBMD relative to the other quadrants. In terms of the 

lowest ranked quadrant, there is agreement in slices 1 and 2 (MTPJ 2), that the density is 

lowest in Q4 (medial region). (Table 26) 

As for controls, results are similar to those of RA patients as Q3 consistently has 

the highest density value and Q4 has the lowest density in MTPJ 2. There are no obvious 

trends for quadrants that are ranked with the second highest and third highest density. 

(Table 26) 
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Table 26: Overall Rank of Quadrants in RA Patients and Controls 
Slice Quadrant Ranking (%) 

RA Patients Controls 
Lowest 2nd 3rd Highest Lowest 2nd 3rd Highest 

1 Q1 28 44 24 4 33 41 26 0 
Q2 16 24 44 16 26 26 48 0 
Q3 0 20 8 72 0 0 11 89 
Q4 56 12 24 8 41 33 15 11 

2 Q1 24 40 36 0 26 56 11 7 
Q2 16 20 40 24 11 30 52 7 
Q3 0 16 16 68 4 4 11 81 
Q4 60 24 8 8 59 11 26 4 

3 Q1 32 28 24 16 22 48 30 0 
Q2 44 32 12 12 41 22 37 0 
Q3 4 4 32 60 0 0 11 89 
Q4 20 36 32 12 37 30 22 11 

4 Q1 52 20 20 8 26 37 37 0 
Q2 32 20 28 20 22 41 30 7 
Q3 4 12 20 64 0 0 15 85 
Q4 12 48 32 8 52 22 19 7 

 

Ratios 

Another method that we used to better understand the quadrant data was to 

determine the relative measure of each quadrant in relation to the mean density of the 

whole slice. This was achieved by determining a relative ratio using total density 

parameters. A ratio <1 indicates that the quadrant has a vBMD less than the total density, 

and a ratio ≥1 indicates that the quadrant has a vBMD greater than the total density. After 

summarizing the number of patients and controls with the given ratios, a proportion was 

determined by dividing the number of patients with each ratio by the total number of 

patients in the study (n=25) (shown in tables below).  

For RA patients, Q3 consistently has a higher density than the whole bone total 

density. For slices 2 and 4, this was in 100% of cases, and for slices 1 and 3, this was 
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evident in >90% of cases. Interestingly, for Q1, the proportion of individuals with 

quadrant ratios <1 and ≥1 are fairly evenly distributed. The ratios are distributed 

disproportionately in Q2 and Q4, and do not have any obvious trends. (Table 27) 

For controls, Q3 consistently has a density that is greater than the total density. 

This is evident in all cases for slices 1, 3 and 4. For slice 2, this trend is seen in >90% of 

cases. In Q1, a majority of patients have a ratio <1 across all slices. There are no obvious 

trends for Q2 and Q4. All in all, some slice quadrants appear to favor one ratio more than 

the other. (Table 28)      

Table 27: Relative Density Ratio of Quadrants in RA Patients When Compared to Whole 
Bone vBMD 
 RA Patients, n=25 
  Slice 1 Slice 2 Slice 3 Slice 4 

Q
ua

dr
an

t 

Q1 ≥1 = 11 = 44% ≥1 = 11 = 44% ≥1 = 13 = 52% ≥1 = 12 = 48% 
<1 = 14 = 56% <1 = 14 = 56% <1 = 12 = 48% <1 = 13 = 52% 

Q2 ≥1 = 12 = 48% ≥1 = 16 = 64% ≥1 = 10 = 40% ≥1 = 15 = 60% 
<1 = 13 = 52% <1 = 9 = 36% <1 = 15 = 60% <1 = 10 = 40% 

Q3 ≥1 = 23 = 92% ≥1 = 25 = 100% ≥1 = 24 = 96% ≥1 = 25 = 100% 
<1 = 2 = 8% <1 = 0 = 0% <1 = 1 = 4% <1 = 0 = 0% 

Q4 ≥1 = 7 = 28% ≥1 = 6 = 24% ≥1 = 11 = 44% ≥1 = 19 = 76% 
<1 = 18 = 72% <1 = 19 = 76% <1 = 14 = 56% <1 = 6 = 24% 

 
Table 28: Relative Density Ratio of Quadrants in Controls When Compared to Whole 
Bone vBMD  
 Controls, n=27 
  Slice 1 Slice 2 Slice 3 Slice 4 

Q
ua

dr
an

t 

Q1 ≥1 = 4 = 15% ≥1 = 6 = 22% ≥1 = 9 = 33% ≥1 = 10 = 37% 
<1 = 23 = 85% <1 = 21 = 78% <1 = 18 = 67% <1 = 17 = 63% 

Q2 ≥1 = 9 = 33% ≥1 = 14 = 52% ≥1 = 9 = 33% ≥1 = 14 = 52% 
<1 = 18 = 67% <1 = 13 = 48% <1 = 18 = 67% <1 = 13 = 48% 

Q3 ≥1 = 27 = 100% ≥1 = 25 = 93% ≥1 = 27 = 100% ≥1 = 27 = 100% 
<1 = 0 = 0% <1 = 2 = 7% <1 = 0 = 0% <1 = 0 = 0% 

Q4 ≥1 = 7 = 26% ≥1 = 10 = 37% ≥1 = 9 = 33% ≥1 = 11 = 41% 
<1 = 20 = 74% <1 = 17 = 63% <1 = 18 = 67% <1 = 16 = 59% 
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3.6 Association between vBMD & Clinical and Imaging Signs of Inflammation and Bone 
Damage  
 
3.6.1 Clinical Findings  

 Based on the understanding that active inflammation affects bone density 

negatively, we examined the association between vBMD measures and total SJC and TJC 

at the joint level, even if bone health may have an indirect relation with clinical 

symptoms.  

 Swollen joint count and TJC status (no SJC/TJC, only SJC, only TJC, both SJC 

and TJC) was determined in MTPJs 2 and 3 separately (25 patients; 50 joints). For the 

analysis we combined results from MTPJs 2 and 3 given that the impact of swelling and 

tenderness on the bone is likely not different between these joints. We then compared 

mean total and cortical subcortical vBMD between these 4 categories. 

Figure 18. Bar graphs plotting the mean vBMD measures and clinical parameters at MTPJs 2 and 3 
(n=50). A. Summary of TJC and SJC vs. mean total vBMD B. Summary of TJC and SJC vs. mean 
cortical subcortical vBMD 

A. B. 
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 In the bar graphs for both total and cortical subcortical density, it is evident that 

there is a lot of overlap between the bone parameters in the 4 categories. As well, there 

are very few joints that are only swollen and that are swollen and tender. (Fig. 18) 

Self-reported questionnaires were another aspect of the study which were 

reflective of the impact of the disease on patients around the time period of the 

appointment (within days). For each patient, a single representative vBMD measure was 

calculated for each bone density parameter by taking the average of total and cortical 

subcortical densities at MTPJs 2 and 3, as questionnaire results are not reflective of 

symptoms at the joint level. The association between mean vBMD and LFIS scores and 

patient reported symptoms were analyzed. No significant correlations were found 

between total or cortical subcortical vBMD and patient reported outcomes, subcategories 

of LFIS and the total LFIS score (Appendix A4). 

 

3.6.2 Imaging Results 

In terms of analyzing the quantitative vBMD measures in relation to other 

imaging modalities, we have focused on US and MR results at the joint level.  

US Parameters  

Based on the literature (Shimizu et al., 1985; Ozgocmen et al., 2004), the two US 

parameters of greatest interest are ST and PD due to their biological relevance to 

erosions. US ST and PD were graded on a scale of 0-3 (0=none; 3=severe ST and 

vascularization, respectively). Synovial thickening and PD scores of MTPJs 2 and 3 at the 

dominant foot were used for analysis. Metatarsophalangeal joints 4 and 5 were removed 
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from the analysis due to the low reliability in vBMD measures, and because PD and ST 

scores were 0 at MTPJ 5.     

There appears to be very little variation in total and cortical subcortical density 

between the ST scores (Fig. 19A and 19B). While total and cortical subcortical density 

appear to increase with increasing PD, note that there is only 1 joint with PD scores of 1 

and 2 (Fig. 19C and 19D). An ANOVA could not be run due to the unequal distribution 

in the categories and the small cohort.   

A. B. 

C. D. 

Figure 19. Bar graphs plotting the mean vBMD measures and US parameters at MTPJs 2 and 
3 (n=50). A. Total ST score at MTPJs 2 and 3 vs. mean total vBMD B. Total ST score at 
MTPJs 2 and 3 vs. mean cortical subcortical vBMD C. Total PD score at MTPJs 2 and 3 vs. 
mean total vBMD D. Total PD score at MTPJs 2 and 3 vs. mean cortical subcortical vBMD  
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MR Erosions  

Given the very small number of MR erosions, descriptive statistics were used to 

determine if a relationship was present between mean vBMD for those who had erosions 

and those who did not have erosions at MTPJs 2-4 (binary method). Metatarsophalangeal 

joint 5 was excluded due to the lack of clarity of this joint on MR imaging.   

