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General introduction

RHEUMATOID ARTHRITIS

Approximately 1% of the population worldwide suffers from rheumatoid arthritis (RA), a
chronic auto-immune inflammatory disease, that mainly affects the small joints of the
hands, wrists and feet."” RA is more common in females and symptoms consist primarily
of pain, swelling and stiffness of the joints. Patients with RA are at risk for joint damage
due to inflammation, which is characterized by cartilage damage leading to joint space
narrowing and bone erosions.” The presence of erosions is a predictor of further bone
damage and is strongly associated with disability and reduced quality of life.” Accurate
and timely treatment is therefore important for the patients’ well-being and the impact
of the disease.

In the absence of adequate therapy, most patients with RA will develop bone damage
visible by conventional radiography (CR).8’9 Current treatment recommendations for RA
support early and aggressive treatment to reduce the development of this bone
damage.s’10 Treatment with synthetic disease-modifying anti-rheumatic drugs
(SDMARDs) and biologic drugs (bDMARDs) is directed at achieving symptom
improvement, remission or low disease activity state, and inhibition of joint damage, the
so called Treat-to-Target-strategy.'' Despite achieving remission, bone damage can still
occur or progress.

Both serological and imaging biomarkers can be used to identify those patients that are
at risk for bone damage progression. Serological biomarkers that have been associated
with risk for progression include rheumatoid factor (RF),® anti-citrullinated protein
antibodies (ACPA)™™ and C-reactive protein (CRP)." Imaging biomarkers allow
visualization of inflammation and bone damage, which may not be determined by
clinical examination. A variety of imaging techniques exists, each with their own
particular advantages and disadvantages for use and interpretation in clinical practice.

IMAGING IN RA

Traditionally, imaging in RA is performed using CR, which is fast, inexpensive, easily
accessible, provides a two-dimensional (2D) assessment of bone and rheumatologists
are familiar with its interpretation.3 A major drawback of CR is that it is not sensitive to
detect erosions at an early stage and (subtle) progression over time." In addition, it
cannot visualize inflammation of the joint. These limitations were the stimulus to apply
other imaging modalities in RA, for example magnetic resonance imaging (MRI),
ultrasound (US), and clinical Computed Tomography (CT).

MRI, with a resolution of ~400 um,™ has the advantage of imaging the entire joint
including surrounding soft tissues, the synovium and synovial fluid in three dimensions
(3D). Therefore, MRI can not only detect bone erosions, but also quantify inflammation
in the synovial fluid (synovitis) and in the bone marrow (osteitis/bone marrow edema
(Bl\/IE)).lg'22 MRI is, however, expensive, time consuming, and its availability may be
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limited. Furthermore, erosions can be mimicked by lesions, such as focal bone edema or
bone sclerosis, that do not involve bone loss, potentially leading to overestimation of the
erosion size on MRI compared to clinical cT.18%

Musculoskeletal US is cheaper and less time consuming than MRI and allows detection
of joint effusions, surrounding soft tissue involvement, and bone erosions, while power
Doppler signal identifies the increased vascularity of inflamed tissues.” Disadvantages of
US are that it is operator dependent, it is not able to penetrate bone tissue for imaging,
and standardization and validation are still incomplete.”

Clinical CT, with a resolution of ~300 um,z6 is currently the best modality to assess bone
in 3D.” Clinical CT has been proven to be superior in the detection of bone erosions
compared to MRI and CR in patients with RA."®** Disadvantages of CT are its inability to
visualize inflammation, its limited accessibility, and its high radiation exposure
(~1 mSv).”®

HIGH-RESOLUTION PERIPHERAL QUANTITATIVE CT IMAGING

High-resolution peripheral quantitative CT (HR-pQCT) is a novel 3D imaging technique
that allows in vivo evaluation of the cortical and trabecular bone micro-structure and
volumetric bone mineral density (vBMD) of the peripheral skeleton, such as distal radius
and tibia.””*® The main advantage of HR-pQCT over clinical CT is its higher resolution
(82 um versus up to 300 um with MRI and clinical CT)."**® This higher resolution enables
capturing the bone micro-structure, also referred as “virtual bone biopsy”.” The
assessment of the bone micro-structure on HR-pQCT is validated compared to microCT
(uCT) imaging, the 3D gold standard.””*

The main disadvantages of HR-pQCT are the limited availability and experience, a longer
scan time compared to clinical CT (typical scanning time is 3 minutes per 9 mm versus
1 second per 19 mm, respectively’') which results in more frequently observed motion
artefacts,az’33 and the possibility of only scanning the peripheral skeleton.”®

In the last decade, HR-pQCT imaging has been primarily used in studies on bone micro-
structure in metabolic bone diseases and osteoporosis in comparison to healthy
subjects28 and in intervention trials with anti-osteoporosis medication.*** More
recently, HR-pQCT imaging has also been used to scan peri-articular bone in finger joints
of patients with RA.>**’

HR-pQCT imaging in RA

The first studies with HR-pQCT in finger joints of patients with RA aimed to describe the
potential of this imaging modality to detect peri-articular bone involvement in this
population. Because of the high resolution, HR-pQCT imaging is more sensitive in the
detection of structural bone damage in peri-articular bone of MCP and PIP joints in
patients with RA compared to CR, MRI and US.”*! Stach et al. showed that small
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erosions (<0.5mm in diameter) could be detected on HR-pQCT images and that these
erosions were found not only in patients with RA but also in healthy subjects. However,
the number and size of erosions were greater in patients with RA, and erosions >1.9 mm
in diameter were considered highly specific for patients with RAY Fouque-Aubert et al.
showed that patients with early RA (i.e. <2 years disease duration) without bone damage
on CR, had multiple erosions and a significantly impaired cortical volumetric bone
density and thinner trabeculae on HR-pQCT compared to healthy subjects.*® Longitudinal
studies using HR-pQCT imaging visualized partial repair of large erosions in patients with
RA treated with tumor necrosis factor inhibitors (TNFi), interleukin-6 (IL-6) or receptor
activator of nuclear factor kappa-B ligand (RANKL) blocker.****

In a previous study from our study group, we discovered that not only many cortical
interruptions could be seen in both patients with RA and healthy subjects with HR-pQCT
imaging, but that also a heterogeneous spectrum of cortical interruptions could be
observed.” Some (larger) cortical interruptions had underlying trabecular bone voids
and were suggestive for an erosion, whereas other cortical interruptions were smaller
andmayrepresentphysk)logicalinterruptions(i.e.vascularchannels)(Figurel.l).45

CR HR-pQCT

transverse coronal sagittal

Figure 1.1. Normal MCP joints on CR, but cortical interruptions can be seen on HR-pQCT images with
interpretations according to SPECTRA. (a.) Shows a cortical interruption which is suggestive for an erosion
(adjacent trabecular bone loss). In (b.), a cortical interruption is seen on the palmar side (arrows), which is
suggestive for a vascular channel (parallel lining). Image adapted from Scharmga and Peters et al. J Rheum
2016.”
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The Study grouP for xtrEme CT in RA (SPECTRA) proposed definitions to differentiate
erosions from other cortical interruptions (i.e. vascular channels).”® They defined an
erosion as an interruption in the cortical bone extending over a minimum of two
consecutive slices in at least two perpendicular planes with adjacent trabecular bone
loss (Figure 1.1a), and a vascular channel as an interruption in the cortical bone
extending over a minimum of two consecutive slices in at least two perpendicular planes
with parallel lining (Figure 1.1b).*® However, our study group showed that this
preliminary definition for vascular channels was insufficient to capture most vascular
channels using HR-pQCT."’

The detection of vascular channels in finger joints might be of importance in early
diagnosis and monitoring of patients with RA. Vascular connections between bone
marrow and the joint have been shown to be an anatomical location for bone damage in
animal models of arthritis*®*® as they provide direct entry points for synovitis and
osteoclast-mediated joint destruction.””*® It has, therefore, been hypothesized that
erosions might start in vascular channels.”>***°!

Scoring of HR-pQCT images

To date, cortical interruptions on HR-pQCT are evaluated by visual evaluation on
multiple HR-pQCT slices (one scan stack with a length of 9 mm consists of 110 slices of
82 um).> P22 A major drawback of visual scoring is that it is not only prone to
subjectivity, but also time consuming. Previous studies only scored erosions and did not
incorporate all cortical interruptions (both erosions and small cortical interruptions).
Earlier work from our study group, using visual scoring and incorporating all cortical
interruptions, showed a substantial to almost perfect intra-reader reliability (ICC 0.69
and 0.88), but fair to moderate inter-reader reliability (ICC 0.37 and 0.56), and a poor
feasibility (average scoring time per joint: 8.6 min (SD 3.7)) for application in clinical
practice.53

An automated algorithm for the detection of all cortical interruptions, could potentially
improve reliability by minimizing reader interventions and improving feasibility in clinical
practice. In one study, the development of an algorithm that accurately and reliably
measured the volume of cortical interruptions has been described.”® However, only
erosions were considered, an operator still needed to manually set a seeding point in the
erosion, and manual corrections were necessary in the obtained volume in nearly half of
the erosions.” No fully-automated algorithm with inclusion of detection of small cortical
interruptions was available.

Bone mineral density and bone micro-structural parameters

In addition to detection of (small) cortical interruptions, HR-pQCT imaging is also able to
evaluate VBMD and bone micro-structure in finger joints.’® Using the standard
evaluation protocol, vBMD is obtained in the total, trabecular and cortical region, and
the bone micro-structure is captured in several micro-structural parameters (i.e. number
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and thickness of trabeculae (Th.N and Th.Th, respectively), separation and distribution of
separation of trabeculae (Th.Sp and Tb.SpSD, respectively), and thickness of the cortex
(Ct.Th)). These morphometric measures are indicative of intra- and peri-articular bone
loss which can also be observed in patients with RA (peri-articular osteopenia/
osteoporosis).”" Digital x-ray radiogrammetry (DXR) can measure BMD and cortical
thickness in metacarpal bones.”> Previous studies showed that these parameters are
correlated with functional status, disease activity parameters and erosive changes in
RA,>> and early loss of BMD on DXR predicted radiographic progression in RA.>®

Using HR-pQCT imaging, a new method has been proposed to also determine cortical
porosity (Ct.Po) and cortical tissue mineral density (Ct.TMD) in addition to vBMD and
bone micro-structural parameters obtained from the standard evaluation protocol.”” A
previous study evaluated the reproducibility of vBMD and bone micro-structural
parameters in finger joints of patients with RA, but reproducibility of Ct.Po and Ct.TMD
was not included.®® In addition, two cross-sectional studies evaluated vBMD and bone
micro-structural parameters in finger joints of patients with RA in comparison to healthy
subjects.%’58 A lower vBMD and impaired bone micro-structure in finger joints of
patients with RA was found compared to healthy subjects, but Ct.Po and Ct.TMD were
again not included.”®®® It is therefore unknown if Ct.Po and Ct.TMD are impaired in
patients with RA compared to healthy subjects. Last, longitudinal studies evaluating
change in vBMD and bone micro-structural parameters in patients with RA and healthy
subjects are lacking.

OBJECTIVES

In this thesis, we describe the development of an algorithm for automated image
analysis for detection of small cortical interruptions in finger joints, which aims at
facilitating a more standardized and less time-consuming analysis of finger joints
compared to visual scoring. When developing a new tool, it is important that it meets
the requirements described in the Outcome Measures in Rheumatology (OMERACT, an
independent initiative of health professionals interested in outcome measures in
rheumatology): truth, discrimination and feasibility.59 By introducing this new automated
algorithm, it is important to know whether this algorithm measures what is intended to
measure (truth or validity), whether it discriminates between situations of interest
(discrimination) and provides similar results on replication (reliability), and whether it is
applicable in terms of time and interpretability (applicability).

In this thesis, reliability, validity and applicability of HR-pQCT in the detection of small
cortical interruptions, bone density and bone micro-structure in finger joints of patients
with RA and healthy subjects are studied. We compared the automated algorithm with
the visual scoring method and with uCT, the gold standard. Furthermore, we were
specifically interested in the additional value of correction of contours by and operator
(“semi-automated procedure”) versus a fully automated procedure, to which extent the
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scores generated by the automated algorithm match between operators (inter-operator
reliability) and on rescanning with in-between repositioning. We applied the automated
method to patients with RA and healthy controls, and compared cortical interruptions,
bone density and micro structural parameters between these groups and related
findings on HR-pQCT to findings on MRI and CR both cross-sectionally and longitudinally.