We expected that an increased prevalence of erosions at a given joint would result 

in a lower average total and cortical subcortical density. In MTPJ 2, the total and cortical 

subcortical density appear higher in those patients that do not have an erosion in 

comparison to those who do, however the number of individuals without an erosion is 

small. At MTPJs 3 and 4, those without an erosion appear to have a lower vBMD than 

those who do have an erosion at these joints at first glance. However, there is significant 

overlap in the confidence intervals of these results suggesting there is no actual 

difference. A t-test was not performed for this analysis, as the cohort was too small to 

provide viable results. (Table 29)   

Table 29: Descriptive analysis of MR erosions and vBMD at MTPJs 2-4 
MTPJ# # of patients with 

presence/absence of 
erosion (n=23) 

Total Density  
(mg/cm3) 

Cortical Subcortical Density 
(mg/cm3) 

Mean SD Range Mean SD Range 
2 Present 20 275.69 43.65 200.10-

358.50 
284.70 47.49 215.40-

397.95 
Absent 3 298.97 38.03 257.05-

331.25 
309.20 41.81 266.85-

350.45 
3 Present 16 249.03 30.94 180.80-

293.40 
260.13 38.06 194.60-

348.90 
Absent 7 243.72 36.95 191.75-

293.65 
256.20 40.83 206.10-

330.10 
4 Present 10 239.70 28.71 210.10-

294.55 
256.30 33.18 202.95-

311.55 
Absent 13 220.30 38.96 144.55-

287.10 
227.83 31.16 167.95-

279.55 
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Lastly, to better elucidate the nature of bone erosions at the quadrant level, we 

compared the highest and lowest quadrant pQCT vBMD to quadrant MRI bone erosion 

data from the previous phase. We explored a subset of 4 patients who had displayed MR 

erosion scores ≥2. Based on the pQCT data, it appears that the plantar region and medial 

region are most affected by reduced vBMD. These results agree with the bone erosion 

data, demonstrating that the plantar region is consistently affected across all 4 patients. As 

well, the lateral and dorsal regions generally appear to have the highest densities across 

the pQCT slices. Absence of bone erosions at the dorsal region suggest that the bone is 

preserved in this region and therefore, there is agreement with the pQCT results. (Table 

30) 

Table 30: Comparison of quadrant pQCT-vBMD and MRI quadrant level erosions at MT 
heads 2 and 3, n=4* 
ID Metatarsal 

head #** 
MR 

erosion 
score 

pQCT vBMD highest and lowest 
quadrant rank*** 

MR quadrants 
affected by bone 

erosion Total density Cortical 
subcortical 

density 
18 2 2 S1 lateral  

S2 lateral  
S1 lateral  
S2 lateral 

Plantar, medial, 
lateral 

S1 medial  
S2 medial 

S1 medial  
S2 medial 

3 2 S3 dorsal 
S4 dorsal 

S3 dorsal  
S4 dorsal 

Plantar, medial, 
lateral 

S3 lateral  
S4 plantar 

S3 lateral 
S4 plantar 

24 2 2 S1 lateral 
S2 dorsal 

S1 plantar 
S2 dorsal 

Plantar, medial, 
lateral 

S1 medial 
S2 medial 

S1 medial 
S2 medial 

3 3 S3 lateral 
S4 lateral 

S3 dorsal  
S4 lateral 

Plantar, medial, 
lateral 

S3 plantar 
S4 plantar 

S3 plantar 
S4 plantar 
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34 2 2 S1 dorsal 
S2 dorsal 

S1 dorsal  
S2 dorsal 

Plantar, medial, 
lateral 

S1 plantar 
S2 plantar 

S1 plantar 
S2 plantar 

3 2 S3 lateral  
S4 lateral 

S3 dorsal 
S4 dorsal 

Plantar, lateral 

S3 plantar  
S4 plantar 

S3 plantar 
S4 plantar 

38 2 1 S1 lateral  
S2 dorsal 

S1 dorsal 
S2 dorsal 

Plantar, lateral 

S1 medial 
S2 medial 

S1 medial 
S2 medial 

3 2 S3 lateral  
S4 dorsal 

S3 medial 
S4 dorsal 

Plantar, lateral 

S3 plantar 
S4 medial 

S3 plantar 
S4 plantar 

*Refer to Figure 17 in Methods for details on the location of the quadrants 
**Refer to Table 4 in Methods for details on slice allocation at MTPJs 2 and 3 
***For the pQCT vBMD highest and lowest quadrant rank column, the grey cells 
represent the highest rank and the white cells represent the lowest rank. S1=slice 1, 
S2=slice 2, S3=slice 3, S4=slice 4. 
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Chapter 4.0 Discussion  
  

To our knowledge, this is the first study to measure vBMD in the MTPJs of an RA 

population using a pQCT scanner. In this study, we have reliably determined vBMD in 

MTPJs 2 and 3 of healthy controls and RA patients. Secondly, we have determined the 

variability in vBMD parameters in both of these populations, and demonstrated that both 

total and cortical subcortical density appear higher in MTPJ 3 of controls than RA 

patients. Lastly, we have compared quantitative vBMD measures in the MTPJs of RA 

patients to clinical and imaging signs of inflammation and bone erosions, and shown that 

there is little agreement between vBMD and clinical and US parameters, but some 

agreement with MR erosions. 

 

4.1 Test-retest reliability 

 Test-retest reliability in both RA patients and controls was determined. As 

expected, reliability was better for controls than RA patients. This is likely due to the fact 

that healthy controls had little anatomical variations (e.g. joint space narrowing, 

misalignment of phalangeal base and MT heads) compared to RA patients, making it 

easier to palpate the MT head, place markings and position the foot. This also made 

visualizing the distinct difference between the phalangeal base and MT head on the scout 

view image easier in controls. This is in agreement with an HR-pQCT study that found 

that the minimum joint space width was significantly smaller in MCPJ 2 of RA patients 

when compared to controls, and joint asymmetry was significantly higher and more 

variable in RA patients than controls (Burghardt et al., 2013). As well, perhaps due to the 
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discomfort in RA patients, they may have been prone to more motion artefacts, 

inconsistencies when repositioning between scans and less clarity in images. In both 

populations, reliability was highest and most optimal in slices 1-4 (MTPJs 2 and 3).   

In a similar study to ours, Chaplais et al., 2014 scanned the same region (MTPJ), 

used the same modality (XCT 2000), and used the same voxel size (0.40 mm) as our 

MTPJ pQCT protocol. The scan-rescan reproducibility in cadaver legs was determined 

with repositioning. The variability at the 15% distal site and 50% midshaft region of MT 

2 was reported. The %CV (ICC) for cortical density and trabecular density in all scans 

was 0.8% (0.98) and 2.8% (0.98), respectively (Chaplais et al., 2014). The test-retest 

reproducibility in the present study is poorer than the aforementioned study likely because 

cadavers were used and the study did not have to account for motion. As well, the site of 

scanning was different between the two studies, particularly when comparing the distal 

scan region in the present study to the midshaft region (which has thicker cortical bone 

than the distal region) of the aforementioned study. To this end, the variability in the 

cortical region is expected to be lower since it is less porous than the total and trabecular 

bone, and therefore has a higher absolute BMD. Lastly, the disease status of the 

specimens was not revealed, which may imply that the cadavers were healthy and perhaps 

for this reason their variability was similar to that of MTPJ 2 in controls from the present 

study.  

Multiple studies using HR-pQCT have reported test-retest reliability in patients 

with inflammatory arthritis. In one such study by Fouque-Aubert et al., three scans were 

performed with repositioning in between. Precision in MC heads 2 and 3 of advanced RA 
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patients and controls was determined using %CV. In RA patients, variability for MC head 

2 and 3 for total and cortical vBMD were 1.3% and 1.8%, and 0.7% and 1.4%, 

respectively (Fouque-Aubert et al., 2010). In controls, the variability in MC head 2 and 3 

for the same parameters was 0.6% and 1.0%, and 0.8% and 1.4%, respectively (Fouque-

Aubert et al., 2010). In another study, patients with early inflammatory arthritis 

(symptoms <1 year) were scanned twice using HR-pQCT. Variability in vBMD at MCPJs 

2 and 3 was reported using %RMSCV (RMSSD). Precision for total vBMD was 3.6% (11 

mg/cm3) (Brunet et al., 2019). Our results for precision in total vBMD at MTPJs 2 and 3 

are comparable to those of the aforementioned studies (3.16-5.78% (8.63-16.67 mg/cm3)), 

although the variability in our study is slightly higher. The variability in the first study 

may have been lower as one more scan was included in test-retest reliability, in 

comparison to two scans in our study. Similar to the first study, our RA patients also had 

higher variability than controls. Since the MTPJs are comparatively smaller than other 

joints of the body (e.g. radius, tibia), this may be the reason why our %RMSCV and 

RMSSD are on the higher end of the acceptable threshold. As expected, our test-retest 

%RMSCV (3.16-14.40%) for measurement of total and cortical subcortical density at the 

MTPJs was higher than %CV (0.38-1.03%) for measurement of cortical and trabecular 

vBMD in the distal radius of male RA patients using HR-pQCT (Zhu et al., 2014). The 

better reproducibility with HR-pQCT is likely due to the comparatively larger size of the 

radius and higher resolution of the modality.        

Other studies that measured aBMD in RA patients using DXA also reported test-

retest reliability. In a study by Naumann et al., the radiocarpal and carpoulnar joints of the 
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wrists were measured (2012). Variability was reported using %CV. The precision for the 

radiocarpal and carpoulnar joints were 0.89% and 1.72%, respectively, for ROIs with a 

height of 10 mm, and 0.86% and 1.49%, respectively, for ROIs with a height of 12 mm; 

reproducibility was best for the average of the two joints (whole wrist) (Naumann et al., 

2012). The same study also reported reliability (%CV (ICC)) in MCPJs 2, 3, 4 and 5 to be 

1.23% (0.98), 1.71% (0.98), 2.33% (0.97) and 2.48% (0.96), respectively (Naumann et 

al., 2012). In another similar DXA study, the short-term precision error was reported in 

the hand and MCPJs 1-5 using %CV. The reliability was higher in the whole hand in 

comparison to the MCPJs (0.8-0.9% versus 3.2%) (Ozgocmen et al., 2004). In regards to 

the wrist/hand, the anatomically larger bones (e.g. radiocarpal) and larger ROIs resulted 

in less variability. This is likely because small absolute differences in BMD between 

scans made less of a difference in both of these cases. In terms of the MCPJs, the first 

study demonstrated that the variability in MCPJs 4 and 5 was larger than MCPJs 2 and 3 

and these results are in line with the higher variability in MTPJs 4 and 5 in our study. It is 

understandable that the variability in MTPJs 4 and 5 are high as these toes have less 

dexterity and therefore positioning between scans can vary greatly, however it is 

interesting that MCPJs 4 and 5 also demonstrate poorer reliability than the rest of the 

fingers. In the DXA studies, this may be because MCPJs 4 and 5 are slightly smaller than 

the other fingers and the resolution of the machine is not high enough to accurately detect 

BMD in these joints between scans. Overall, DXA demonstrates better reliability than our 

study at peripheral joints, likely because pQCT is highly sensitive to motion and 

positioning.   
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4.2 Intra-rater reliability 

Whole Bone Slices 

 Intra-rater reliability is a crucial reliability parameter to test when developing a 

protocol, to ensure that a single evaluator can achieve consistent results between 

measurements. Our intra-rater reliability results for whole bone analyses demonstrated 

high reproducibility in both populations for total and cortical subcortical density, with 

%RMSCV values <2%. These values agreed with their respective ICC values, 

demonstrating excellent reliability.     