OUTLINE

In Chapter 2, first, intra- and inter-reader reliability, and second, validity of visual
detection of cortical interruptions using HR-pQCT compared to uCT (as 3D gold
standard) were studied using ten female index fingers from anatomic specimens from
the Department of Anatomy and Embryology of the University of Amsterdam, the
Netherlands. In Chapter 3, we introduced an automated algorithm for HR-pQCT images
for detection of cortical interruptions, and studied the additional value of correction by
an operator (semi-automated procedure) over a fully automated procedure.
Subsequently, we compared the detection of cortical interruptions using the algorithm
to visual scoring in a subset of patients with RA and healthy subjects from the MOSA-
Hand cohort. This cohort consists of 38 female healthy subjects and 41 female patients
diagnosed with RA from the Maastricht University Medical Center, the Netherlands. In
Chapter 4, validity of the semi-automated algorithm for detection of different minimum
cut-off diameters of cortical interruptions on HR-pQCT was studied and compared with
uCT, as gold standard, using ten female index fingers from anatomic specimens. In
Chapter 5, we extended the semi-automated algorithm for detection of cortical
interruptions with automated detection of underlying trabecular void volume, and
studied the reproducibility of this extended algorithm in peri-articular bone of 17 early
RA and four undifferentiated arthritis patients from the Early Inflammatory Arthritis
Clinics of the Division of Rheumatology at the University of Calgary, Canada. Additionally,
reproducibility of the peri-articular bone density and micro-structural parameters was
studied in these subjects. In Chapter 6, the number and size of cortical interruptions,
bone density and bone micro-structure were investigated in patients with RA and
compared to healthy subjects from the MOSA-Hand cohort in a cross-sectional study. In
addition, we investigated the association between structural damage on CR and MRI,
and markers of inflammation on MRI with the number and size of cortical interruptions
on HR-pQCT. In Chapter 7, change in cortical interruptions, bone density and bone
micro-structure in MCP and PIP joints after one year follow-up was investigated in
patients with RA and healthy subjects from the MOSA-Hand cohort. Finally, the overall
findings of this thesis are summarized and discussed in Chapter 8.
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ABSTRACT

Background

To study the reliability and validity of high-resolution peripheral quantitative CT
(HR-pQCT) with microCT (UCT) as gold standard in the visual detection of cortical breaks
in metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints.

Methods

Ten cadaveric fingers (10 MCP and 9 PIP joints) were imaged by HR-pQCT and uCT and
visually analyzed by two independent readers. Intra- and inter-reader reliability were
evaluated for the presence (yes/no, kappa statistics) and the total number (intra-class
correlation coefficient, ICC) of cortical breaks. Sensitivity, specificity, positive and
negative predictive value (PPV respectively NPV) of HR-pQCT in detecting cortical breaks
were calculated.

Results

With HR-pQCT, mean 149 cortical breaks were identified and with uCT mean 129
(p<0.05). Intra-reader reliability for the presence of a cortical break per quadrant was
0.52 (95% Cl 0.48-0.56) and 0.71 (95% ClI 0.67-0.75) for HR-pQCT and uCT, respectively,
and for the total number of cortical breaks 0.61 (95% ClI 0.49-0.70) and 0.75 (95% ClI
0.68-0.82). Inter-reader reliability for the presence of a cortical break per quadrant was
0.37 (95% Cl 0.33-0.41) and 0.45 (95% CI 0.41-0.49) for HR-pQCT and uCT, respectively,
and for the number of cortical breaks 0.55 (95% ClI 0.43-0.65) and 0.54 (95% Cl
0.35-0.67). Sensitivity, specificity, PPV and NPV of HR-pQCT were 81.6%, 64.0%, 81.6%,
and 64.0% respectively.

Conclusion

Cortical breaks were commonly visualized in MCP and PIP joints with HR-pQCT and pCT.
Reliability of both HR-pQCT and uCT was fair to moderate. HR-pQCT was highly sensitive
to detect cortical breaks with pCT as gold standard.
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INTRODUCTION

Peri-articular cortical breaks are one of the characteristic features of bone involvement
in rheumatoid arthritis (RA) and predictors of further radiographic progression.l’2 Early
detection of cortical breaks is an important indicator for intensifying treatment in order
to modify the disease course.’ In daily clinic, conventional radiographs (CR) are
considered the gold standard for detection of cortical breaks in the hand joints in
rheumatic diseases. CR is widely available, fast to perform, relatively cheap, and
extensively validated, however its sensitivity to detect structural bone changes is low
compared to computed tomography (CT), MRI and ultrasound.”” A novel, sensitive
imaging technique is High-Resolution peripheral Quantitative Computed Tomography
(HR-pQCT).® HR-pQCT allows analysis of the cortical and trabecular microarchitecture of
peripheral bones with an isotropic resolution of 82 micrometer (um). This technique is
now also applied for 3-D assessment of the bone microarchitecture in the hand joints.g'10
A study by Stach et al. has demonstrated that HR-pQCT is more sensitive than CR in
detecting cortical breaks in the hand joints in RA and also in healthy controls.® However,
the resolution of the HR-pQCT images can be of the same order as the thickness of the
cortical bone in finger joints. Due to partial volume effects, it is possible that thin
cortices are falsely identified as breaks. Therefore, in particular with thin cortices, the
reliability, sensitivity and specificity of the measurements might be impaired and depend
on the reader’s perception.

The aims of this study were 1). to investigate the intra- and inter-reader reliability, and
2). to determine the sensitivity, specificity, positive predictive value (PPV) and negative
predictive value (NPV) of HR-pQCT in detecting cortical breaks in hand joints, using uCT
images with a much higher resolution (18 um) as gold standard. We were particularly
interested in the methodology of identifying cortical breaks by HR-pQCT, not to study
the clinical value of these cortical breaks. We hypothesized that HR-pQCT is a reliable
and sensitive imaging method for identifying cortical breaks in hand joints compared to
uCT.

METHODS

Specimens

For this study, we used cadaveric specimen, because uCT imaging can only be executed
in-vitro. MCP and PIP joints of ten female right hand human cadaveric index fingers were
imaged by both HR-pQCT and pCT. The donors had dedicated their body by testament
signed during life to the Department of Anatomy and Embryology of the University of
Amsterdam, the Netherlands. The fingers were fixated in formalin.
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HR-pQCT and uCT image acquisition

HR-pQCT (XtremeCT1, Scanco Medical AG, Switzerland) scans were performed at clinical
in vivo settings, i.e. at 60 kVp tube voltage, 900 pA tube current, 100 ms integration time
and 82 um voxel size. uCT (UCT 80, Scanco Medical AG, Switzerland) scans were
performed at 70 kVp tube voltage, 114 pA tube current, 300 ms integration time and
18 pum voxel size. On HR-pQCT, the region of interest of the MCP joint covered an area of
18.04 mm, 220 slices and for the PIP joint 9.02 mm, 110 slices.

On uCT, the region of interest covered an area of 15.26 mm; 848 slices and for the PIP
joint 9.45 mm, 525 slices (Supplementary Figure S2.1).

HR-pQCT and pCT image analysis

Scans of HR-pQCT and uCT were exported in Digital Imaging and Communications in
Medicine (DICOM) format and analyzed using Osirix (v.5.8.5 64-bit) multiplanar DICOM
viewer. Differences in the extent of the scanned areas as well as in joint angles were
noticed because the fingers were scanned horizontally on HR-pQCT and vertically on
UCT. Corresponding first and last slices of the overlapping region were visually
determined to ensure that the same region of interest was used in the detection of
cortical breaks on both imaging modalities.

Two trained readers (AS and MP) independently scored the HR-pQCT and uCT images
visually for the presence of cortical breaks. The readers received extensive training from
Study grouP for xtrEme Computed Tomography in Rheumatoid Arthritis (SPECTRA) and
have additional reading experience, before the current dataset was read. Readers were
aware of the hypothesis of this study. The images were not anonymized. HR-pQCT
images were first and independently scored from pCT images, with at least one day in
between, and a two week interval for the rescoring by Reader 1.

A cortical break was defined as a clear disruption of the cortex, seen on two consecutive
slices on two orthogonal planes (on transverse and on sagittal or coronal plane) on
HR-pQCT, and similarly, but on nine consecutive slices on uCT to cover the same area as
evaluated by HR-pQCT (Supplementary Figure S2.2).

To assess the location of the breaks in each joint, the transverse plane was divided into
four quadrants: palmar, ulnar, dorsal and radial (Supplementary Figure S2.3). The
phalangeal base and metacarpal head of the MCP joints, and proximal phalanx and distal
phalanx of the PIP joints were separately assessed. In total eight quadrants per joint
were analysed, four in the proximal bone, and four in the distal bone of the same joint.
Each joint was systematically analysed per quadrant. Quadrants with large discrepancies
between the readers (i.e. more than four breaks difference) were re-examined to
identify reasons for discrepancy. Also, total volumetric bone mineral density (vBMD) of
the specimens was calculated using HR-pQCT.
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Statistics

Descriptive analyses were done to calculate the total number of cortical breaks scored
by the readers per quadrant for each imaging modality.

The difference in the total number of cortical breaks detected with HR-pQCT versus uCT
was tested for statistical significance with Wilcoxon signed-rank test. Intra- and
inter-reader reliability were calculated using Cohen’s Kappa (k) and intra-class
correlations coefficient (ICC) with a two-way random model and absolute agreement.
value was calculated for the presence (yes/no) of a cortical break per quadrant and ICC
values were calculated for the total number of cortical breaks per quadrant. k and ICC
were calculated on the level of all available quadrants. Kappa values were also
re-calculated, corrected for potential prevalence and bias within the kappa value
(Prevalence-Adjusted Bias Adjusted Kappa, PABAK)."""? Reliability was rated according to
Landis et al.: <0.00 poor, 0.00-0.20 slight, 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80
substantial, 0.81-1.00 almost perfect." Sensitivity, specificity, PPV, and NPV of HR-pQCT
in the detection of cortical breaks were calculated with puCT as gold standard. The mean
value of the two readings of reader 1 (AS) was used for this purpose. Statistical analyses
were performed with SPSS Statistics for Windows version 23.0 (IBM Corp., Armonk, NY).

RESULTS

The mean age of the donors was 85.1 (SD 9.6) years, the medical history was unknown.
Average vBMD was 203 mgHA/cm3 for MCP joints, 293 mgHA/cm3 for PIP joints and
245 mgHA/cm3 for the total joints. The scans of ten MCP and nine PIP joints with in total
152 quadrants were available for analysis. One PIP joint could not be evaluated due to a
missing UCT scan. Furthermore, Reader 1 considered the quality of the images of the
metacarpal head in one MCP joint as too low on uCT due to a protocol error during
scanning. Therefore four quadrants were excluded in the analyses of the uCT images.
Table 2.1 shows the total number of cortical breaks each reader found on HR-pQCT and
UCT images. The differences in scores between the first and second reading of Reader 1
were not statistically significant on HR-pQCT (139 vs. 118 breaks, p=0.064) and uCT (142
vs. 156 breaks, p=0.163). However, the difference in the mean score between HR-pQCT
versus UCT was statistically significant (respectively, 129 and 149 breaks, p<0.05). The
total number of cortical breaks on HR-pQCT scored by Reader 1 (first reading) versus
Reader 2 was not statistically significant (respectively, 139 versus 151 breaks, p=0.288).
On uCT, Reader 2 found significantly more breaks than Reader 1 (first reading) (241 vs.
142 breaks, p<0.001).
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Table 2.1. Number of cortical breaks scored per imaging modality

HR-pQCT uCT p-value
Reader 1 (first reading) 139(7.3+£4.1) 142 (7.4 £ 4.0) 0.562
Reader 1 (second reading) 118 (6.2 £ 2.6) 156 (8.2 £ 3.6) <0.001
Mean score Reader 1 126 (6.7 £ 3.0) 149 (7.8 £3.6) 0.018
Reader 2 151(7.9+3.3) 241(12.6 £6.3) <0.001

Total number of detected cortical breaks on the HR-pQCT and pCT scans (mean + SD per joint). N=19 joints.

In total 4 quadrants with large discrepancies between the readers were re-examined.

Several reasons for discrepancy were identified:

On uCT we defined a cortical break when present on nine consecutive slices. Sometimes

Reader 1 observed the cortical break on eight consecutive slices, hence not considering

it a break, whereas Reader 2 observed it on nine consecutive slices, thereby fulfilling the

criteria for a break.

e The smaller the break, the less agreement between the readers. An example of this
discrepancy is shown in Supplementary Figure S2.4a-b.

e Due to the low bone mineral density and thin cortices, there was low contrast in
some cases (example in Supplementary Figure S2.4c).

e Reader 1 considered a break as one large break, whereas Reader 2 counted several
small cortical breaks inside the same large break (example in Supplementary Figure
52.4d).