 In one study, the intra-rater reliability in the L2 vertebral body was determined 

from cadaver vertebrae using pQCT (XCT 3000). Analysis was performed by manually 

selecting rectangular ROIs and then measuring vBMD using a Matlab-derived 

programme; a total of 7 ROIs were selected (the whole L2 vertebral body, 3 sagittal 

subregions (into equal thirds), and 3 transverse subregions (into equal thirds)) (Briggs et 

al., 2010). Intra-rater reliability was reported for 2 different investigators and 

demonstrated moderate to high reproducibility, with an average %CV (range) of 1.65% 

(0.34-3.36%) in one rater and 1.90% (0.56-4.92%) in another (Briggs et al., 2010). The 

%RMSCV range for whole bone intra-rater reliability between both populations in the 

present study is 0.37-2.48%. Thus, our results are comparable to those of the 

aforementioned study. The variability in the aforementioned study may have been due to 

segmentation of the vertebral cross-sectional slices into thirds, which may have been 

difficult to allocate visually. Although, they used rectangular ROIs to evenly divide the 
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regions, it may have been difficult to reproduce between measures. In contrast, we used 

custom ROIs, but selected the whole bone, thus it was easier to reproduce.  

 

Quadrant Reliability 

Quadrant intra-rater reliability in our study for both populations for both total and 

cortical subcortical density was <5% in a majority of the cases. This is surprising as it 

was challenging to consistently divide bone slices into 4 equal quarters manually with 

anatomical markers as guides, as these guides were not present in all bone slices. As well, 

since the ROIs were composed of ¼ of the area of the total bone, smaller absolute vBMD 

variations would have led to greater variations. To add, slight angle variations relative to 

the center of the bone between measures would result in higher variability. Interestingly, 

in both populations, the medial region (Q4) had the highest variability and the dorsal 

region (Q3) had the lowest variability. Based on the anticipated variability of absolute 

values, these data suggest that this is likely because the medial region has the lowest 

density (regardless of disease status) and the dorsal region has the highest density.      

In one pQCT study (XCT 3000), athletic premenopausal women were scanned at 

the midshaft of the tibia. Similar to the present study, cross-sectional bone slices were 

split into 4 90° sections; repeat measures were taken 1 week apart. The %RMSCV for 

intra-rater reliability in quadrants was reported to be 0.3-1.4% (Rantalainen et al., 2011). 

This patient population is most comparable to controls in the present study, who had a 

%RMSCV of 1.25-6.00%. Although the reliability in our quadrant data is generally 

acceptable, the higher variability in the present study is likely due to the smaller size of 
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the MTPJs in comparison to the tibia, and the comparatively smaller sample size (n=25 

versus 221).  

High resolution-pQCT studies have explored different aspects of quadrant intra-

rater reliability in the hands of RA patients and controls; bone slices were divided into the 

dorsal, palmar, ulnar and radial regions. In one such study, the reliability in assessing 

cortical interruptions in MCPJs and PIPJs 2 and 3 was determined. Variability in cortical 

interruption status at the quadrants was reported using Cohen’s kappa (κ), and intra-rater 

variability in reporting the total number of cortical interruptions at the quadrants was 

reported using ICC; two experienced raters assessed the bone slices. The scoring system 

used visual assessment of cortical breaks (e.g. division of bone into quadrants; cortical 

interruption seen in at least 1 slice and in 2 consecutive slices of another plane or 

interruption seen in more than 1 consecutive slice in 1 plane and in more than 1 slice in 

another plane; measurement of maximum diameter of interruption in the 

transverse/coronal/sagittal plane) (Scharmga et al., 2018). The intra-rater reliability for 

both raters was moderate (κ=0.63-0.67) for identifying the presence of an interruption, 

and moderate (ICC=0.69-0.76) for reporting the number of cortical interruptions at the 

quadrants (Scharmga et al., 2018). In another study, reliability in scoring bone lesions at 

MCPJs 2-4 was assessed. Intra-rater variability was reported using κ; duplicate measures 

were assessed 1 month apart by a rheumatologist. The scoring system was semi-

quantitative (bone erosions, osteophytes and cortical bone changes were considered when 

scoring lesions), with a scale of 0-3 (0=no lesion; 3=severe lesion) (Stach et al., 2010). 

The intra-rater reliability was good, with a κ=0.82 (Stach et al., 2010). Both studies 
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reported moderate to good agreement between quadrant measures taken by the same rater 

when assessing bone defects in RA patients. The κ agreement in the second study may 

have been better than the first because of the differences in raters; the raters in the first 

study had extensive experience in image analysis on HR-pQCT, whereas the rater in the 

second study was a rheumatologist. The rheumatologist may have had more relevant 

clinical experience and exposure to the structural features of bone erosions which allowed 

them to detect bone defects with greater accuracy between measures. Another reason for 

the higher κ agreement in the second study compared to the first may be differences in 

disease duration of populations; the mean disease duration in the first study was 9.8 years 

and 6.5 years in the second. Patients with advanced disease likely have larger erosions, 

thus, it may have been difficult to distinguish quadrant bone defects between measures 

due to the destruction of the normal joint anatomy. As well the differences in criteria for 

assessing bone defects may have also contributed to the variability in κ between studies. 

Although we have not reported κ, our ICC values for intra-rater reliability at the 

quadrants of MTPJs 2 and 3 demonstrate excellent reliability (ICC>0.90). Our reliability 

is likely better than the first study because we analyzed the vBMD at all 4 quadrants in all 

4 slices, whereas the HR-pQCT study assessed the number of cortical interruptions in the 

quadrants of 550 slices which may have introduced more variability between measures as 

the rater’s judgment had to be considered. In addition, the paper addressed that including 

smaller cortical interruptions in the scoring system introduced more variability (due to 

less agreement between measures, thinner cortex which made cortical breaks difficult to 
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see, and discrepancies in categorizing the smaller cortical breaks (grouping many together 

or counting each one individually)).                         

 

4.3 Inter-rater reliability 

Inter-rater reliability in both RA patients and controls was <3%, demonstrating 

high reproducibility. Our results suggest that training and using the Standard Operating 

Procedure manual as a guide for analyses can provide good reproducibility between 

raters.  

In one pQCT study (XCT 3000), the inter-rater reliability of vBMD in the L2 

vertebral body in cadaveric vertebrae was determined. As previously mentioned, 

rectangular ROIs were manually selected by two raters and vBMD was measured using a 

Matlab-derived programme; 7 different ROIs were selected (the whole L2 vertebral body, 

3 sagittal subregions, and 3 transverse subregions) (Briggs et al., 2010). Among the 7 

ROIs, moderate to high reliability was reported, with a mean %CV of 3.25% (0.82-

9.12%) (Briggs et al., 2010). The inter-rater precision in the present study is slightly 

better than the aforementioned study, with a %RMSCV of 0.53-2.97%. However, if we 

compare the inter-rater reliability at the ROI that is most similar to our study, the whole 

L2 vertebral body, the results are more in line (2.61%) (Briggs et al., 2010).  

In one study, the inter-rater reliability for agreement in erosion detection and 

erosion dimension measurements using HR-pQCT in MCPJs 2 and 3 of RA patients was 

assessed in 11 readers with varying experience. There was agreement in 90.2% of cases 

for the presence/absence of erosions, with a κ agreement of 0.52 (Barnabe et al., 2016). 
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When only experienced raters were considered, a κ value of 0.75 was reported (Barnabe 

et al., 2016). In terms of inter-rater reliability for manual measurements of erosion 

dimension, %RMSCV (ICC) for perpendicular width was 12.3% (0.21), perpendicular 

depth was 24.0% (0.78), axial width was 20.6% (0.67), and axial depth was 22.2% (0.87) 

(Barnabe et al., 2016). When only experienced raters were considered (>5 years of 

experience), excellent reliability was demonstrated (ICC >0.90) (Barnabe et al., 2016). A 

major strength of the aforementioned study is the high number of raters that were 

assessed, and that rater reliability was reported based on experience level, which has been 

shown to be a contributing factor to the variability. Our inter-rater reliability data is 

generally better than this study, likely because rater judgement plays less of a role when 

measuring vBMD in pQCT bone slices; the rater draws the ROI by selecting the 

perimeter of the cross-sectional slice, but the density parameters are calculated by the 

software. As well, since our protocol only included 8 slices, it was feasible for both raters 

to analyze all slices. In contrast, HR-pQCT scanners produce 100s of slices, which may 

introduce some subjectivity between raters in terms of selecting common erosions to 

measure. The variability in our study is lower than the HR-pQCT study as the 

dimensional analysis (drawing straight lines) for erosions was more intricate than our 

study, which selected the whole bone cross-section. Minor variations in the angle of the 

straight line may have introduced variability between raters.    

 Although we have not explored inter-rater reliability of quadrant data in our study, 

HR-pQCT studies in RA patients assessed variability in detection of bone defects 

between raters. In one study, the radial and ulnar region of phalangeal bases and MC 
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heads 2-4 were assessed; a Pearson correlation of 0.98 was determined between raters. 

Agreement between raters was better with CT versus MRI (r=0.93) (Albrecht et al., 

2013). In another study, reliability in assessing cortical interruptions in MCPJs and PIPJs 

2 and 3 was determined; controls were included. As previously mentioned, variability in 

cortical interruption status at the quadrants was reported using κ, and variability in 

reporting the total number of cortical interruptions was reported using ICC; two 

experienced raters assessed the bone slices (Scharmga et al., 2018). The inter-rater 

reliability was moderate, with a κ agreement of 0.53 and ICC of 0.56 (Scharmga et al., 

2018). Interestingly, this paper also reported joint level inter-rater reliabilities, which 

were poorer than quadrant level analyses (κ=0.37 and ICC=0.48) (Scharmga et al., 2018). 

Lastly, reliability in scoring bone lesions in MCPJs 2-4 was assessed using κ for two 

trained rheumatologists; controls were included. As previously mentioned the scoring 

system was semi-quantitative (0-3) (Stach et al., 2010). The inter-rater reliability was 

good, with a κ agreement of 0.75 (Stach et al., 2010). Overall, the aforementioned studies 

demonstrated good reliability for quadrant analyses between raters, as long as raters were 

trained.     
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4.4 Bone Outcome Measures 

Mean Total and Cortical Subcortical Density in RA Patients and Controls  
(Whole Bone) 
 
 When analyzing whole bone slices, our data suggested that RA patients had a 

lower total and cortical subcortical density than controls at all slices; there were 

significant differences in slices 3, 5 and 6, which pertained to MTPJs 3 and 4, although 

results for slices 5 and 6 should be interpreted with caution as the reliability for vBMD 

measures was suboptimal at this joint.  

 In one pQCT study (XCT 3000), female RA patients and controls were assessed 

for bone geometry and BMD at MCPJ 3 (epiphysis (4% site) and shaft (30% and 50% 

site)), the radius and the tibia (4% and 66% site). Trabecular and total vBMD were 

measured at the distal sites (4% site), and cortical BMD and thickness were measured at 

the shaft region. Erosive damage was also assessed in RA patients using a Ratingen score 

(joint destruction scale from 0-5 in 20% increments). Trabecular vBMD was significantly 

lower at all distal sites in RA patients compared to controls (by 13-19%) (Aeberli et al., 

2010). As well, total BMD was lower at the distal MCPJ and tibia by 9% and 10%, 

respectively (Aeberli et al., 2010). Rheumatoid arthritis patients had a lower cortical 

vBMD than controls at all sites except the 66% site of the tibia (although it is suspected 

that this is because of partial volume effect rather than true differences); the cortical layer 

was significantly thinner at all shaft sites (by 7-16%) (Aeberli et al., 2010). Lastly, a 

significant negative correlation was found between Ratingen scores and total and 

trabecular BMD at the distal sites, and for cortical thickness at all shafts (Aeberli et al., 

2010). This study is comparable to our population as our study was mostly representative 
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of females, although the patients in this study had more advanced disease (mean duration: 

11.4 years). The present study could not demonstrate significant differences for total and 

cortical subcortical vBMD for the most part, potentially due to the small sample size, 

although the general trend is in line with the aforementioned study. As well, perhaps our 

patients had small changes in vBMD that were not large enough to detect significant 

differences from controls due to the resolution of the pQCT scanner and the fairly early 

disease status of the patients. We could not report cortical vBMD due to the thin cortex in 

the MTPJs, as the reference lines in our protocol were placed in distal regions. 

Interestingly, even though the aforementioned study reported cortical BMD in the shaft 

region which is considered to have the thickest cortex, the authors mentioned that partial 

volume effect was still a concern due to the thinner cortices. As well, the fact that only 

total and trabecular BMD were measured in the distal sites is in line with our protocol 

which only measured total and cortical subcortical vBMD at the distal site. To add, in the 

aforementioned study, it is not surprising that total and trabecular BMD demonstrated a 

negative relation with the joint destruction scale, as bone erosions begin with a loss of 

trabecular bone in the adjacent region to the cortical break, and the total BMD considers 

trabecular BMD in the measurement (Barnabe et al., 2016). These results are in line with 

what we had expected when setting up the analysis protocol – that if an erosion is present, 

RA patients would have a reduced total and cortical subcortical density compared to 

controls, and therefore, these density parameters would be surrogate markers for the 

presence of erosions.  
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 High resolution-pQCT studies have also compared vBMD and microstructural 

properties in RA patients and controls. In one such study, the distal and ultradistal radius 

were assessed in Caucasian populations. Average, trabecular and cortical BMD at the 

distal radius were significantly lower in RA patients compared to controls (∆=14.8-

16.6%, 16.9-24%, 8.2-11.7%, respectively); trabecular BMD was significantly lower in 

the ultradistal radius (14.7-17.5%) (Kocijan et al., 2014). In terms of bone microstructure 

at the distal radius, the trabecular number and thickness, and cortical thickness were 

reduced in RA patients compared to controls; RA patients had more inhomogeneity in the 

trabecular network than controls; male RA patients had significantly more cortical 

porosity than controls (Kocijan et al., 2014). In terms of bone microstructure at the 

ultradistal radius, male and female RA patients had significantly reduced trabecular 

thickness and trabecular numbers, respectively, than respective controls (Kocijan et al., 

2014). In another HR-pQCT study, vBMD at the distal radius was examined in male 

Chinese populations. Total, trabecular and cortical vBMD were significantly lower in RA 

patients versus controls (by -13.4%, -23.2%, -3.9%, respectively) (Zhu et al., 2014). 

Cortical porosity was significantly higher in RA patients than controls, as well, larger 

diameters in the cortical pores were more often seen in RA patients (Zhu et al., 2014). 

Patients in both of these studies had more advanced disease (mean duration: 9.5 and 12.3 

years, respectively), thus it is possible that this is why significant differences were found 

in all BMD measures, in comparison to our study where significance was not reached for 

most cases (mean duration: 5.0 years). As well, in both studies, trabecular BMD and 

trabecular structural properties generally demonstrated the greatest differences between 
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patients and controls. The cohort in the first study is more comparable to the present 

study, as most of our population was Caucasian. Regardless of the ethnicities of the 

cohorts, similar trends in BMD were found between both studies (trabecular BMD 

demonstrating greater loss than total/cortical BMD), and this is comparable to our study, 

as cortical subcortical density generally appeared to demonstrate greater differences in 

BMD than total density between the two populations (data not shown). A strength of the 

second study is the all-male cohort, as most BMD studies in the literature either focus on 

both genders or just females, although the results from our cohort are comparable to this 

study, regardless of the primarily female population. Lastly, it is important to note that the 

aforementioned studies and the present study scanned different regions; the distal radius 

is larger and likely easier to scan in comparison to the MTPJs, which are smaller and 

prone to more error.   

 Lastly, DXA studies have also compared BMD in RA patients and controls. In 

one study, the whole hand (software detected BMD; additional 10 selected ROIs at the 

whole hand: MCPJs 2-5, PIPJs 2-5, radiocarpal joint, carpoulnar joint), femoral neck and 

spine were scanned. There was a significant reduction in BMD at the whole hand, femoral 

neck and spine in RA patients, compared to controls (Naumann et al., 2012). The BMD at 

the 10 ROIs in the hand were significantly different from the whole hand BMD; BMD in 

the MCPJs and PIPJs were lower than the net average of the 10 ROIs – the greatest 

differences were seen in MCPJ and PIPJ 5 (Naumann et al., 2012). In another DXA 

study, pQCT (XCT 2000) was also used to measure BMD in female populations. The 

lumbar spine and hip BMD were measured by DXA, and the ultradistal radius vBMD 
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(4% site) was measured by pQCT. Additional measures included T-scores for DXA and 

attenuation for pQCT. The DXA BMD measures and T-scores at all sites were 

significantly lower in RA patients when compared to controls (Juhász et al., 2017). As 

well, all pQCT BMD measures (total (mean±SD: 310.4±79.7 vs. 354.0±54.1 mg/cm3), 

trabecular (157.6±57.0 vs. 193.8±48.7 mg/cm3), cortical (434.3±115.8 vs. 492.5±64.0 

mg/cm3)), and attenuation measures were significantly lower in RA patients when 

compared to controls (Juhász et al., 2017). In a similar study, DXA and pQCT (XCT 960) 

were both used to determine the patterns of bone loss in osteoporosis associated with RA 

in postmenopausal females; BMD was compared to osteoarthritis and postmenopausal 

osteoporosis patients. The RA patients were also assessed based on their radiographic 

stage (scale of I-IV; I=minimal deformity, IV=severe deformity). Spinal, radial and 

calcaneal (heel) BMD were measured by DXA, and the ultradistal radius (4% site) vBMD 

(total, trabecular, cortical) was measured by pQCT. RA patients had significantly lower 

bone parameters at all sites except the spine when compared to osteoarthritis patients, and 

significantly higher spinal BMD but no difference in the other sites when compared to the 

osteoporosis patients (Shibuya et al., 2002). The pQCT total and cortical vBMD were 

significantly lower in patients in stages III and IV than in stages I and II of radiographic 

damage (Shibuya et al., 2002). In terms of DXA BMD measures, all three studies have 

measured the spinal BMD, and the first two studies have measured hip BMD; the first 

two studies have demonstrated a reduced density at both sites in RA patients. However, in 

the last study, RA patients did not display a lower spinal BMD than the other disease 

groups, likely because the spinal BMD is less affected in RA patients and marked 
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changes in BMD are mostly seen in the peripheral bones (e.g. radius, calcaneus bone); 

periarticular osteoporosis is common but all patients may not experience generalized 

osteoporosis (Shibuya et al., 2002). In the second study, while using pQCT, total BMD at 

the radius was lower in RA patients than controls. Although the radius has larger mean 

BMD measures than the MTPJs, the trend between RA patients and controls is 

comparable to that at the MTPJs. As well, not surprisingly, the third study demonstrated 

that patients with more destructive radiographic changes had lower vBMD. Although we 

did not report cortical vBMD, the trend for this is comparable to cortical subcortical 

density in the present study. The second study also assessed inter-modality agreement 

between DXA and pQCT – pQCT total and trabecular vBMD measures significantly 

correlated with DXA lumbar BMD (r=0.280 and 0.335, respectively) and hip BMD 

(r=0.362 and 0.342, respectively), whereas pQCT cortical vBMD only significantly 

correlated with DXA hip BMD (r=0.329) (Juhász et al., 2017). Although we did not scan 

the hip and spine of our RA patients, the correlations between DXA measures at these 

sites and pQCT bone density parameters at the hands suggests that potential associations 

may be present between the hip/spine and the feet.       

 

Mean Total and Cortical Subcortical Density in RA Patients and Controls 
(Quadrants) 
 
 Our study explored quadrants to better locate regions of lower density and 

erosions in the dorsal, medial, plantar and lateral regions of the MTPJs. There was a 

statistically significant difference between the two populations in the dorsal region of 

slice 3 for total density, and the plantar region of slice 4 for cortical subcortical density. 
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The quantitative values for quadrants were not very different than that of the whole bone 

slices. This is likely because the whole bone ROIs account for the average of the 2.3 mm 

width bone cross-section and selection of ¼ of that ROI, although smaller in size, may 

have excluded regions that were pulling the density down in the whole bone ROI (i.e. 

low-density material/lost bone).     