Table 2.2 shows the intra- and inter-reader reliability based on the 152 quadrants on HR-

pQCT and 148 quadrants on UCT that were evaluated. Intra-reader reliability was

moderate to substantial for the presence of breaks (HR-pQCT: k=0.52 and uCT:

k =0.71) and for the number of breaks (HR-pQCT: ICC 0.61 and uCT: ICC 0.75).

Inter-reader reliability was fair to moderate for the presence of breaks (HR-pQCT:

k =0.37 and uCT: k = 0.45,) and for the number of breaks (HR-pQCT: ICC 0.55 and uCT:

ICC 0.54). The values of PABAK were comparable (Table 2.2).

Table 2.2. Intra- and interreader reliability per imaging modality

Intra-reader Inter-reader
(reader 1) (reader 1 first reading versus reader 2
K PABAK ICC K PABAK ICC
(95% CI) (95% Cl) (95% Cl) (95% Cl) (95% CI) (95% CI)

HR-pQCT 0.52 0.53 0.61 0.37 0.38 0.55
(0.48-0.56) (0.39-0.66) (0.49-0.70) (0.33-0.41) (0.23-0.53) (0.43-0.65)

uCT 0.71 0.72 0.75 0.45 0.47 0.54
(0.67-0.75)  (0.60-0.83)  (0.68-0.82)  (0.41-0.49)  (0.33-0.61)  (0.35-0.67)

Intra- and inter-reader reliability of HR-pQCT and uCT images based on 152 quadrants for HR-pQCT and
148 quadrants on pCT. Kappa value was calculated on the presence of a cortical break (yes/no) and ICC was
calculated on the total number of cortical breaks in all quadrants

Sensitivity, specificity, PPV and NPV of HR-pQCT in the detection of cortical breaks with
UCT as gold standard were calculated with the mean scores of Reader 1 (reading 1 and
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2) and the score of Reader 2. The sensitivity was 81.6%, specificity 64%, PPV 81.6%, and
NPV 64% respectively for Reader 1, and sensitivity 68.9%, specificity 69.4%, PPV 82.6%
and NPV 51.5% for Reader 2 (Table 2.3 and Supplementary Tables 52.1-52.6).

Table 2.3. Sensitivity, specificity, positive predictive value and negative predictive value of HR-pQCT

Joints Total number of Total number  Sensitivity Specificity Positive Negative
breaks on HR-  of breaks on predictive predictive
pQCT uCT value value
MCP reader 1 68 79 82.1% 65.0% 86.8% 56.5%
MCP reader 2 83 156 65.6% 62.5% 87.5% 31.3%
PIP reader 1 61 70 81.0% 63.3% 75.6% 70.4%
PIP reader 2 68 85 75.6% 77.4% 81.6% 70.6%
All reader 1 129 149 81.6% 64.0% 81.6% 64.0%
All reader 2 151 241 68.9% 69.4% 82.6% 51.5%

Sensitivity, specificity, positive predictive value and negative predictive value of HR-pQCT in the detection of
cortical breaks with uCT as gold standard based on the mean score of Reader 1 (readings 1 and 2), and the
score of Reader 2.

In Figure 2.1, several examples of cortical breaks on corresponding HR-pQCT and uCT
images are presented. Figure 2.1a-b show a cortical break on both HR-pQCT and uCT.
Figure 2.1c, a discontinuity of the cortex is found on HR-pQCT. However, it did not meet
the definition of a cortical break applied in this study, because it was visible on one slice
only, leading to discrepancy with the results from uCT. Figure 2.1d, a cortical break was
detected on HR-pQCT, but not on UCT, where a thin cortical lining was seen.

HR-pQCT

Figure 2.1. Corresponding images of cortical breaks on HR-pQCT and WCT. (a.) A discontinuity of the cortex
(arrow) meeting the definition of a cortical break was seen on both HR-pQCT and uCT. (b.) A discontinuity of
the cortex (arrow) meeting the definition of a cortical break was seen on both HR-pQCT and uCT. (c.) A
discontinuity of the cortex (arrow) is seen on one slice only on HR- pQCT, thereby not fulfilling the definition
for a break on HR-pQCT. A clear cortical break (arrow) is seen on puCT, which was also seen on nine subsequent
slices, thereby fulfilling the definition of a break. (d.) A discontinuity of the cortex (arrow) meeting the
definition of a cortical break is seen on HR-pQCT. On uCT, the cortical lining is intact (arrow). MCP;
metacarpophalangeal, HR-pQCT; high-resolution peripheral quantitative computed tomography, uCT; microCT.
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DISCUSSION

This study is the first that reports on aspects of reliability and validity of detecting
cortical breaks in hand joints using HR-pQCT with uCT as gold standard. Cortical breaks
were found in all joints with both imaging modalities. Intra-reader reliability of HR-pQCT
and uCT was moderate to substantial, while inter-reader reliability was fair to moderate.
The sensitivity of HR-pQCT in detecting cortical breaks was high (81.6%).

In our study, only cortical discontinuities meeting the definition of a break, i.e. clearly
visible cortical interruptions on at least 2 HR-pQCT (or 9 on UCT) consecutive slices in
2 planes, were scored as a cortical break. They may have different pathological or
physiological backgrounds, such as erosions or vascular channels.®® A formal
classification system for defining breaks visualized on HR-pQCT and uCT is lacking.
Histological examination is needed to provide more insight in the nature of these cortical
breaks and for developing definitions.

In a previous study by Stach et al. an almost perfect and substantial intra- and
inter-reader reliability was reported using HR-pQCT for grading bone lesions and
discrimination between healthy individuals and RA patients (k=0.82 and k=0.75
respectively), but reliability on the presence and number of cortical breaks was not
reported.8 The precision in scoring abnormalities visualized with several imaging
techniques varies widely, even by experienced readers, as has been demonstrated for
example for scoring radiographs in RA (ICC ranged from 0.65 to 0.99)."* In general, lower
values for inter-reader reliability in comparison with intra-reader reliability are
reported,” corresponding to our findings. In our study, the breaks were scored visually,
which is reader dependent. An automatic scoring algorithm, with detection of pre-
defined definitions of breaks and executed automatically by the computer, could
potentially improve reliability by minimizing reader interventions.

We investigated the sensitivity of HR-pQCT in detecting cortical breaks with uCT as the
gold standard and found a high sensitivity (81.6%). Unfortunately, no comparative
studies are available. In contrast, two studies used HR-pQCT as the reference method for
investigating the sensitivity to detect cortical breaks of other imaging modalities.”*°
These studies reported a sensitivity of 85.7% for MRI, 60.9% for CR, and 83-100% for
ultrasound with HR-pQCT as the reference method.”'® We found a lower specificity of
HR-pQCT in detecting cortical breaks (64%) in comparison to sensitivity. A possible
explanation for this could be a phenomenon attributed to a partial volume effect leading
to a reduced cortical signal on HR-pQCT, giving the impression that a cortical break is
present, whereas on UCT the cortex is intact. An example of this is shown in Figure 2.1d.
There are several limitations of this study. First, we evaluated whether the total number
of breaks counted per quadrant corresponded between the two imaging modalities, but
did not consider correspondence in exactly the same location. This might have led to an
overestimation of the reliability. Second, we used fingers from cadaver specimens with
unknown medical history and a relatively high mean age (85.1 years). Due to the old age
of the donors, and the preservation in formalin, the cortices might become less
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mineralized.”” The average vBMD of the specimens was 245 mgHA/cm’, which is some
20% lower than the average in the normal population (>300 mgHA/cm?).'>*® This may
hamper the scoring of a cortical break on HR-pQCT. It is also possible that thin regions
were falsely identified as a cortical break. However, the use of cadaveric specimens was
essential as in vivo human subjects cannot be measured by pCT because of a long
scanning time. Third, the cadaveric specimens had slightly different orientations in the
HR-pQCT versus the UCT scanner. Despite the careful visual matching of the regions of
interest on HR-pQCT and uCT, the angle at which the transversal images were viewed
was slightly different in some joints and a cortical break might therefore be missed.
Fourth, a discrepancy between the readers regarding the number of cortical breaks
identified on uCT was noticed. uCT images provide much detail, and in particular very
small cortical interruptions were not always picked up by Reader 1. This indicates that,
when visually analyzing uCT images, more stringent definitions are necessary than when
using HR-pQCT because of the higher resolution.

CONCLUSIONS

Cortical breaks were commonly visualized in hand joints with HR-pQCT and uCT.
Reliability of both HR-pQCT and pCT was fair to moderate. HR-pQCT was sensitive to
detect cortical breaks with uCT as gold standard. In spite of the limitations of our study,
including the discrepancy of UCT results between the readers, we have shown that
HR-pQCT is highly sensitive to detect cortical breaks with a fair to moderate reliability
compared to PCT. Our findings need further evaluation, preferably with focus on
histological analyses to clarify the nature of the breaks and to establish more reliable
definitions and a classification system for analyzing cortical breaks on high-resolution
CT images.
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SUPPLEMENTARY FILES
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Figure 52.1 Method of selection of regions of interest. Method of selection of regions of interest in an MCP and
PIP joint on HR-pQCT and pCT. Total scan area for an MCP joint on HR-pQCT was 18.04 mm and for a PIP joint
9.02 mm. Total scan area for an MCP joint on puCT was 15.26 mm and for a PIP joint 9.45 mm. HR-pQCT; high-
resolution peripheral quantitative computed tomography, uCT; micro computed tomography, MCP;
metacarpophalangeal, PIP; proximal interphalangeal.
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Figure S2.2. Resolution of HR-pQCT and pCT imaging. Resolution of HR-pQCT imaging is 82 um, while the
resolution of uCT imaging is 18 um. To match both resolutions, two consecutive slices on HR-pQCT correspond
with 9 consecutive slices on uCT. HR-pQCT; high-resolution peripheral quantitative computed tomography,
MUCT; microCT.
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Figure S2.3. Division of a phalangeal base of an MCP joint. Phalangeal base of an MCP joint divided into palmar,
ulnar, dorsal and radial quadrants. MCP; metacarpophalangeal.

1 mm

Figure 52.4. Examples of uCT images that could have attributed to the differences in scoring cortical breaks
between Reader 1 and 2. (a.) Large cortical breaks (arrow) show high agreement. (b.) Small cortical breaks
(arrow) show less agreement. (c.) An extremely thin cortex (arrow). (d.) One large break (in brackets) was
counted by Reader 1, where Reader 2 considered this as several smaller cortical breaks (arrow). uCT; microCT.
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Table 52.1. 2x2 contingency table for Reader 1 all joints (MCP and PIP)

uCT presence break UCT absence break Total
HR-pQCT presence break 80 18 98
HR-pQCT absence break 18 32 50
Total 98 50 148 quadrants

2x2 table on the presence of a cortical break on uCT (gold standard) and HR-pQCT of Reader 1 for all joints
(MCP and PIP). Reader 1 considered 4 quadrants not evaluable due to the quality of the images due to a
protocol error.

Table 52.2. 2x2 contingency table for Reader 1 for MCP joints

UCT presence break UCT absence break Total
HR-pQCT presence break 46 7 53
HR-pQCT absence break 10 13 23
Total 56 20 76 quadrants

2x2 table on the presence of a cortical break on uCT (gold standard) and HR-pQCT of Reader 1 for MCP joints.
Reader 1 considered 4 quadrants not evaluable due to the quality of the images due to a protocol error.

Table 52.3. 2x2 contingency table for Reader 1 for PIP joints

UCT presence break UCT absence break Total
HR-pQCT presence break 34 11 45
HR-pQCT absence break 8 19 27
Total 42 30 72 quadrants

2x2 table on the presence of a cortical break on uCT (gold standard) and HR-pQCT of Reader 1 for PIP joints.
Reader 1 considered 4 quadrants not evaluable due to the quality of the images due to a protocol error.

Table 52.4. 2x2 contingency table for Reader 2 for all joints (MCP and PIP joints)

UCT presence break UCT absence break Total
HR-pQCT presence break 71 15 86
HR-pQCT absence break 32 34 66
Total 103 49 152 quadrants

2x2 table on the presence of a cortical break on pCT (gold standard) and HR-pQCT of Reader 2 for all joints
(MCP and PIP).