 Two HR-pQCT studies have assessed erosions in quadrants of MCPJs 2-4 in RA 

patients and controls. In one study, as previously mentioned, the MCPJ bone slices were 

divided into the dorsal, palmar, ulnar and radial region in the MC heads and phalangeal 

bases (Stach et al., 2010). The radial quadrant had the highest prevalence of bone 

erosions (particularly at MCPJs 2 and 3, with a lower frequency at MCPJ 4), and the 

palmar quadrant had the lowest number of erosions (Stach et al., 2010). Interestingly, 

controls demonstrated a similar trend (Stach et al., 2010). In another HR-pQCT study, 

HR-US was included to determine the presence of erosive lesions in patients with 

inflammatory arthritis (RA and psoriatic arthritis patients). Since US was included, only 

regions that were accessible by US were analyzed – the radial, palmar and dorsal region 

at MCPJ 2; palmar and dorsal region at MCPJ 3 and 4. Among the three joints, both 

modalities demonstrated that MCPJs 2 and 3 had the most erosive lesions; MCPJ 2 had 

the most severe erosive lesions and MCPJ 4 had the least severely affected lesions (Finzel 

et al., 2011). Erosions were most prevalent in the radial region, and for controls, smaller 

lesions were most prevalent in the radial region, as detected by both modalities (Finzel et 

al., 2011). In terms of the palmar and dorsal regions, HR-pQCT demonstrated that both of 

these regions were equally affected by erosions, and US demonstrated that the palmar 
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region was more affected than the dorsal region (Finzel et al., 2011). As well, the MC 

heads were most severely affected by lesions than the phalangeal bases on US (Finzel et 

al., 2011). The study also demonstrated good inter-modality agreement for the severity of 

erosions with a Spearman’s ρ of 0.46 (Finzel et al., 2011). In both studies, the radial 

quadrant was most affected by bone damage. Interestingly, the radial quadrant was also 

most affected in controls, and although the lesions were smaller in healthy individuals, 

this suggests that this region is prone to damage regardless of disease status. This is likely 

because the radial site is next to the insertion region of the collateral ligament 

(McGonagle et al., 2009; Stach et al., 2010). In the present study, our mean quadrant total 

vBMD at MTPJ 2 (slices 1 and 2) for both RA patients and controls agrees with the 

aforementioned studies, as the medial region appears to have the lowest vBMD, 

suggesting that bone damage may be present at this quadrant, regardless of disease status. 

As well, the high prevalence of erosions in MCPJ 2 seen in both studies is in line with our 

MR erosion data, which demonstrated the most erosions in MTPJ 2. Contrary to the 

present study, the first study demonstrated that the palmar region in the MCPJs had the 

lowest number of erosions, suggesting that mean BMD would be highest in this region, 

however, in the present study, the plantar region appears to have the lowest cortical 

subcortical density in both populations, which would imply that the most bone damage is 

present in this region. This may potentially be due to the variations in stresses between 

these peripheral joints, and weight bearing forces on the feet and the lack thereof in the 

hands. Lastly, our data for total and cortical subcortical vBMD at the dorsal region, which 

appears to have the highest density in both populations, agrees with the HR-US results, as 
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the US demonstrated that this region was least affected by erosions and therefore likely 

had the highest density.  

 Generalized osteoporosis in RA can be affected by reduced physical activity 

(Shibuya et al., 2002). One study assessed the tibia using a pQCT scanner (XCT 3000; 

50% midshaft site) in women performing varying degrees of impact sports (high-impact 

(e.g. high jump), odd-impact (e.g. soccer), high-magnitude (e.g. power lifting), repetitive 

low-impact (e.g. endurance running), repetitive nonimpact sports (e.g. swimming), and 

physically active non-athletic reference controls) (Rantalainen et al., 2010). Bone cross-

sections were divided into 4 90° sections (lateral, posterior (below), medial, anterior 

(top)) to determine the variation of cortical BMC. Athletes in the high-impact and odd-

impact groups demonstrated significantly higher cortical BMC than the reference group at 

all quadrants (Rantalainen et al., 2010). As well, the repetitive low-impact group also had 

significantly higher cortical BMC in the anterior and posterior quadrants when compared 

to controls (Rantalainen et al., 2010). This study also measured BMC at the shaft of the 

fibula, but few differences were found between groups, likely because the fibula carries 

6-17% of the load (Rantalainen et al., 2010). Thus, regardless of the anatomical proximity 

of the tibia and fibula, different patterns for cortical BMC were found. In another paper 

by the same group with the same subjects, cortical vBMD was analyzed in tibial 

quadrants (Rantalainen et al., 2011). The mean cortical vBMD was highest at the medial 

region and lowest at the anterior region (Rantalainen et al., 2011). High-impact athletes 

and odd-impact athletes had 1.5-2.6% significantly lower cortical vBMD than the 

reference group at all 4 quadrants, repetitive low-impact athletics had 1.0% significantly 
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lower vBMD at the anterior quadrant, and the high magnitude group had 1.2% 

significantly lower vBMD at the lateral region (Rantalainen et al., 2011). Our quadrant 

data is quite different from the aforementioned studies. However, this is likely because a 

different bone in a different population was scanned (the tibia is larger than MTPJs; 

athletic females were scanned), a different region was scanned (midshaft vs. 

epiphyseal/metaphyseal region in the present study), and the anatomical placement of the 

bone was different (the tibia and MTPJs are placed perpendicular to one another and have 

different structural properties). Participants performing impact sports had higher cortical 

BMC than controls, likely due to increased bone remodelling/turnover due to the 

increased activity. It is important to note that different trends were observed between the 

quadrant BMC in the tibia and fibula, regardless of close proximity, and this can 

potentially be applied to the differences in the quadrant vBMD in the MTPJs due to the 

variation in pressure and load that are placed on each toe. The studies demonstrate that 

physical activity indeed has an impact on bone properties and may, in part, explain 

differences in vBMD between patients with similar disease status.  

In addition, our total density quadrant ranking data for both RA patients and 

controls is generally in line with the current literature, demonstrating that the dorsal 

region appears to have the highest density and the medial region appears to have the 

lowest density. These results suggest that the dorsal region is the least affected by 

erosions and the medial region is most affected by erosions. This is further verified with 

the quantitative ratio analysis across all slices, where the dorsal region consistently 
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displays a relative density ratio ≥1 in a majority of the cases when compared to the whole 

bone total density.  
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4.5 Association Between vBMD and Clinical and Imaging Signs of Inflammation and 
Bone Damage 
 
 An important objective of this study was to translate the quantitative pQCT 

vBMD measures into a manner that would relate them to other clinical and imaging 

parameters, as the comparators have established protocols which have been extensively 

used in RA populations.  

 

Clinical Findings 

Swollen and tender joints are important clinical markers for the severity of disease 

as they are incorporated in the CDAI and DAS28 scores. It is expected that if patients 

have a high SJC and TJC, that their disease severity is high, and if they have both, then 

their disease severity is even worse. As well, this suggests that the more active the 

patients’ disease, the greater the number of erosions in that patient, and therefore the 

lower the vBMD. Unfortunately, our results did not demonstrate any strong patterns, as 

the mean total and cortical subcortical density at MTPJs 2 and 3 displayed a lot of overlap 

between patients who didn’t have SJC/TJC, patients who had either SJC/TJC, and 

patients who had both. This was likely due to the small sample size.    

High resolution-pQCT studies have assessed the relationship between vBMD and 

disease duration in RA patients. In one such study, the vBMD at the distal radius of male 

patients was assessed and total, trabecular and cortical vBMD were examined (Zhu et al., 

2014). Lower vBMD (cortical and trabecular) was associated with higher disease activity 

(DAS28), chronic disease (patients with longer disease duration), and greater disease 

severity (more deformed joints) (Zhu et al., 2014). As well, patients with increased pro-
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inflammatory cytokines (IL-12, TNF, IL-6, IL-1β) were associated with lower total 

vBMD (Zhu et al., 2014). In another study, MCPJs 2 and 3 were assessed for prevalence 

of erosions and erosion scores at baseline and 12 months. Joints were divided into the 

dorsal, palmar, ulnar and radial region, and the MC heads and phalangeal bases were 

separated for a total of 8 analysis regions per MCPJ. Between baseline and the follow-up, 

the average number of erosions increased from 5.70 to 6.13, and the erosion score 

increased from 5.30 to 5.50 (Aschenberg et al., 2013). Disease duration was the only 

variable that was significantly positively associated with the number of erosions 

(Aschenberg et al., 2013). Both studies demonstrated a correlation with disease duration 

and bone damage. These results suggest that chronic inflammation, which may present as 

swollen and tender joints, are indeed related to bone loss.  

In one study, the risk of bone loss in RA patients receiving standard of care at 

baseline and follow-up was determined. Bone measures were taken at the hip and spine 

by DXA. At the 2-year follow-up, patients were treated with DMARDs, corticosteroids 

and medications that would counteract bone loss as needed; 37% were taking 

antiresorptive therapy, 37% were on calcium/vitamin D only, and 48% were on 

prednisolone. After 2 years, mean±SD for the SJC and TJC (28 joints) changed from 

7.9±6.2 to 7.6±5.3, and 6.7±6.5 to 8.4±6.7, respectively (Haugeberg et al., 2002). Over 

the 2 years, the range for average BMD decrease was -0.29% to -0.77% (Haugeberg et 

al., 2002). Patients who were taking antiresorptive therapy demonstrated an increase in 

BMD at the hip and spine, whereas those who were taking calcium and vitamin D 

supplements/no preventative therapy for osteoporosis displayed decreased BMD 
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(Haugeberg et al., 2002). Similar to the aforementioned study, an open-label study with 

early RA patients examined progression of erosions in two groups with different drug 

regimens – group 1 was primarily treated with DMARDs and group 2 was treated with 

MTX only, and DMARDs if necessary (Yue et al., 2018). At baseline and 1-year follow-

up, bone erosion prevalence and BMD measures of MCPJ 2 were obtained using HR-

pQCT. At baseline and 1 year, SJC and TJC (68 joints) changed from 4.5 to 0, and 8 to 1, 

respectively (Yue et al., 2018). The mean number of erosions changed from 72 to 77 (Yue 

et al., 2018). The mean total and cortical BMD±SD changed from 268.4±54.0 mg/cm3 to 

268.8±53.4 mg/cm3, and from 515.2±90.5 mg/cm3 to 513.6±89.0 mg/cm3, respectively; 

mean BMD surrounding the erosion changed from 475.60±50.52 mg/cm3 to 

488.86±42.55 mg/cm3 (Yue et al., 2018). Both studies reported changes in BMD and 

clinical measures. Although DMARDs were used in both studies, changes for SJC/TJC 

were different between the studies – non-significant in the first study and significant in 

the second study. Although both studies did not perform correlation analyses between 

clinical outcomes and bone outcomes, they highlighted important factors to consider. The 

first paper demonstrates that changes in BMD are not only dependent on inflammation, 

but also external factors such as lifestyle changes, medications and supplements. The 

second paper emphasizes that even though patients were on therapy and there were 

significant improvements in SJC and TJC measures, mean total and cortical BMD did not 

demonstrate significant changes between baseline and follow-up. As well, the increase in 

the number of erosions may have been because the medications had not taken maximal 

effect in reducing disease activity, as patients had not gone into remission and therefore 
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erosion repair had not occurred. Interestingly, in the second paper, BMD surrounding the 

erosion demonstrated greater changes than the total and cortical density. Therefore, the 

absence of a negative association between clinical findings and total and cortical 

subcortical density in the present study are in line with these results, and are possibly 

because BMD differences are more effectively detected closer to the erosion region rather 

than at the slice level.  

 

Ultrasound Findings 

 An increased thickness and greater vascularization in the synovium imply greater 

severity in disease. Thus, we anticipated that mean total and cortical subcortical density 

would be comparatively reduced in patients who had greater ST and PD scores versus 

patients who had lower ST and PD scores. However, our results did not demonstrate such 

trends as the bone density parameters did not show much variability when compared to 

ST and PD scores. A limitation here was that very few joints demonstrated higher PD 

scores.   

 Previous DXA studies have analyzed BMD at the MCPJs of RA patients and 

compared to synovitis and vascularization measures. In one study, patients with varying 

levels of disease (early and established (moderate activity, high activity)) were assessed 

in MCPJs 2-5. Synovitis was also measured at these joints using US (B-mode/PDUS; 

semi-quantitative scoring 0-3) and MRI (RAMRIS scoring). Patients were followed up 

after 1 year. At baseline, whole hand BMD in patients with early RA demonstrated a 

positive non-significant correlation, patients with moderate activity demonstrated no 
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correlation, and patients with high activity demonstrated a significant negative correlation 

with US synovitis (Naumann et al., 2012). As well, whole hand BMD in early and 

moderate activity patients demonstrated no significant correlation, and high activity 

demonstrated a significant negative correlation with MR synovitis (Naumann et al., 

2012). At follow-up, the significant negative correlation between BMD and synovitis was 

no longer present (Naumann et al., 2012). In a similar DXA study that measured BMD at 

MCPJs 1-5 and vascularization (using PDUS), there was a significant small negative 

correlation between flow patterns (increased vascularization + active inflammation) and 

hand BMD (Ozgocmen et al., 2004). Both studies demonstrate negative correlations with 

PD signals and BMD. The first study demonstrated that patients with only high disease 

activity displayed a significant negative correlation, but not patients with low or moderate 

disease activity. Our findings are in line with this study, as our patients are in the early 

stage of disease and therefore, this may be why significant associations between BMD 

and US synovitis were not found. As well, it is possible that on the day the scans were 

performed, patients were not experiencing flare and therefore their disease activity was 

lower/moderate. In terms of the second study, although the results of the study are in line 

with what we had expected, the present study did not demonstrate such trends, likely 

because a majority of our patients did not have a long disease duration and because the 

patients were not evenly distributed between the scores for PD. 

 In an HR-pQCT study, RA patients with low disease activity were analyzed. The 

vBMD and microarchitecture at MC heads 2 and 3, and PDUS were used to determine 

whether patients had local inflammation or not. Those who had a Doppler positive 
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erosion (semi-quantitative score of 2 or 3) and those with a Doppler negative erosion 

(score of 0 or 1) were evaluated. Cortical density and thickness were similar between the 

two groups, but trabecular density and trabecular number were significantly lower in 

patients who had a Doppler positive erosion (Kong et al., 2018). Thus, trabecular bone 

measures were changed in patients with active inflammation (i.e. increased discontinuity 

in trabeculae, lower number of trabeculae, increased trabecular separation) (Kong et al., 

2018). These results are consistent with what we had expected, with high 

inflammation/worse disease status associated with lower vBMD/weaker bone structure. 

Unfortunately, we could not report trabecular density, but we had expected to see a 

similar trend with the cortical subcortical density as this was a surrogate marker for 

erosion presence. However, our results did not demonstrate such a trend, as most of our 

patient population had a PD score of 0, thus it was difficult to elucidate any definite 

direction in the data.  

 Previous studies that have compared US with CT erosion data have found 

moderate sensitivity. In one study that analyzed the quadrants in MCPJs 2-5, the 

sensitivity and specificity of US when compared to CT as the reference method was 42% 

and 91%, respectively (Døhn et al., 2006). However, when analyses were performed for 

regions that were easily accessible with US (palmar and dorsal region in MCPJs 2-5, 

radial region of MCPJ 2, and ulnar region of MCPJ 5), sensitivity and specificity 

improved to 60% and 92%, respectively (Døhn et al., 2006). The sensitivity was 

comparable to MRI only when the accessible regions of US were considered. In a similar 

study that scanned MCPJs 2-5 and split the joints into quadrants, sensitivity and 
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specificity of US when compared to CT were 44% and 95%, respectively (Døhn et al., 

2011). Both studies demonstrate moderate sensitivity for bone erosion detection, thus, 

similar results may also be expected when comparing US synovitis and PD to vBMD 

measures in CT-derived modalities (e.g. pQCT). This moderate sensitivity may be one of 

the reasons why there is little agreement between US results and pQCT bone parameters 

in the present study.      

 

Magnetic Resonance Erosions 

 MR is considered better than X-ray and in some cases, the gold standard, for 

detecting erosions due to its ability to visualize the surrounding soft tissue (Siddle et al., 

2014). In the present study, MR erosion data at MTPJ 2 demonstrated good agreement 

with pQCT total and cortical subcortical vBMD measures when compared between 

patients who had erosions and those who didn’t. However, data at MTPJs 3 and 4 were 

contradictory to the expected trend. When the quadrant pQCT data was compared with 

quadrant MR bone erosion data, there was agreement between regions that had the lowest 

density in pQCT and those with bone erosions in MRI.  

Past studies have shown high inter-modality agreement between MR imaging and 

multidetector CT scanners for measuring erosion detection at the MCPJs and wrists in RA 

patients (Døhn et al., 2007, 2008). Both studies assessed the same RA patients and 

controls. In the first study, the MCPJs were assessed: CT and MRI detected 77 and 62 

erosions, respectively, in RA patients; 51 of the same erosions were detected by both 

modalities (Døhn et al., 2007). The sensitivity for erosion detection by MRI was 66% 
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when CT was used as the reference standard (Døhn et al., 2007). Larger erosions were 

difficult to detect, as the border was difficult to distinguish (Døhn et al., 2007). In the 

second study, the wrist was assessed: CT and MRI detected 166 and 119 erosions, 

respectively, in all participants; 92 erosions were commonly detected by both modalities 

(Døhn et al., 2008). The sensitivity and specificity of MRI was 61% and 93%, 

respectively, when CT was used as a reference standard (Døhn et al., 2008). The same 

group performed a quadrant analysis in MCPJs 2-5, and MR sensitivity and specificity for 

detecting bone erosions were 68% and 96%, respectively, at the quadrant level (Døhn et 

al., 2006). A similar study that assessed quadrant level MR erosion detection in the same 

joints in RA patients reported similar values for sensitivity and specificity with CT as the 

reference method (68% and 92%, respectively) (Døhn et al., 2011). All in all, the high 

correlation between MRI and CT reveals that MR erosions at both the MCPJs and wrist 

are indeed true destructions in the cortical bone. In all cases, the specificity was high and 

sensitivity was moderate, which may in part be the reasoning for why there is a 

discrepancy in the present study for average total and cortical subcortical density with the 

erosion status at MTPJs 3 and 4. In addition to the agreement between CT and MRI for 

bone erosion detection, MRI has also been shown to have predictive value for future CT 

erosive damage based on MR inflammation and bone oedema (Døhn et al., 2011). 

Interestingly, quadrant sensitivity and specificity values were comparable to those of 

whole bone MR analyses. The moderate sensitivity may be applied to the present study, 

as the MTPJ quadrants with the lowest pQCT bone density parameters did not always 

agree with MR quadrant erosion data (patient 38, MT 2). Although, this may also be due 
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to the fact that pQCT density measures and MR erosion data were taken at two different 

times points, thus erosion status for lower grade erosions may have changed.  

Several studies have explored the agreement between MRI and CT modalities in 

detecting bone erosions in the wrists and MCPJs of RA patients, and have shown that CT 

is more sensitive for detecting smaller erosions. In one such study, the wrist was scanned 

using MRI and CT. Both modalities detected erosions in the same carpal sites in 87% of 

cases; 9% of erosions were only detected by CT; 4% of erosions were only detected by 

MRI (Perry et al., 2005). In another study, MCPJs 2-4 were scanned using MRI and HR-

pQCT. Between two raters, a significantly higher number of erosions were detected on 

HR-pQCT than MRI (137 versus 111); 28 erosions were only detected on HR-pQCT; 2 

erosions were only detected on MRI (Albrecht et al., 2013). In cases where erosions were 

detected on MRI but not in HR-pQCT, the researchers proposed that MR pre-erosions 

may have been present with surrounding inflammatory tissue (Albrecht et al., 2013). To 

add, the relation between erosion volume measured by HR-pQCT and RAMRIS erosion 

scoring was determined, and a strong positive relationship was found (Albrecht et al., 

2013). Lastly, one study assessed both the wrist and MCPJs 2 and 3 using HR-pQCT, and 

the wrist using MRI in patients (n=16). In 15 patients, HR-pQCT was able to detect 

erosions at both MCPJs and the wrist, and in 13 patients MRI was able to detect erosions 

at the wrist. The smallest dimension of erosions detected by HR-pQCT and MRI were 0.9 

mm and 1.4 mm, respectively (Lee et al., 2015). In all three studies, CT technologies 

were able to detect smaller erosions than MRI, likely due to the thicker MR slices (3 mm 

versus 2.5 mm (Perry et al., 2005)) and the associated partial volume effects which make 
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smaller erosions difficult to visualize (specifically, those with an erosion volume <10 

mm3 (Albrecht et al., 2013)), as well as due to the better spatial resolution of the CT 

scanners. Although partial volume effects can also be a disadvantage while using CT, 

erosion borders are easier to distinguish on CT due to the higher contrast between cortical 

bone and adjacent soft tissue (Perry et al., 2005). Similar to the first study, the MR 

protocol in the present study also had a slice thickness of 3 mm, thus small changes in the 

bone may not have been detected, which can potentially be the reason for the discrepancy 

between the number of erosions at the joint level (MTPJs 3 and 4) and the mean total and 

cortical subcortical density. Alternatively, the discrepancy between erosion status and 

bone density parameters may have been because some of the erosions that are included in 

the count are not true erosions, and thus perhaps there are patients who don’t have 

erosions being included with the average density values for those patients who truly have 

erosions. In the second study, the positive relation with erosion volume and erosion 

scoring agrees with the trend that we had anticipated for cortical subcortical density and 

MR erosion scores, although we could not run association studies due to the small 

number of erosions in the patient population. However, MR erosion status and bone 

density parameters at MTPJ 2 demonstrate some agreement with this.  