Table 52.5. 2x2 contingency table for Reader 2 for MCP joints

UCT presence break UCT absence break Total
HR-pQCT presence break 42 6 48
HR-pQCT absence break 22 10 32
Total 64 16 80 quadrants

2x2 table on the presence of a cortical break on uCT (gold standard) and HR-pQCT of Reader 2 for MCP joints.

Table 52.6. 2x2 contingency table for Reader 2 for PIP joints

UCT presence break UCT absence break Total
HR-pQCT presence break 31 7 38
HR-pQCT absence break 10 24 34
Total 41 31 72 quadrants

2x2 table on the presence of a cortical break on uCT (gold standard) and HR-pQCT of Reader 2 for PIP joints.
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ABSTRACT

Objectives

To introduce a fully-automated algorithm for the detection of small cortical interruptions
(20.246 mm in diameter) on high resolution peripheral quantitative computed
tomography (HR-pQCT) images, and to investigate the additional value of manual
correction of the automatically obtained contours (semi-automated procedure).

Methods

Ten metacarpophalangeal joints from seven patients with rheumatoid arthritis (RA) and
three healthy subjects were imaged with HR-pQCT. The images were evaluated by an
algorithm according to the fully- and semi-automated procedure for the number and
surface area of interruptions per joint. Reliability between the fully- and semi-automated
procedure and between two independent operators was tested using intra-class
correlation coefficient (ICC) and the proportion of matching interruptions. Validity of
single interruptions detected was tested by comparing it to visual scoring, as gold
standard. The positive predictive value (PPV) and sensitivity were calculated.

Results

The median number of interruptions per joint was 14 (range 2 to 59) and did not
significantly differ between the fully- and semi-automated procedure (p=0.37). The
median interruption surface area per joint was significantly higher with the fully- vs.
semi-automated procedure (respectively, 8.6 mm’ vs. 5.8 mm” and 6.1 mm®’, p=0.01).
Reliability was almost perfect between the fully- and semi-automated procedure for
both the number and surface area of interruptions (ICC 20.95) and the proportion of
matching interruptions was high (>76%). Also the inter-operator reliability was almost
perfect (ICC >0.97, proportion of matching interruptions 82%). The PPV ranged from
27.6% to 29.9%, and sensitivity from 69.7% to 76.3%. Most interruptions detected with
the algorithm, did show an interruption on a 2D grayscale image. However, this
interruption did not meet the criteria of an interruption with visual scoring.

Conclusion

The algorithm for HR-pQCT images detects cortical interruptions, and its interruption
surface area. Reliability and validity was comparable for the fully- and semi-automated
procedures. However, we advise the use of the semi-automated procedure to assure
quality. The algorithm is a promising tool for a sensitive and objective assessment of
cortical interruptions in finger joints assessed by HR-pQCT.



An automated algorithm for detection of cortical interruptions

INTRODUCTION

Peri-articular cortical interruptions are one of the characteristic features of bone
involvement in rheumatoid arthritis (RA)."? They may occur already at an early stage and
are predictors of further radiographic progression.” The presence, number, and size of
interruptions within a joint and the number of joints affected are associated with a poor
functional outcome.”*”

Conventional radiographs (CR) are considered the gold standard for detection of cortical
interruptions in hand joints in RA. However, CR has its limitations since the sensitivity of
the detection of cortical interruptions is low compared with other imaging modalities
such as Computed Tomography (CT), magnetic resonance imaging (MRI) and Ultrasound
(US).*® High resolution peripheral quantitative CT (HR-pQCT) is a low-dose imaging
technique that is able to assess the three-dimensional (3D) bone structure of the
peripheral skeleton at the micro-scale (82 um isotropic voxel size) in vivo. Studies with
HR-pQCT in finger joints showed higher sensitivity for the detection of cortical
interruptions compared with US, CR and MR,

Cortical interruptions, together with changes in the underlying trabecular bone
architecture, such as absence of trabeculae, with or without surrounding sclerosis, are a
hallmark of bone erosions. Several studies reported results on the visual inspection of
the presence, number and size of cortical interruptions as part of analyzing erosions
using HR-pQCT.">*° High intra- and inter-rater reliability for the visual scoring of the
number of erosions was found, with intra-class correlation coefficients (ICC) and kappa
values ranging from 0.6 to 1.0."°"**® However, in all studies only established erosions
and thus relatively large cortical interruptions were scored (mean width >2 mm,"?
mean depth >2 mm,ls’21 mean maximal dimension >3 mm"" and mean volume
>4 mm>™*"). Studies that systematically investigate the visual detection of smaller
cortical interruptions on HR-pQCT images are currently lacking, but it is known that this
is a laborious, complex and difficult process.22 Although these small interruptions might
not be specific for RA,™ they might be prone to bone resorption early in the course of RA
and can therefore be the first signs of erosions.”> Moreover, it has been shown that the
number of these small interruptions is increased in patients with more active disease,
suggesting a link to synovitis.10

Automated algorithms are an alternative to visual scoring of cortical interruptions on HR-
pQCT images. Recently, an algorithm has been developed that accurately measured
erosion volume and erosion surface area, but still required an operator to visually
identify the erosion and manually set a seeding point in the erosion.” A fully-automated
detection method of (small) cortical interruptions was not yet available.

Here, we introduce a newly developed, fully-automated algorithm for the detection of
small cortical interruptions (>0.246 mm in diameter) on HR-pQCT images. Because the
algorithm might be susceptible for errors in the contouring, we investigated the
additional value of correction of the contours by an operator (semi-automated
procedure) as suggested by Burghardt et al..** In addition, we tested the validity of the
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cortical interruptions detected by the algorithm compared to visual scoring, as gold
standard.

MATERIALS AND METHODS

Patients

We selected a convenient sample of seven patients with RA (mean age 53.4 (SD 7.3)
years, mean disease duration 8.2 (SD 9.8) years) and three healthy controls (HCs) (mean
age 48.0 (SD 7.8) years) from the observational MOSA-Hand cohort study, including
41 patients with RA and 38 HCs at the Maastricht University Medical Center, the
Netherlands. The subjects were considered eligible when the HR-pQCT scan was of
sufficient quality (< grade 3, as described by Pialat et al.”®), and the joint was not
destroyed. All patients with RA fulfilled the 2010 American College of Rheumatology
(ACR)/European League Against Rheumatism (EULAR) classification criteria for RA.”
None of the HCs suffered from hand joint complaints. Ethical approval was obtained
from the ethics board of the academic hospital Maastricht, the Netherlands
(NL42300.068.12 / METC 12-2-037). All participants signed informed consent.

HR-pQCT scanning procedure

MCP joints of both hands in patients with RA and the dominant hand in HCs were
scanned with HR-pQCT (XtremeCT1, Scanco Medical AG, Switzerland). The scanning was
performed at clinical in vivo settings, i.e. at 60 kVp tube voltage, 900 pA tube current,
100 ms integration time and 82 um isotropic voxel size. The reference line was placed on
top of the second metacarpal head, such that the scan region covered a length of
16.56 mm in proximal direction and 10.50 mm in distal direction (total scan length
27.06 mm, 330 slices). The total scanning time was approximately 9 minutes and the
effective dose was <9 uSv. In each patient, the third MCP joint of the first scan that was
available of a patient (either left or right sided) was selected for this study.

Cortical interruption detection algorithm

We developed the automated algorithm in several steps. In order to reduce the
influence of noise on the images, we considered discontinuities in the cortex as cortical
interruptions only if there was an opening of at least 5 voxels through the cortex and
connected to both the periosteal and endosteal boundary of the cortical mask. This
corresponds to a discontinuity in at least 3 consecutive slices and a width of at least
3 voxels (=0.246 mm). In addition, a cortical mask with a constant thickness of 4 voxels
(=0.328 mm) was chosen because this approached the average cortical thickness in the
MCP joints in this study, which was 0.39 mm. We decided to set the thickness of the
cortical mask lower, because the thickness of the cortex at the rim of the joint, where
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we expected most cortical interruptions, is in general thinner.* The minimal intra-
cortical interruption volume that can be detected by our algorithm is 20 voxels
(0.011 mm?®), based on an opening of at least 5 voxels * depth of 4 voxels. The 4 steps of
the algorithm are explained below and displayed in Figures 3.1 and 3.2, and
Supplementary Figure S3.1.

Figure 3.1. Representation of the steps executed by the algorithm. Representation of the steps executed by the
algorithm applied to a 3D reconstruction of a HR-pQCT image of an MCP joint. Based on the outer margin
contour of the original bone structure (a.) a solid volume is created (b.). The outer shell of this volume is
segmented and depicted in red (c.) using an erosion operation. This is the cortical mask (d.), which is used to
identify the cortical bone (e.). This cortical bone is dilated to fill small cavities (f.). Next, the image is inverted
(g.) and only interruptions that were connected to the endosteal and periosteal boundary are selected (h.). The
remaining cortical interruptions are dilated to their original volume (i.) and the results can be visually inspected
by adding a transparent cortical mask (j.).

First, the outer contour of the cortex is identified. We applied a modified version of the
auto-contouring algorithm developed for periosteal segmentation of the distal radius
and tibia.”**’ Modifications on this algorithm were made for the structure
approximation of the bone, which was performed using Gaussian filtering (sigma = 0.8,
support = 1 voxel) with a constant threshold of 105 instead of 120 per 1000 of the
maximum possible voxel value, because the cortex in finger joint is thinner and lower
mineralized compared to radius and tibia in order to reduce the effect of partial
volumes. In addition, and in contrast, with the originally developed algorithm, 7 instead
of 10 closing steps (dilation followed by erosion in 3D) were performed, because finger
joints are smaller compared to radius and tibia. This algorithm is explained in online
Figure 3.1.

39



40

Chapter 3

Second, a binary 3D model is created by extracting the voxels that contain mineralized
bone using the standard evaluation protocol from the manufacturer for radii and tibia,
which includes Laplace-Hamming filtering and thresholding.28 An example of a binary 3D
model of an MCP joint is shown in Figure 3.1a.

Third, a cortical mask is generated by creating a 3D binary solid volume based on the
outer margin contour (Figure 3.1b). This volume is then eroded in 3D by a distance of 4
voxels. The eroded volume is subtracted from its original volume, resulting in the outer
shell of the contoured volume with a constant thickness of 4 voxels (Figure 3.1c). This
shell is used as the mask (Figure 3.1d) to identify the cortical bone (Figure 3.1e).

Figure 3.2. 2D examples of cortical interruptions on voxel level that are detected and are not detected by the
algorithm. 2D examples of cortical interruptions on voxel level that are detected (I-1Il) and are not detected (IV-
VI) by the algorithm. The following steps are made by the algorithm: The original cortex (step a, depicted in
black) is dilated with 1 voxel (step b, depicted in grey). The cortex is then inverted (step c), only interruptions
that are connected with the endosteal and periosteal boundary are selected and dilated to (approximately) its
original size. The interruptions that are detected are subsequently displayed in the cortex (green)
(d). Interruptions that are not connected to both the endosteal and periosteal boundary (IV-VI) with at least 3
pixels are not detected by the algorithm.

Fourth, the cortical bone is analyzed for discontinuities that meet the preset criteria of a
cortical interruption (i.e. a connectivity of 5 voxels through the cortex and to both the
periosteal and endosteal boundary of the cortical mask). First, the bone within the
cortical mask is dilated in 3D by a distance of 1 voxel (Figure 3.1f). Second, the image is
inverted (Figure 3.1g), and only interruptions that remain connected to both the
endosteal and periosteal boundaries of the cortical mask are selected for further image
processing (Figure 3.1h). These interruptions are dilated again in 3D by 1 voxel to restore
the original volume (Figure 3.1i) and are considered cortical interruptions. Based on this
analysis, an image can be created with a transparent cortical mask as reference
(Figure 3.1j). Subsequently, the total number of cortical interruptions and the intra-
cortical volume of each cortical interruption is determined using a function that
identifies unconnected structural components and their volume. The interruption
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surface area is calculated by dividing the intra-cortical interruption volume by the
thickness of the cortical mask (=0.328 mm). Figure 3.2 shows 2D examples of cortical
interruptions on voxel level, which are detected and not detected by the algorithm. Only
interruptions on at least 3 consecutive slices and a width of at least 3 voxels through the
cortex are detected. The algorithm is enclosed as Supplementary File (File $3.1).

Correction of the contours

All HR-pQCT images were also evaluated by the semi-automated procedure in which the
contour generated in step 1 of the fully-automated procedure is visually inspected and,
if necessary, corrected by an operator as recommended by Burghardt et al..”* To test the
inter-operator reliability, this correction was performed by two operators independently.