Interestingly, contrary to most studies, one study that assessed the humeral head 

(shoulder) in RA patients (mean disease duration: 12 years) found that MRI and US were 

superior to CT for visualizing small erosions. MRI, US and CT detected 25, 24 and 20 

erosions, respectively (Alasaarela et al., 1998). Larger erosions were detected similarly 

between the three modalities. The study noted that although a high number of MR 
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erosions were detected, all of them may not be true erosions, as pre-erosive oedematous 

alterations in the subchondral bone may look like erosions, and T2- and T1-weighted 

images may show changes in the fat/water ratio of the bone marrow rather than the true 

change in bone (Alasaarela et al., 1998). As well, CT likely had poor sensitivity to lesions 

<2 mm due to the poor resolution (1.0-1.3 mm), in comparison to US which was able to 

visualize structures that were 0.3-0.6 mm thick (Alasaarela et al., 1998). The shoulder is 

anatomically different from the peripheral regions like the MCPJs and MTPJs, as the 

shoulder is in one of the thicker parts of the body and is difficult to access with the CT 

scanner. In the present study, it is possible that the number of erosions at MTPJs 3 and 4 

were over-estimated, and for this reason there was no association between the erosion 

status and total and cortical subcortical density at these joints. Although the resolution of 

our pQCT protocol (0.40 mm) was fairly good, there is still a possibility that the 

resolution was not high enough to detect small breaks in the cortical bone. On a similar 

note to the aforementioned paper, if the erosions in our patient population are indeed 

small, then it makes sense that there is a discrepancy between the MR erosion data and 

pQCT vBMD data.         

In a study that was similar to the present study, MR erosions were localized in 

quadrants of MTPJs 1-5 in RA patients; quadrants were analyzed separately for the MT 

head and phalangeal bases. The quadrants were assigned as follows: dorsal-medial, 

dorsal-lateral, plantar-medial and plantar-lateral (Siddle et al., 2014). The plantar 

quadrants (plantar-medial and plantar-lateral) and MT heads had the highest prevalence 

of erosions (Siddle et al., 2014). This data agrees with the present study, as the quadrants 
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with the lowest pQCT bone density measures and MR erosions were the plantar, medial 

and lateral regions. As well, our study only reported MT head MR erosions, as more 

erosions were present in the MT head compared to the phalangeal base. Both the 

aforementioned study and the present study suggest that the plantar region is most 

affected due to biomechanical factors at the MTPJs in RA patients (Siddle et al., 2014). In 

contrary to these results, another study that assessed quadrant level bony changes at 

MTPJs 1-5 in RA patients found that erosions were most prevalent in the lateral quadrant 

of MTPJs 3 and 5, and the medial and plantar quadrant of MTPJ 1; the lateral quadrant in 

MTPJ 5 demonstrated the highest number of erosions (Boutry et al., 2003). The results 

for this study may have been different from the first study and the present study as it 

measured both feet, as well as patients with early RA (median disease duration: 1 year), 

whereas the first study and present study only measured the most symptomatic foot and 

included patients with longer mean disease durations (10.6 years and 5.0 years, 

respectively). As well, the present study did not explore pQCT density and MR erosions 

at MTPJ 5 due to the poor reliability and poor clarity, respectively.   
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4.6 Limitations 

Our study has a number of limitations. In terms of the cohort, men were under-

represented in our study, as a majority of the cohort was composed of women. As well, 

although a sample size of n=25 was calculated with an ICC of 0.8±0.2, the sample size 

was too small to detect statistical differences in total and cortical subcortical densities. 

However, now that we have preliminary vBMD data for the MTPJs (measured with 

pQCT) in both RA patients and controls, we can use this to calculate a sample size for 

follow-up studies, which will be powered to determine a statistically significant 

difference between RA patients and controls.      

Past studies that have assessed vBMD in RA patients have also reported markers 

for bone metabolism, such as hydroxyvitamin D3, osteocalcin and parathyroid hormone 

(Aschenberg et al., 2013). It may have been beneficial to assess these markers in the 

present study and determine if they corresponded with the variation seen in bone density 

parameters.  

As well, due to the cross-sectional nature of the pQCT segment of the study, the 

change in vBMD could not be determined in comparison to other modalities tested. This 

was also a limitation when comparing MRI data to the vBMD data, as the two 

measurements were not taken at the same time point. Thus, changes that could have taken 

place over the last year would not have been captured when comparing MRI data with 

pQCT data.  
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Peripheral QCT 

 One of the limitations of our study is that HR-pQCT was not used as the imaging 

modality to quantify erosions, as this imaging modality is considered the gold standard 

for erosion detection. However, we were limited by the cost of the modality, accessibility 

to the modality, and logistics of the study.  

 In terms of pQCT reliability for the feet, %RMSCV for test-retest reliability was 

poor in MTPJs 4 and 5. As previously mentioned, we are aware that our 5% benchmark 

for %RMSCV is conservative, however we had opted for this benchmark so that in 

follow-up studies that monitor the change over time, we can be confident that the change 

in the vBMD is due to true change and not measurement error. A tighter error threshold 

ensures more confidence in results. To add, since %RMSCV is a function of the 

difference in paired measures and the mean vBMD, lower absolute vBMD measures lead 

to higher values of %RMSCV and poorer precision (Martin et al., 1997). The vBMD at 

the MTPJs is lower than that in the radius and tibia, thus, comparatively, it can be 

expected that variability will be higher at the toes. In addition, we expected an even lower 

vBMD at the MTPJs of RA patients, which likely contributed to an even poorer 

%RMSCV. As well, past studies have suggested that using 2 slices to represent each joint 

may contribute to higher variability for test-retest reliability (Perry et al., 2005).  

In terms of the scan protocol, one of the issues encountered during scanning 

patients included varying scout views between scanning trials. When the scout view scan 

is not accurate (due to distortion of normal anatomical landmarks in RA patients), the 

subsequent result is that the reference line will not be placed in the same spot each time 
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(Martin et al., 1997). The reference line is crucial as it prescribes the location of the ROI 

for scanning. Any small variation from the previous scan will result in variability as the 

apparatus is sensitive to change. With regards to the reference lines, their placement was 

determined based on the most common sites for erosions in the ≥2 year follow-up. 

However, this is not representative of all the erosions found in the 25 patients, thus, this 

may be why the anticipated trend was not captured and why there is discrepancy between 

MR erosion data and pQCT vBMD data, as we may have missed some erosions. For 

future studies, we recommend using multiple overlapping slices at a single joint (e.g. 

MTPJ 2/3). Additionally, the scan time for the protocol was ~9 minutes. At times, 

patients had difficulty keeping their foot still (e.g. some individuals had foot spasms and 

others had shaking feet), which resulted in motion artefacts and misalignment between 

test-retest images. Thus, future studies should provide a custom cast/plate that does not 

affect recordings and which allows patients to sit with more comfort (our study 

incorporated the custom plate after we had completed scanning RA patients). When 

deciding on a scan protocol, a risk-benefit analysis needs to be done. It is ideal to get the 

most information from the scanner in the shortest period of time. However, more 

information requires more slice scans, slower scan speed and higher voxel resolution, and 

all of these require more time. Depending on the population, it is not always feasible to 

set up long protocols, as this may result in motion artefacts, which will distort the scan 

images.   

Some physical barriers were also encountered during scanning. One such obstacle 

was the variability in foot size. The pQCT modality is not suitable for individuals of all 
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sizes, as those with bigger, thicker feet had difficulty fitting inside the holder. This makes 

it difficult to position due to the sensitivity of the machine, and because the scanner 

requires the peripheral joints to be centered in the gantry. To add, thicker feet often have 

more soft tissue, thus it was difficult to palpate feet and locate the MTPJs in participants 

with these conditions, which may have contributed to difficulty detecting the distal MT 

head in the scout view scan. Lastly, anatomically, all participants were different and this 

affected the slope of the MT heads. Some individuals had a larger distance between their 

second and fifth MT heads, making it challenging to fit MTPJs 2-5 in the short frame that 

was scanned during the scout view scan.  

 In addition, due to time constraints and logistics, patients had to be scanned twice 

within the same day for reproducibility measures. Previous research has shown that test-

retest on the same day may underestimate the %CV values, and therefore the 

reproducibility (Chaplais et al., 2014). Thus, there is a possibility that a type II statistical 

error may have occurred, where there is a true difference, but findings appear non-

significant (Chaplais et al., 2014). For future studies, we would suggest repeat scans on 

separate days.  
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Chapter 5.0 Conclusion 
 

Currently, bone erosion detection in RA patients is suboptimal due to clinical and 

imaging limitations. To our knowledge, this is the first study to explore the use of pQCT 

in an RA population to quantify vBMD in MTPJs 2-5 as a surrogate marker for the 

presence of erosions. The present study has reliably reported vBMD at MTPJs 2 and 3, 

suggesting that the protocol is optimized for these two joints. As well, total and cortical 

subcortical density appeared to be lower in MTPJ 3 of RA patients compared to matched 

controls. The general agreement between quadrant level pQCT vBMD measures for total 

and cortical subcortical density and MR quadrant localized erosion data suggests that the 

reduced vBMD in RA patients are reflective of true bone damage. Thus, our results 

suggest that total and cortical subcortical density can indeed be used as surrogate markers 

for the presence of bone erosions.  