Visual scoring

All HR-pQCT images were scored visually on cortical interruptions for comparison with
the algorithm. A cortical interruption was defined as a clear interruption of the cortex,
seen on two consecutive slices on two orthogonal planes (on transverse, and on sagittal
or coronal plane).””*°

Statistical analysis

In this study, the results of the fully-automated procedure (AUTO), the two operators
(OP1 and OP2) of the semi-automated procedure, and visual scoring were compared.
Descriptives of the number of interruptions and the interruption surface area were
calculated. Friedman test was used for comparison across the operators and visual
scoring. Post-hoc analyses were performed using Wilcoxon signed-rank test between the
operators, and between the operators and visual scoring.

Reliability between AUTO and the semi-automated procedure, and between OP1 and
OP2 for the number of interruptions and interruption surface area on the joint level was
estimated by ICCs with a two-way random model and absolute agreement. In addition,
the reliability on the joint level between the algorithm (AUTO, OP1 and OP2) and visual
scoring for the number of interruptions was obtained using ICCs.

Reliability was rated according to Landis et al.: <0.00 poor, 0.00-0.20 slight, 0.21-0.40
fair, 0.41-0.60 moderate, 0.61-0.80 substantial, 0.81-1.00 almost perfect.31 In addition,
reliability was evaluated by the proportion of matching interruptions across the
operators. Interruptions were counted as matching interruptions if they overlapped with
at least 20 voxels (0.011 mm?), because this is the smallest intra-cortical interruption
volume that could be detected with this algorithm. The proportion of matching
interruptions was calculated for the presence (yes/no) of a cortical interruption on
exactly the same location according to equation 1. Moreover, the validity of the
algorithm to detect single interruptions on exactly the same location was evaluated by
calculation of the positive predictive value (PPV, equation 2), and sensitivity (equation 3)
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using the visual scoring as gold standard. Statistical analysis was performed using IBM
SPSS Statistics for Windows, Version 20.0 (IBM Corp., Armonk, NY).
nr. of matching interruptionspq,

Proportion of matching interruptions= * 100% (1)
nr. of interruptionsp, + nr. of interruptions s, — nr. of matching interruptions o4,

Nr. of interruptionsgp:: Number of interruptions detected by 1° operator
Nr. of interruptionsgp;: Number of interruptions detected by 2" operator
Nr. of matching interruptionsgpi,:  Number of matching interruptions between 1" and
2" operator
nr. of matching interruptions

PPV = : - +100% (2)
nr. of interruptions

"algorithm

PPV: Positive predictive value
Nr. of interruptionsaigorithm: Number of interruptions detected by the algorithm
Nr. of matching interruptions: Number of matching interruptions between the

algorithm and visual scoring

nr. of matching interruptions
Sensitivity = - - +100% (3)
nr. of interruptions g scoring

Nr. of interruptions,isal scoring: Number of interruptions detected with visual scoring
Nr. of matching interruptions: Number of matching interruptions between the
algorithm and visual scoring

RESULTS

Visual impression

Output algorithm

Both the fully- and semi-automated procedures detected multiple cortical interruptions
in HCs and patients with RA (Figure 3.3). Figure 3.3 shows a typical example of 3D
reconstructions of an MCP joint of an HC (I), a patient with early RA (<2 years since
diagnosis) (ll), and a patient with late RA (>10 years since diagnosis) (Ill), and the
detected interruptions of the fully-automated procedure. Multiple cortical interruptions
(depicted in green) can be seen in the 3D images and most interruptions are located at
the rim of the joint (Figure 3.3a). Figure 3.3b shows corresponding 2D grayscale images
of examples of interruptions that were detected by the fully-automated as well as the
semi-automated procedure.
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Figure 3.3. Examples of the 2D and 3D outputs of the algorithm. Typical examples of a 3D reconstruction of an
MCP joint for a HC (l), a patient with early RA (<2 years since diagnosis) (Il), and a patient with late RA (>10
years since diagnosis) (Il1), with the corresponding 3D outputs of the algorithm. The cortical region is indicated
in transparent white. Cortical interruptions of >0.246 mm that are detected by the algorithm are shown in
green. b) Corresponding 2D grayscale images with in green cortical interruptions detected by the algorithm.

Correction of the contours

Figure 3.4 shows examples of contours obtained with the fully-automated procedure
that were manually corrected by the operators. In two cases, large cortical interruptions
were corrected by both operators. For small cortical interruptions (diameter <1 mm) no
correction was necessary by the operators. Figure 3.4a-I shows an example of a large
cortical interruption (diameter >1.0 mm, white arrow). The contour obtained with the
fully-automated procedure did not follow the outer margin of the original structure at
the location of the cortical interruption (Figure 3.4a-1l). Both operators corrected the
contour (Figure 3.4a-lll, white arrow) to more precisely detect the size of the large
cortical interruption (Figure 3.4a-1V)

43



44 | Chapter3

Figure 3.4. Examples of contours that were manually corrected. Typical examples of 2D grayscale images in
which the contour is manually corrected by the operators. In a) a large cortical interruption is shown (a. |,
arrow). The automatically obtained contour does not follow the outer margin of the original structure at the
cortical interruption (a. Il). The operators therefore corrected the contour (a. Ill) to accurately detect the large
cortical interruption (IV). In b) a small motion artifact is shown (l). Due to this motion artifact, the automatically
obtained contour was not tight around its original structure (). The operators corrected this (lll) and therefore
no interruption was detected (IV).

Figure 3.4b-I shows an example of a small motion artifact (white arrow). Due to this
motion artifact, the contour obtained with the fully-automated procedure was not tight
around the original structure (Figure 3.4b-ll), which led to a false detection of an
interruption (Figure 3.4b-1V). Both operators corrected the contour (Figure 3.4b-1V).

Quantitative comparison

Table 3.1 shows the number of interruptions and interruption surface area detected by
the algorithm (AUTO, OP1 and OP2), and visual scoring. The median number of
interruptions was 14 and ranged from 2 to 59 interruptions per joint for the algorithm
when including all operators. The median number of interruptions with visual scoring
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was 5 and ranged from 3 to 22 interruptions per joint. Statistical significant differences
were found across the algorithm and visual scoring for the number of interruptions
(p<0.01). The post-hoc analysis showed significant differences between the algorithm
(AUTO, OP1 and OP2) versus visual scoring (all, p<0.01).

Table 3.1. The number of cortical interruptions and interruption surface area per joint detected by the
algorithm and with visual scoring

Algorithm )
Visual
AUTO OP1 0oP2 p-value *
Number of 15.0° 13.5° 14.0° 5.0° <0.01
Interruptions [6-49] [2-59] [3-51] [3-22]
Interruption surface 8.6" 5.8" 6.1 0.02
area (mmz) [2.3-67.7] [1.5-68.9] [2.6-76.7]

Values are displayed as: median [min-max], AUTO =fully-automated procedure. OP1 =semi-automated
procedure manual correction by operator 1. OP2 =semi-automated procedure manual correction by operator
2. * p-values obtained from Friedman test. $ p<0.01 obtained from post-hoc Wilcoxon signed-rank test
(algorithm (AUTO, OP1 and OP2) vs. visual). # p<0.05 obtained from post-hoc Wilcoxon signed-rank test (AUTO
vs. OP1)

The median of the interruption surface area per joint was 7.0 mm?” and ranged from
1.5 mm”’ to 76.7 mm’ when including all operators. The average surface area of a single
interruption was <1.0 mm?. The interruption surface area per joint was significantly
lower with the semi-automated vs. the fully-automated procedure (Table 3.1). The post-
hoc analysis showed a significant difference between AUTO and OP1 (p=0.02), but no
significant difference between AUTO and OP2 (p=0.07), and OP1 and OP2 (p=0.29).

The reliability between AUTO and both OP1 and OP2 was almost perfect for both the
total number of interruptions and the interruption surface area (ICC >0.95, p<0.01). The
majority of interruptions were detected on exactly the same location (>76.6%)
(Table 3.2). The inter-operator reliability was also almost perfect (ICC 20.97, p<0.01), as
was the proportion of matching interruptions (82.0%).

Table 3.2. Reliability of the algorithm.

AUTO vs. OP1 AUTO vs. OP2 Inter-operator
Number of Interruptions ICC0.96 ICC0.95 ICC0.97
(95% Cl 0.87-0.99) (95% Cl 0.83-0.99) (95% CI 0.90-0.99)
Interruption Surface area ICC0.98 ICC0.96 ICC0.98
(95% Cl1 0.77-1.00) (95% C1 0.85-0.99) (95% C1 0.92-1.00)
Proportion of matching Interruptions 81.1% 76.6% 82.0%

Reliability of the fully-automated vs. semi-automated (AUTO vs. OP1 and AUTO vs. OP2) and semi-automated
inter-operator (OP1 vs. OP2) of the algorithm is shown. ICCs are calculated on the total number of cortical
interruptions and interruption surface area in all joints. Proportion of matching interruptions is calculated on
the presence of a cortical interruption (yes/no) on exactly the same location. ICC =intra-class correlation
coefficient, 95% Cl =95% confidence interval
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Comparison to visual scoring

The reliability between the algorithm (AUTO, OP1 and OP2), and visual scoring was fair
to moderate for the number of interruptions (ICC ranging from 0.38 to 0.45). The PPV of
interruptions detected by the algorithm compared to visual scoring was fair (PPV ranging
from 27.6% to 29.9%). The sensitivity of the algorithm compared to visual scoring was
substantial (sensitivity ranging from 69.7% to 76.3%). Examples of interruptions detected
visually and with the algorithm are shown in Figure 3.5. An example of an interruption
detected visually as well as with the algorithm is shown (Figure 3.5-1). Figure 3.5-1l shows
interruptions detected with the algorithm which did not meet with the criteria of visual
scoring. Figure 3.5-1ll shows an interruption that was detected visually, but missed by the
algorithm.

a. Visual b. Algorithm

Figure 3.5. 2D examples of interruptions detected visually, and with the algorithm. Typical examples of a 2D
grayscale images of interruptions detected visually (a), and with the algorithm (b). (I.) Shows an interruption
detected visually (white arrow) as well as with the algorithm (green circle). (Il.) Shows interuptions detected by
the algorithm which were not detected visually (orange arrows). Small cortical interruptions could be
observed, but not meeting the criteria of a cortical interruption in the visual scoring (ll.). (lll.) Shows a small
interruption that was detected visually (white arrow), but not with the algorithm.

DISCUSSION

In this study, we introduced a fully-automated algorithm to detect small cortical
interruptions in HR-pQCT images and tested the additional value of correction by an
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operator. In addition, we tested the validity of interruptions detected by the algorithm
by comparing it to visual scoring, as gold standard. The interruption surface area
detected with the fully-automated procedure was significantly higher compared with the
semi-automated procedure, but the absolute number of interruptions did not
significantly differ. Reliability was almost perfect between both procedures (ICC >0.95)
meaning that the manual correction of the contours was of little additional value. In
addition, the proportion of matching interruptions on exactly the same location was
substantial to almost perfect across the operators (276.6%). Lastly, the validity of a
single interruption was similar for both procedures. We found that most interruptions
detected by the algorithm were not identified as a cortical interruption with the visual
scoring (70-72%). However, in most cases an interruption was present, but did not met
the preset criteria (Figure 3.5-11). In addition, most interruptions detected visually were
detected by the algorithm (70-76%). However, it remains important that the images are
rated on motion artifacts before applying the fully-automated algorithm. Only a scan
quality with grade <3 according to Pialat et al..”” should be included in the analysis. Even
small motion artifacts may lead to false positive detection of cortical interruptions as
exemplified in this study (Figure 3.4b). Compared to visual scoring of the number of
cortical interruptions,lo’19 our approach has the advantage of providing an automated
and objective measure of evaluation of cortical interruptions and its interruption surface
area, including small interruptions.

The number of cortical interruptions per joint detected in our study (median 14, ranging
from 2 to 59) is substantially higher than observed in other studies using HR-pQCT,
ranging from 0.5 to 2.9 interruptions per MCP joint.10’11’15”16’18’19’21 This can mainly be
explained by the fact that our algorithm detects smaller cortical interruptions (mean
interruption surface area <1 mm®, equivalent to a width of <1.13 mm when assuming a
circle) compared with a visual scoring of the number of interruptions (mean width
>2 mmls'n). Furthermore, in these studies the number of interruptions was scored on
2D grayscale images whereas our automated algorithm detects interruptions on 3D
binary images, which has the advantage of having an objective manner to distinguish
between bone and non-bone. The use of binary images has been validated earlier in
human tibia and radius.>”*> A potential disadvantage of binary images is the partial
volume effect, which mainly affects regions where the cortical bone is thin, i.e. close to
the image spatial resolution, leading to the misperception that an interruption is present
in the binary image. We showed examples of interruptions that were detected with the
algorithm displayed in 2D grayscale images (Figures 3.3 and 3.5). In most cases, a clear
interruption in the cortex can be seen, whereas in some cases an interruption was
detected which could not be seen on the 2D grayscale images, as a result of the partial
volume effect (Figure 3.3 and 3.5). This potential error might be resolved when using the
second generation HR-pQCT (HR-pQCT 2). The HR-pQCT 2 has a higher spatial resolution
compared to the HR-pQCT (95 um versus 130 um, respectively). Thus, the HR-pQCT 2
might be able to detect these thin structures, which may reduce the number of
interruptions detected as a result of the partial volume effect.

47



48

Chapter 3

However, with the HR-pQCT 2, the cortical mask thickness should be increased to
5 voxels (=0.305 mm), to obtain a similar cortical mask thickness as for the first
generation HR-pQCT. In addition, the minimum diameter of interruptions is smaller on
the HR-pQCT 2 due to the smaller voxel size (20.183 mm versus >0.246 mm). Hence, the
HR-pQCT 2 is able to detect even smaller interruptions, which might lead to a higher
number of interruptions detected.

The fully-automated differed from the semi-automated procedure in the detection of
large cortical interruptions (diameter >1 mm). In the first step of the fully-automated
algorithm, where the outer contour of the bone is identified, the original outer contour
of the finger joint may not be restored in the case of large interruptions. In the example
of Figure 3.4a, both operators manually corrected this. For small cortical interruptions
(diameter <1 mm) no correction was necessary. The role for HR-pQCT will mainly be for
the detection of small cortical interruptions, as larger interruptions are already visible on
other imaging techniques. Although not specific for RA,'® the small interruptions might
be prone to bone resorption early in the course of RA.” Clinical follow-up studies in
patients with RA are needed to investigate whether these small interruptions may
become established erosions.

Some limitations of the study should be mentioned. First, we included a small number of
subjects, however, a large number of cortical interruptions (199 in total) was detected in
these joints, which provided us reliable estimates for the proportion of matching
interruptions. Second, the cortical mask was set to a constant thickness because this
would avoid any inaccuracies in the detection of the endosteal cortical bone contour. A
disadvantage of our approach is that in relatively thick cortical regions, that are located
more distal from the joint, cortical interruptions can be detected which are not
connected to the endosteal cortical bone surface, as was exemplified in Figure 3.4b. In
addition, the interruption surface area may be overestimated in thin cortical regions,
because a small part of the trabecular region is considered as part of the interruption.

As RA is characterized by the development of cortical interruptions in hand joints, we
expect that this fully-automated algorithm can help in the assessment of small cortical
interruptions in finger joints by HR-pQCT. The algorithm needs to be further validated in
clinical studies in order to obtain its potential value.

In conclusion, the algorithm presented in this study allows the detection of cortical
interruptions, and its interruption surface area. Reliability and validity was comparable
for the fully- and semi-automated procedures. However, we advise the use of the semi-
automated procedure to assure quality. We expect that this algorithm is a promising tool
for a sensitive and objective assessment of cortical interruptions in finger joints by
HR-pQCT
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SUPPLEMENTARY FILE

Figure S3.1. An illustration of the auto-contouring script. An illustration of the auto-contouring script of a 2D
grayscale image with a cortical interruption. The grayscale image (a) is thresholded for a first structure
approximation using Gaussian filtering (sigma=0.8, support=1 voxel) and a constant threshold of 105 per 1000
of maximum possible voxel value (b). This structure is dilated by 7 voxels (c). After deleting (by ranking) the
black voxels inside the dilated structure (red arrow, d), the volume was eroded back to its original size (e). The
contour that is obtained is displayed in green in the original grayscale image (f), and used for segmentation of
the bone using the standard evaluation protocol with a constant threshold using Laplace-Hamming filtering (g).
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ABSTRACT

Background

We developed a semi-automated algorithm for the detection of cortical interruptions in
finger joints using high-resolution peripheral quantitative computed tomography
(HR-pQCT). Here, we tested its reliability compared to microCT (uCT) as gold standard.

Methods

Nineteen joints of 10 female anatomic index fingers were imaged by HR-pQCT and pCT
(82 and 18 um isotropic voxel sizes, respectively). The algorithm was applied for
detection of cortical interruptions of different minimum diameters (range >0.16 mm to
>0.50 mm). Reliability was tested at the joint level with intra-class correlation coefficient
(ICC) for the number of interruptions and interruption surface, and at the level of a
single interruption for matching between HR-pQCT and pCT with a fixed interruption
diameter (>0.10mm) on QuCT. The positive predictive value (PPVgiomm) and
sensitivityg 1omm Were evaluated.

Results

The mean number of interruptions per joint depended on the diameter cut-off and
ranged from 3.4 to 53.5 on HR-pQCT and from 1.8 to 45.1 on uCT for interruptions
>0.50 mm to >0.16 mm, respectively. Reliability at the joint level was almost perfect
(ICC >0.81) for both the number and surface of interruptions >0.16 mm and >0.33 mm.
As expected, the PPV 1omm increased with increasing interruption diameter from 84.9%
to 100%, for interruptions >0.16 mm and >0.50 mm, respectively. However, the
sensitivityp 1omm decreased with increasing interruption diameter from 62.4% to 4.7%.

Conclusion

This semi-automated algorithm for HR-pQCT in finger joints performed best for the
detection of cortical interruptions with a minimum diameter of >0.16 mm or >0.33 mm,
showing almost perfect reliability at the joint level and interruptions matched with those
on uCT.
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INTRODUCTION

Peri-articular cortical interruptions are one of the characteristic features of bone
involvement in rheumatoid arthritis (RA) and predictors of further radiographic
progression.”” Conventional radiographs (CR) are considered the gold standard for
detection of cortical interruptions (i.e. erosions) in the hand joints in RA in daily practice.
However, CRs have limited sensitivity to visualize joint damage compared to Computed
Tomography (CT), MRI and Ultrasound (US).>®

High-resolution peripheral quantitative CT (HR-pQCT) is a non-invasive imaging method
for in vivo three-dimensional (3D) characterization of human bone.’ Studies with the HR-
pQCT in finger joints have shown that it has a higher sensitivity for detection of cortical
interruptions compared with US, CR, and MRL¥" Studies that compare HR-pQCT
imaging to microCT (uCT) imaging with a higher resolution in the detection of cortical
interruptions in finger joints are, however, scarce.”

The cortical bone in finger joints is thin and low mineralized. Cortical bone regions of
approximately 100 um can be observed.” The accuracy of detecting these thin cortices
might be lower using HR-pQCT because of its spatial resolution of 130 um."* In regions of
thin cortical bone, i.e. in the range of the spatial resolution, the bone density of the
cortex will be underestimated due to the partial volume effect. After thresholding the
image, this region might appear as a non-bone region (i.e. a false cortical interruption) in
the binary image.

Recently, we developed a semi-automated algorithm that reliably detects small cortical
interruptions in finger joints on HR-pQCT images.” However, the algorithm uses binary
images to detect cortical interruptions, and might therefore be susceptible for false
detection of cortical interruptions. Increasing the minimum cut-off diameter of
interruptions, might be a solution to avoid false detection of cortical interruptions.
Therefore, the aim of this study was to investigate the reliability of the algorithm on HR-
pQCT for different minimum diameters of cortical interruptions to detect its presence
and to quantify the surface of cortical interruptions compared to uCT, as gold standard.

MATERIALS AND METHODS

Specimens

For this study, we used anatomic specimens, because puCT imaging can only be executed
in-vitro. Metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints of ten
female right hand human anatomic index fingers were imaged by both HR-pQCT and
UCT. One PIP joint could not be evaluated due to a failed puCT scan, due to bad fixation.
Thus, 10 MCP and 9 PIP joints remained for analysis. The anatomic specimens were
obtained from the department of Anatomy and Embryology, University of Amsterdam,
Amsterdam, the Netherlands. A handwritten and signed codicil from each donor posed
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when still alive and well, is kept at the Department of Anatomy and Embryology,
University of Amsterdam, Amsterdam, the Netherlands. The medical history of the
donors was unknown. The fingers were fixated in formalin.

HR-pQCT and pCT image acquisition

HR-pQCT (XtremeCT, Scanco Medical AG, Switzerland) scans were performed at clinical
in vivo settings, i.e. at 60 kVp tube voltage, 900 pA tube current, 100 ms integration time
and 82 um voxel size. For the MCP joint, a reference line was placed on top of the
metacarpal head, covering an area of 12.00 mm in proximal direction and 6.04 mm in
distal direction (total scan area 18.04 mm, 220 slices). For the PIP joint, a reference line
was placed on top of the proximal phalanx, covering an area of 6.00 mm in proximal
direction and 3.02 mm in distal direction (total scan area 9.02 mm, 110 slices).

UCT (UCT 80, Scanco Medical AG, Switzerland) scans were performed with settings:
70 kVp tube voltage, 114 pA tube current, 300 ms integration time and 18 um voxel size.
For the MCP joint, a reference line was placed on top of the metacarpal head, covering
an area of 10.00 mm in proximal direction and 5.26 mm in distal direction (total scan
area 15.26 mm, 848 slices). For the PIP joint, a reference line was placed on top of the
proximal phalanx, covering an area of 6 mm in proximal direction and 3.45 mm in distal
direction (total scan area 9.45 mm, 525 slices).

Differences in the extent of the scanned areas as well as in joint angles were noticed
because the fingers were scanned horizontally on HR-pQCT and vertically on uCT.
Corresponding first and last slices of the overlapping region were visually determined to
ensure that the same region of interest was used in the detection of cortical
interruptions on both imaging modalities. In this overlapping region, the total, cortical
and trabecular volumetric bone mineral density (Tot.BMD, Ct.BMD and Th.BMD,
respectively) of the specimens were calculated from the HR-pQCT scans to get insight
into the bone mineralization of the specimens.

Cortical interruption detection

The algorithm

A semi-automated algorithm for the detection of cortical interruptions was applied on
both the HR-pQCT and pCT images. The algorithm is described elsewhere.” In short,
first, the outer margin of the cortex was identified according to a modified auto-
contouring algorithm originally developed for periosteal segmentation of the distal
radius and tibia.””"" The contour was visually corrected by an operator if necessary.
Second, a binary segmentation into bone and non-bone was performed. For the HR-
pQCT datasets, the bone was segmented using the standard evaluation protocol from
the manufacturer for radius and tibia, which included Laplace-Hamming filtering and
thresholding.18 Segmentation of the uCT dataset was performed using a Gaussian
filtering (sigma = 0.8, support = 1 voxel) with a constant threshold of 247 per 1000 of the
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maximum possible voxel value, to equal bone volume to total volume (BV/TV) of the uCT
with that of the HR-pQCT. Third, a cortical mask with a constant thickness was generated
to identify the cortical bone. This was 4 voxels (=0.328 mm) for HR-pQCT and 18 voxels
(=0.324 mm) for uCT, because this approached the average cortical thickness in MCP
joints images.15 Fourth, the cortical bone was analyzed for discontinuities that meet the
preset criteria of the minimum diameter of a cortical interruption (>0.16 mm, >0.33 mm
and >0.50 mm). The total number of detected cortical interruptions and interruption
surface per joint were analyzed.

Diameter selection

The minimum diameter of an interruption was selected by the number of dilation steps.
This way, we ensured that the interruption had an opening through the cortex with this
minimum diameter and at both the periosteal and endosteal boundary of the cortical
mask.

Two-dimensional examples of cortical interruptions on HR-pQCT voxel level and the
5 steps performed by the algorithm are shown in Figure 4.1 I-V. We used sequentially 1,
2, and 3 dilation steps resulting in minimum diameters of an interruption of >0.16 mm
(Figure 4.1a), >0.33 mm (Figure 4.1b) and >0.50 mm (Figure 4.1c), respectively. Shown is
that with the increase in the number of dilation steps, only interruptions with a larger
diameter are detected (Figure 4.1-V, green).

Figure 4.1. Two-dimensional examples of cortical interruptions with different diameters on HR-pQCT voxel
level, and the multiple dilation steps that were used to obtain different minimum diameters of interruptions.
The following steps are made by the algorithm: () shows the original cortex (black) and cortical interruptions
(white). The cortex is then dilated with 1 (a), 2 (b) or 3 (c) voxels (lI, grey). The dilated cortex (lll) is then
inverted, and interruptions connected to both the endosteal and periosteal boundary are selected. Finally, the
selected interruptions are dilated to its original size (IV), and displayed in the original cortex (V). Shown is that
with the increase in the number of dilation steps, only interruptions with a larger diameter are detected (V,
green).