This research is still in its infancy. We recommend future studies to perform a 

follow-up to determine whether change in vBMD correlates with a change in erosion size 

on MRI. As well, we recommend a larger sample size and longitudinal data so that it can 

be determined if vBMD measures are reproducible in the long-term. Currently pQCT is 

only used for research purposes, but if future studies demonstrate long-term 

reproducibility of results with this modality, perhaps it can be used in tandem with MRI 

and US to better elucidate the presence of smaller grade erosions. It is also beneficial that 

we now have a reference dataset to compare to. To conclude, the use of pQCT in the 

MTPJs as an imaging modality in clinical trials may be an additional option when 

assessing response to therapy.   
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Appendix 
 
Appendix A1. 2010 ACR/EULAR Classification Criteria 
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Appendix A2. Standard Operating Procedure (SOP) for pQCT MTPJ protocol 
Jessica Amin 
Acknowledgements: Thank you to Dr. Andy Kin On Wong for helping to set up the 
protocol and Dr. Chris Gordon for letting us use the pQCT scanner. 
 
This protocol is for the Stratec XCT 2000 (image 
below). The machine is located in 25 Charlton Ave, 
in suite 610. The thickness of each slice produced 
by the device is 2.3 mm. For the purposes of this 
protocol, each scan slice releases 1 µSv of 
radiation. 

 
 
 
 
 
 
 
 
To begin: 

1.   Open “Start C_XCT” from the Desktop. 
2.   When asked “Create license entry?”, 

press “No”. 
3.   User ID: 9999, Password: service 
4.   Press “Esc” three times to reach the main menu. 
5.   Ensure that the phantom is placed in the holder and is centered in the gantry 

(refer to image below for front (left) and back (right) view). 
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6.   Select “QA-Scan” > “Select phantom”. 

 
7.   Then select “CONE PHANTOM”. 

 
8.   Press “F4” to save and proceed. Perform the rest of the Quality Assurance 

(QA) scan as stated in pQCT Daily QC, written by Dr. Andy Kin On Wong. A 
QA scan MUST be performed before beginning scans for each day. After 
completing a successful QA test, copy down the given values from the left-
hand column into the yellow folder titled “pQCT quality assurance log”. The 
cone phantom can now be removed. 
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Marking the patient 
1.   Ask the participant to remove their shoes and socks from the 

most symptomatic/dominant foot and mark 
metatarsophalangeal joints (MTPJs) 2-5 with a washable 
marker. (Hint: Ask the participant to curl their toes and then 
detect the bumps, but in cases when this does not work, ask 
them to move their toes so that you can feel the end of the 
joint.) 

 
 
 
 
To begin scanning 

1.   Go to “Measure” > “New Patient”. 

 
2.   The “Patient data” screen will appear. Enter their name (first initial, last initial, 

FIS#; e.g. Jennifer Smith FIS 20 would be JS20), first name (set to “FIS19”), birth 
date (use only the month and year, day can be 01 for all participants), and gender 
(1=female, 2=male). Then, press “F4”. 

 



M.Sc. Thesis – J. Amin; McMaster University – Medical Sciences 

 
151 

3.   This will take you to the “Measurement” screen, where the protocol can be 
selected. 

 
4.   Click “F6”, then select “Measure without reference”. 

 
5.   Click “F6” again, then “Load mask parameters”. 
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6.   Select the protocol “MTP2-5 3.5-5”. 

 
7.   The following protocol will load on screen (shown below). The protocol is set for 

8 scan slices, 2 per MTPJ. For each MTPJ, transaxial scans at 3.50 mm and 5.00 
mm from the reference line will be taken. 

 
8.   In the “MeasComment” row, type a comment on the foot you are scanning 

(right/left) and whether the scan is test/retest. Press “F4” 
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9.   To start measurement, press “Y” on your keyboard. If the holder needs to be 
changed, press “H”. Then press “Enter”. 

10.  Below is an image of the modality without any additions (A). Prior to use, attach 
the custom foot plate to the plank (B). The plate has two Velcro straps that are 
used to secure the plate to the plank. Seat the patient on the black hydraulic pump 
chair and ask them to place their heel at the end of the holder (C). Place a stool 
under the foot that is not being scanned so that the patient is comfortable. Once 
the patient is comfortably seated, secure their forefoot with the Velcro strap.    

 
11.  Next, a scout view scan needs to be performed in order for the scanner to 

determine where the foot is positioned in the gantry. Press the right “Shift” button 
on your keyboard to move the scanner away from the patient, and the left “Shift” 
button to move the scanner toward the patient (A).  
**Note you will have to move the red laser a certain distance away from the 
patient in order for the “Start SV” button to become functional (B). 

 
 
 
 
 
 

plank 
A. B. 

custom foot plate heel 
C. 

A. B. 



M.Sc. Thesis – J. Amin; McMaster University – Medical Sciences 

 
154 

 
 

12.  Once the red laser is placed at the 5th MTPJ, you are ready to begin the scout view 
scan. The protocol is set up so that the scanner will move away from the patient, 
i.e. the red line will move from the proximal foot to the distal foot (shown below). 
When you have let the patient know that they will have to stay still from now on, 
you can press the “Start SV” button. 

 
13.  After the scout view scan is completed, click “Pos” and move the respective 

reference lines to the end of MT heads 2-5 (shown below). You can navigate 
between reference lines by pressing the “Tab” button on your keyboard. 
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Examples for reference line placement: 
 
RA corresponds to MT head 2. 

 
RB corresponds to MT head 3. 

RC corresponds to MT head 4. 

 
RD corresponds to MT head 5. 
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14.  After setting the reference lines, press “Start CT”. The scan protocol will begin. 
The protocol takes ~9 minutes to complete.  

15.  When the scan is complete, a screen will appear with all 8 images (shown below). 
To navigate between slices, click “Page Up” and “Page Down” on your keyboard. 

16.  Remove the patient from the scanner. 
17.  To leave this screen, press “Esc”, then select “END”. You will return to the main 

menu. 
18.  To exit the program, go to “Measure” > press “E” (End) > End program?: press 

“Y” (Yes). Then press “Esc”.  
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Appendix A3. Standard Operating Procedure (SOP) for pQCT MTPJ analysis  
Jessica Amin 
 

1.   Open Stratec XCT application, input username and password (9999, service, 
respectively) 

2.   Go to “Analyze” > “Select Patient” > in the “Name” section, type the respective 
patient/control ID, then click “Enter”   

3.   A list of scans will be presented, select the one with the corresponding first name 
– “FIS19”. This will lead to the patient data screen: 

 
4.   Press F5 to continue to the list of measurements: 

 
5.   Select the test you wish to analyze, then press “Enter”. 
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6.   The next screen will give an overview of the slices that were scanned for the 
respective protocol: 

7.   Select the first slice and begin analysis (click “Page Up” or “Page Down” to 
navigate between slices, the slice number is on the bottom left corner of each 
image) 

Analyzing manually:  
8.   Go to “ROI”, then “CALCBD”.  
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9.   Input a "Threshold” value, “Trab. area” %, “Contour mode”, and “Peel mode” 
value: 

 
10.  Press “OK”, and the following screen will appear with all bone mineral density 

and area measurements: 
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Analyzing using a Loop (pre-determined analysis): 
11.  After selecting a slice image, click “Results”, then select “ROI”, then “NEW”. 

This will take you to an enlarged screen with the image: 

 
12.  Click the “Set rectangular ROI” button for a rectangle shape (A), or the “Set 

irregular ROI” button for a custom ROI (B). The type of ROI varies based on each 
joint, thus, choose according to which would be best suited (case by case basis). 

 
13.  After selecting the ROI, press “OK”. 
14.  Navigate to “Loop”, then press “Enter”, then “Select” > “Jessica_Loop”, “Enter”, 

then “start “Jessica_Loop””. Below is an example of 6 loops that will run with the 
selected ROI, with the pre-set values for each parameter: 

 
 
 

A. B. 
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*ThBd indicates the threshold of bone that will be considered in analysis, the 
higher the threshold, the lower the error 
*Trab. area % indicates the amount that is left on the trabecular region after 
peeling the exterior. For instance, trab. area 60% indicates that 40% of the exterior 
is peeled off. 
*Peel mode changes the proportion of cortical and trabecular bone 

15.  To edit the loop, go to “Edit” and adjust as needed.  
16.  Complete the loop analyses for all required scan slices.  
17.  To exit, press “OK”, then “OK” again, then “OK” again, then “END”. This will 

bring you back to the main screen. 
 
To access the analyzed Loops: 

1.   Open the Windows C: drive. 

2.   Select the “XCT” folder, then go to “TZ” 
3.   Select the .dbf files and copy to your USB key: e.g. LP180_45, LP180_60. 
4.   The measures from the .dbf files can then be copied and pasted to an Excel 

document and are ready for statistical analyses. 
 

 
 
 
 
 
 

 Analysis 1 Analysis 2 Analysis 3 Analysis 4 Analysis 5 Analysis 6 
*ThBd 
mg/ccm 

180.0 200.0 180.0 200.0 220.0 220.0 

ThBd2 
mg/ccm 

400.0 400.0 400.0 400.0 400.0 400.0 

*Trab. 
Area % 

45.0 45.0 60.0 60.0 45.0 60.0 

Contour 
mode 

1 1 1 1 1 1 

*Peel 
mode 

1 1 1 1 1 1 

ThCort 
mg/ccm 

710.0 710.0 710.0 710.0 710.0 710.0 
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Various cases of pQCT images 
 
Bad/Unclear Images 

 
 

ROI drawing standardization  
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Appendix A4. Correlation coefficients between average vBMD and questionnaire 
parameters  

Questionnaire 
parameters 

Total density Cortical subcortical density 
Correlation 
Coefficient 

Significance Correlation 
Coefficient 

Significance 

Pearson Spearman Pearson Spearman 
LFIS total  -0.061 0.772  0.013 0.952 
LFIS IS 0.057  0.786 0.114  0.587 
LFIS PA  -0.139 0.508  -0.047 0.824 
HAQ  -0.068 0.745  -0.012 0.953 
PAIN  0.001 0.997  0.113 0.592 
FT  0.177 0.397  0.194 0.353 
GL  0.032 0.880  0.106 0.613 
Morning 
stiffness 

 0.183  0.382  0.159 0.448 

 

 
 