For uCT the number of dilations was chosen such that it resulted in similar minimum
diameters (Table 4.1). In addition, we were interested if an interruption that was
detected with the algorithm on HR-pQCT was present on UCT not taking into account the
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minimum interruption diameter. Moreover, we were interested in how many
interruptions would be missed when increasing the minimum diameter on HR-pQCT
compared to the total number of interruptions >0.10 mm detected on pCT. Therefore,
for the uCT only, we also set the minimum interruption diameter to >0.10 mm. All
investigated dilation steps and corresponding minimum diameter values on HR-pQCT
and uCT are shown in Table 4.1.

Table 4.1. Parameters of the algorithm for the different minimum diameters of the interruptions on HR-pQCT
and uCT

Minimum diameter of Number of dilation Diameter of the Number of dilation Diameter of the

the interruption stepsin interruptions stepsin interruptions
HR-pQCT ucT

>0.10 mm - - 3 (0.054 mm) >6 (0.108 mm)

>0.16 mm 1(0.082 mm) >2 (0.164 mm) 5(0.090 mm) >10 (0.180 mm)

>0.33 mm 2 (0.164 mm) >4 (0.328 mm) 9(0.180 mm) >18(0.324 mm)

>0.50 mm 3(0.246 mm) >6 (0.492 mm) 14 (0.252 mm) >28(0.504 mm)

Minimum diameters of the interruptions are ranging from 0.10 mm to 0.50 mm and their corresponding
number of dilated voxels on the HR-pQCT and uCT are shown. Values are displayed as number of voxels (mm)

Registration of HR-pQCT and pCT images

To evaluate matching interruptions on exactly the same location on HR-pQCT and uCT, a
3D rigid image registration was performed (Figure 4.2). Each bone of the joint was
registered separately to avoid registration errors due to different joint angles. The uCT
images of the interruptions detected were downscaled and transformed to the HR-pQCT
images (Figure 4.2-1l). The pCT and HR-pQCT images are overlayed, and only
interruptions that overlapped with at least 20 voxels (=0.011 mm3) were counted as
matching (Figure 4.2-11l). This is the smallest interruption volume that can be detected
on HR-pQCT images for interruptions >0.16 mm."

The number of matching interruptions was calculated for the minimum diameters of
>0.16 mm, >0.33 mm and >0.50 mm on HR-pQCT with a fixed minimum diameter of the
interruption of >0.10 mm on UCT (matching interruptiongiomm) (Figure 4.2a). In addition,
the number of matching interruptions was calculated for minimum diameters of
>0.16 mm, >0.33 mm and >0.50 mm on HR-pQCT with the same minimum diameter on
UCT (matching interruptionsyy) (Figure 4.2b).
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Figure 4.2. Matching interruptions between HR-pQCT and pCT with a variable minimum diameter on HR-pQCT
and fixed minimum diameter of >0.10 mm on uCT (a), and with the same variable minimum diameter on HR-
pQCT and uCT (b). (1) Represents the outputs of the cortical interruption algorithm on pCT. The uCT image is
downscaled and registered to the HR-pQCT output image (I1). The uCT and HR-pQCT images are overlayed, and
interruptions with at least 20 HR-pQCT voxels overlap are shown in (Ill). The black arrow indicates an
interruption that was found matching on HR-pQCT and uCT in (a) with a fixed minimum diameter on uCT
(matching interruptionsgiomm), but was not found matching with the same minimum diameter (b, matching
interruptionssy).

Statistical analysis

Descriptive statistics were calculated for the number of interruptions and interruption
surface per joint. Differences between the imaging modalities were analyzed with
Wilcoxon signed-rank test. On the joint level, the reliability of the algorithm for different
minimum diameters of the interruptions was estimated by ICC with a two-way random
model and absolute agreement.

On the single interruption level, reliability of the HR-pQCT with different minimum
diameters was evaluated with positive predictive values (PPV, equation 1) with a fixed
uCT diameter of >0.10 mm (PPVgiomm) and same minimum diameter (PPVyy) of
interruptions. In addition, reliability of single interruptions on the HR-pQCT with
different minimum diameters were evaluated with the sensitivity (equation 2) for
detection of interruptions >0.10 mm on UCT (sensitivitys1omm), @and the sensitivity for
detection of interruptions with the same minimum diameter (sensitivitysy). Statistical
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analysis was performed using IBM SPSS Statistics for Windows, Version 20.0 (IBM Corp.,
Armonk, NY).

matching interruptions,
PPV0.10mm or sd = . " oAommorsd 100% Eq 1)
nr. of interruptionsy g qcr

" matching interruptionsg 4mm or sd
Sensitvityo fomm orsa = nr. of interruptions to0%  Eq.2)
. uCT

RESULTS

The mean age (SD) of the donors was 85.1 (9.6) years, the medical history was unknown.
The average Tot.BMD was 248.5 mgHA/cm’ for the joints. The Ct.BMD and Tb.BMD were
464.0 and 179.7 mgHA/cm’, respectively.

Visual evaluation of HR-pQCT and uCT examinations

Figure 4.3 shows 3D reconstructions of the same MCP joint when examined with
different minimum diameters of the interruptions on HR-pQCT and pCT. With both
imaging modalities, the cortical bone is very porous and most pores are found on the
same location (Figure 4.3a). However, in some, thin cortices can be identified on uCT
that are not seen on HR-pQCT (Figure 4.3a, orange arrows).

When applying the algorithm with a cortical interruption diameter of >0.16 mm on
HR-pQCT and uCT, most pores are identified as cortical interruptions and accurately fill
the pore in the cortex (Figure 4.3b). Most detected interruptions on HR-pQCT are also
detected on uCT when the same diameter of >0.16 mm is applied (Figure 4.3b, green
arrows), with some exceptions (Figure 4.3b, red arrows).

When a minimum cortical interruption diameter of >0.33 mm is chosen on HR-pQCT and
UCT, only larger pores are identified as cortical interruptions (Figure 4.3c). Again, most
interruptions detected on HR-pQCT are also detected on uCT (Figure 4.3c, green
arrows), with some discrepancies (Figure 4.3c, red arrows).

Interestingly, the majority of interruptions with a diameter of >0.50 mm on HR-pQCT are
not identified as interruptions of the same size on uCT (Figure 4.3d, red arrows).

When applying the algorithm with a cortical interruption diameter of >0.10 mm on uCT,
even smaller pores are identified as interruptions (Figure 4.3e, green arrows). When
comparing interruptions with a diameter of >0.16 mm, >0.33 mm and >0.50 mm on
HR-pQCT (Figure 4.3b-d) to the interruptions with a diameter of >0.10 mm on uCT
(Figure 4.3e), we can see that almost all interruptions detected on HR-pQCT are also
detected on uCT, although the majority has a smaller diameter (Figure 4.3e).
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3D
reconstruction

>0.16mm

>0.33mm

>0.50mm

>0.10mm

Figure 4.3. Typical example of 3D reconstructions of an MCP joint of a HR-pQCT scan (left) and puCT scan (right)
and the 3D outputs of the algorithm for the different minimum diameters of the interruptions. The cortical
region is indicated in purple, trabecular region in orange, and the cortical interruptions that were detected by
the algorithm are shown in green. a) Shows that the cortex is very porous on the HR-pQCT and puCT scan, and
that thin cortices were identified on puCT, but not on HR-pQCT (orange arrows). b) Shows that most pores were
identified as cortical interruptions on HR-pQCT and uCT. In addition, most cortical interruptions detected on
HR-pQCT were also detected on pCT (green arrows), with some exceptions (red arrows). c) Shows that only
larger pores are identified as cortical interruptions when a minimum interruption diameter of >0.33 mm is
chosen. Again, most cortical interruptions detected on HR-pQCT were also detected on uCT (green arrows),
with some exceptions (red arrows). d) Shows that large cortical interruptions detected on HR-pQCT were not
identified as large interruptions on uCT (red arrows). e) Shows that even smaller pores are identified as cortical
interruptions when a minimum interruption diameter >0.10 mm was chosen (green arrows).
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Reliability at the joint level for different diameters of the interruptions

Table 4.2 shows that the mean number of interruptions detected per joint depends on
the diameter cut-off applied and ranges from 3.4 to 53.5 on HR-pQCT and from 1.8 to
45.1 on uCT for interruptions >0.50 mm and >0.16 mm, respectively. Furthermore, it can
be seen that the number of cortical interruptions per joint differs significantly between
HR-pQCT and WCT for all diameter cut-offs (Table 4.2). The interruption surface per joint
only differs significantly for interruptions with a diameter of >0.50 mm (Table 4.2).

For the number of interruptions and interruption surface, almost perfect reliability
(ICC >0.81) at the joint level between HR-pQCT and pCT is found for interruptions with a
diameter of >0.16 mm and >0.33 mm. For large interruptions (>0.50 mm), a fair to
moderate reliability is found (ICC 0.21 - 0.52) (Table 4.2).

Table 4.2. The number of cortical interruptions and interruption surface per joint detected on HR-pQCT and
uCTt

Minimum Number of interruptions p-value ICC Interruption surface p-value ICC

diameter of HR-pQCT uCT HR-pQCT uCcT

the

interruption

>0.16 mm 53.5 45.1 0.01 0.91 44.6 46.3 0.60 0.93
(33.9) (30.4) (0.65-0.97) (37.8) mm’ (42.6) mm’ (0.82-0.97)

>0.33 mm 95 12.8 0.02 0.81 135 11.7 0.75 0.86
(9.1) (11.7) (0.52-0.92) (14.5)mm’ (12.9) mm’ (0.67-0.94)

>0.50 mm 3.4 1.8 0.02 0.52 6.5 1.6 <0.01 0.21
(4.1) (2.2) (0.11-0.78) (8.4) mm*>  (2.0) mm’ (-0.15-0.56)

Values are displayed as mean (standard deviation) and for ICC as value (95% confidence interval), ICC = intra-
class correlation coefficient.

Reliability at the level of a single interruption

Fixed uCT diameter of >0.10 mm

At the level of a single interruption, the PPVgiomm is 84.9% for interruptions with a
diameter of >0.16 mm, 96.7% for interruptions with a diameter of >0.33 mm, and 100%
for interruptions with a diameter of >0.50 mm. The sensitivitygiomm iS 62.4% for
interruptions with a diameter of >0.16 mm, 12.7% for interruptions with a diameter of
>0.33 mm, and 4.7% for interruptions with a diameter >0.50 mm.

Same minimum diameter

In addition, the PPV is substantial for interruptions with a diameter of >0.16 mm and
>0.33 mm (PPVy = 66.6% and 66.3%, respectively), but fair for interruptions with a
diameter of >0.50 mm (PPV¢y = 38.5%). The sensitivity,q was substantial for interruptions
with a diameter of >0.16 mm and >0.50 mm (Sensitivitysy = 79.1% and 73.5%,
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respectively), and moderate for interruptions with a diameter of >0.33 mm (Sensitivityq
=49.4%).

DISCUSSION

In this study, we investigated the reliability of cortical interruptions detected with our
semi-automated algorithm on HR-pQCT in comparison to uCT as gold standard. We
showed that almost all cortical interruptions detected with the algorithm on HR-pQCT
were also detected on uCT on the same location. However, the size of an interruption
detected on HR-pQCT can be different from that on UCT. In regions of thin bone, the HR-
pQCT might not be able to identify these thin structures and can therefore overestimate
the interruption diameter (Figure 4.1a, orange arrows)."* In regions of dense cortical
bone, the HR-pQCT tends to underestimate the interruption diameter due to the lower
resolution.””® On the joint level, almost perfect agreement for the number of
interruptions and interruption surface was obtained for interruptions with a minimum
diameter of >0.16 mm and >0.33 mm. As expected, the PPV 10mm Of the detection of a
single interruption improved with increasing diameter, and was excellent for >0.33 mm
and >0.50 mm (PPVg.10mm 297%). However, this improvement in PPVg10mm COMes with
the expense of a lower sensitivityy 1omm, Which was low for interruptions with a minimum
diameter >0.33 mm and >0.50 mm (sensitivityy 1omm <12.7%).

The number of interruptions with a minimum diameter of >0.16 mm and interruption
surface per joint detected in the present study was substantially higher than observed in
a previous study by our study team (53.5 and 44.6 mm’ versus 25.0 and 18.9 mm?)."®
This can be explained by the relatively high mean age of the donors in the present study
(85.1 years) compared to the subjects investigated in our previous study (48.8 years).15
Due to the old age of the donors and preservation in formalin, the cortices become less
mineralized.” The Tot.BMD of these specimens was about 25% lower than the average
in the normal population (248.5 mgHA/cm3 versus 327 mgHA/cma, respectively).13 In
addition, the Ct.BMD and Th.BMD were respectively 31% and 22% lower compared to
the normal population (464.0 and 179.7 mgHA/cm® versus 593 and 262 mgHA/cm’,
respectively).13 These low mineralized and thin cortices are more likely to represent non-
bone voxels after binary segmentation than a high mineralized cortex, leading to more
cortical interruptions.

Bone density loss is also observed in patients with RA, thus potential overestimation of
the number of interruptions and its size might also be observed in patients with RA.
However, the Tot.BMD, Ct.BMD and Th.BMD in patients with RA were 5-7% lower than
in the normal population (308, 566 and 243 mgHA/cm3 versus 327, 593 and
262 mgHA/cm®, respectively).”” Meaning that potential overestimation is possible in
patients with RA compared to healthy controls, but it is not likely to have a large effect,
because of the small difference in BMD.
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A limitation of our algorithm is that it uses a cortical mask with a constant thickness. The
chosen value fitted best with the average cortical thickness in the joint. Although this
approach is robust, it introduces a systematic error: a cortical interruption is only
detected if non-bone voxels connect the inner and outer surface of the mask with a
chosen amount of voxels dependent on the number of dilation steps. In regions where
the cortex is thin, part of the underlying fatty bone marrow might be included in the
mask as non-bone voxels and subsequently become part of a cortical interruption. This
might lead to overestimation of the size of an interruption detected. On the other hand,
regions of relatively thick cortical bone will lead to underestimation of the interruption
size.

The current investigation of the reliability of cortical interruptions detected with our
semi-automated algorithm on HR-pQCT compared to uCT as gold standard is a next step
in the assessment of small cortical interruptions in finger joints by HR-pQCT. The
algorithm can best be used for the detection of interruptions with a minimum diameter
of >0.16 mm or >0.33 mm on HR-pQCT, because an almost perfect agreement on the
number and surface of interruptions with uCT was obtained at the joint level, and the
locations of interruptions detected on HR-pQCT well matched with uCT. The choice can
depend on the scope of the study, if a higher PPV is preferred, one should consider using
interruptions >0.33 mm, if a higher sensitivity is preferred, one should consider using
interruptions >0.16 mm.

A next step in the validation of the algorithm is the investigation of the reproducibility of
the algorithm on patient scan/re-scan (repositioning) data. Additionally, in patients with
RA, loss of cortical bone (i.e. a cortical interruption) is often accompanied with loss of
trabeculae." Therefore, it would be interesting to extend the algorithm with
determination of trabecular bone voids adjacent to the cortical interruption. Finally, the
algorithm could be used in clinical studies in order to determine its potential value in
monitoring patients with RA, and discriminating patients with RA early in the disease
from healthy controls. The average interruption diameter found in previous studies in
patients with RA was 2.2 mm.**** Small interruptions (<0.50 mm) were found in both
healthy controls and patients with RAZ and interruptions >1.9 mm were found highly
specific for patients with RA.® In early detection of cortical bone loss in patients with RA,
this algorithm has the advantage of including the detection of these small cortical
interruptions (<0.50 mm) in a highly reliable manner in comparison to visual scoring
which showed fair to moderate reliability.12

In conclusion, this semi-automated algorithm for detection of cortical interruptions with
HR-pQCT in finger joints performed best for interruptions with a minimum diameter of
>0.16 mm or >0.33 mm. Almost perfect reliability was obtained at the joint level and the
interruptions matched well with those detected on uCT. This algorithm can be useful for
evaluation of cortical interruptions in rheumatic diseases.
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ABSTRACT

Background

We developed a semi-automated algorithm that detects cortical interruptions in finger
joints using high-resolution peripheral quantitative computed tomography (HR-pQCT),
and extended it with trabecular void volume measurement. In this study we tested the
reproducibility of the algorithm using scan/re-scan data.

Methods

Second and third metacarpophalangeal joints of 21 subjects (mean age 49 (SD 11) years,
17 early rheumatoid arthritis and 4 undifferentiated arthritis, all diagnosed <1 year ago)
were imaged twice by HR-pQCT on the same day with repositioning between scans. The
images were analyzed twice by one operator (OP1) and once by an additional operator
(OP2), who independently corrected the bone contours when necessary. The number,
surface area and volume of interruptions per joint were obtained. Intra- and inter-
operator reliability and intra-operator reproducibility were determined by intra-class
correlation coefficients (ICC). Intra-operator reproducibility errors were determined as
the least significant change (LSCsp).

Results

Per joint, the mean number of interruptions was 3.1 (SD 3.6), mean interruption surface
area 4.2 (SD 7.2) mmz, and mean interruption volume 3.5 (SD 10.6) mm® for OP1. Intra-
and inter-operator reliability was excellent for the cortical interruption parameters (ICC
>0.91), except good for the inter-operator reliability of the interruption surface area
(ICC 0.70). The LSCsp per joint was 4.2 for the number of interruptions, 5.8 mm?’ for
interruption surface area, and 3.2 mm?® for interruption volume.

Conclusion

The algorithm was highly reproducible in the detection of cortical interruptions and their
volume. Based on the LSC findings, the potential value of this algorithm for monitoring
structural damage in the joints in early arthritis patients needs to be tested in clinical
studies.
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BACKGROUND

Rheumatoid arthritis (RA) is a chronic disease, in which inflammation at the joint may
lead to erosions (i.e. cortical interruptions),l‘2 Interruptions in the cortical bone surface
are often accompanied with underlying trabecular bone loss.>” The presence, size and
number of cortical interruptions within a joint, and the number of joints affected, are
each associated with poor functional outcome and predictors of further progression of
structural damage.s’G'7 The quantification of interruptions on conventional radiography
(CR) is considered the gold standard in clinical practice, however, it has a lower
sensitivity compared to ultrasound, computed tomography (CT) and magnetic resonance
imaging (MR1).5°

High-resolution peripheral quantitative CT (HR-pQCT) is a low-dose imaging technique
that is able to assess the three-dimensional (3D) bone structure at the micro-scale
(82 um nominal isotropic voxel size) of the peripheral skeleton in vivo." Multiple studies
have reported results on the visual inspection of the presence, number and size of
interruptions with underlying trabecular bone voids in finger joints of patients with RA
using HR-pQCT."*** Excellent intra- and inter-rater reliability have been reported, but in
all these studies only relatively large cortical interruptions were scored (mean diameter
>1.5 mm).S’B’lE”M’B’24 In an earlier study, we showed that the inter-operator reliability is
fair when visually scoring smaller cortical interruptions.25

In addition, the quantification of interruption volume was primarily based on simple
distance measures on a two-dimensional (2D) slice. > 171853 A more extensive method
is the 3D automated volume determination developed by Tépfer et al..”* However, in
this method the location of the interruption still has to be visually identified by an
operator. In addition, this volume determination was performed in large interruptions
(average volume: 9.3 mm°).

We have therefore developed a semi-automated algorithm that reliably detects small
cortical interruptions (with a diameter >0.246 mm).26 In addition, we showed that
interruptions with a diameter of >0.41 mm detected on HR-pQCT were also detected on
UCT, the 3D gold standard.”” However, this algorithm only analyzed the presence of an
interruption in the cortex and did not consider the underlying trabecular bone loss as
part of the total interruption volume. This is important because not only the presence
but also the size of cortical interruptions (which includes the trabecular bone void) are
associated with poor functional outcome and predictors of further progression of
structural damage.>®’

Furthermore, the reproducibility of our algorithm on scan/re-scan with repositioning in-
between the scans has not yet been tested in the standard workflow of the HR-pQCT
scanner. Only the effect of the operator was investigated and not the influence of re-
positioning of the hand nor the effect of image quality (noise and motion artifacts) in
addition to the effect of the operator. Two previous studies tested the reproducibility on
scan/re-scan data in the standard workflow of the HR-pQCT scanner for structural and
density parameters in metacarpal heads.">*® The density parameters showed precision
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errors of <2%, but for trabecular and cortical structural parameters, precision errors up
to 33% were found.”*® However, precision errors of the cortical parameters were only
tested in healthy controls and not in early arthritis patients. Moreover, the phalangeal
base was not included as part of the metacarpophalangeal (MCP) joint.

Therefore, the aims of this study were: 1) to extend our algorithm for detection of
cortical interruptions with underlying trabecular bone void volume detection, 2) to
evaluate the precision errors of our algorithm to detect cortical interruptions and its
volume using scan/re-scan data in the standard workflow of the HR-pQCT scanner, and
3) to evaluate the precision errors of the trabecular and cortical density and micro-
structure parameters in the standard workflow of the HR-pQCT scanner..

MATERIALS AND METHODS

Patient population

Twenty-one patients were recruited (mean age 49 (SD 11) years) with early RA (n=17)
and undifferentiated arthritis (n=4), all diagnosed <1 year from the Early Inflammatory
Arthritis Clinics of the Division of Rheumatology at the University of Calgary, Canada. All
patients with early RA fulfilled the 2010 American College of Rheumatology
(ACR)/European League Against Rheumatism (EULAR) classification criteria for RA.”
Ethical approval was obtained from the Conjoint Health Research Ethics Board at the
University of Calgary, Canada (REB 15-0582). All participants signed informed consent.

HR-pQCT scanning procedure

The second and third metacarpophalangeal joints of the dominant hand were scanned
twice with HR-pQCT (XtremeCT, Scanco Medical AG, Switzerland) using the image
acquisition protocol developed by the Study group for xtrEme Computed Tomography in
RA (SPECTRA), an international collaboration of HR-pQCT users.’® Scanning was
performed at clinical in vivo settings, i.e. at 60kVp tube voltage, 900 YA tube current,
100 ms integration time and images were reconstructed using an 82 um nominal
isotropic voxel size. The reference line was placed at the midpoint of the concave
articular surface at the base of the second or third proximal phalanx (whichever was the
most distal of the two). The scan covered a length of 9.02 mm (1 stack) in the distal
direction and 18.04 mm (2 stacks) in the proximal direction (total scan length 27.06 mm,
330 slices, 3 stacks) (Supplementary Figure S5.1). The total scanning time was
approximately 9 minutes. After the first scan, the patients removed their hand from the
stabilization platform, rested for five minutes, and were then repositioned for a second
scan. Subject scans were evaluated on motion artifacts per stack according to Pialat et
al.>" Stacks of poor quality (grade >3) on the first and/or second scan were excluded
from further analyses.**



Reproducibility of an automated algorithm

Image analysis

Outer contour

The outer margin of the cortex was identified using a modified previously described
auto-contouring algorithm for periosteal segmentation of the distal radius and tibia.”
For the first scans, the contours were visually inspected and, if necessary, corrected by
one operator twice (MP, OP1) with three years of experience with HR-pQCT to enable
calculation of intra-operator reliability. Contouring of the first scans was performed by
one additional operator (JdJ, OP2) with five years of experience with HR-pQCT to enable
calculation of inter-operator reliability. For the second scans, the contours were
corrected by OP1, to enable calculation of intra-operator reproducibility. The number of
manual corrections largely depends on the presence and severity of motion artifacts and
the number of large cortical interruptions (>1 mmz) within the joint. Corrections are
always necessary in case of large cortical interruptions and usually necessary with
motion grades >3. Figure 5.1 shows two examples of contours that were corrected by
the operators, one due to motion artifacts (Figure 5.1a), and another due to a large
cortical interruption (Figure 5.1b).

2D grayscale Automatic Corrected contour
image contour

a.

Motion artifact

b.

Cortical
interruption

Figure 5.1. Typical examples of 2D grayscale images in which the contour is manually corrected by the
operators. (a) Due to a motion artifact, the automatically obtained contour was not tight around its original
structure (a. Il). The operators corrected this (a. Ill). In b) a large cortical interruption with underlying
trabecular bone loss is shown (b. |, arrow). The automatically obtained contour does not follow the outer
margin of the original structure at the cortical interruption (b. Il). The operators therefore corrected the
contour (b. I1).
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Binary image, and bone structure and density parameters

The outer contours obtained from OP1 and OP2 were used for standard and cortical
evaluation protocols.n'32 The cortical evaluation protocol incorporates the detection of
the inner cortical contour as explained by Burghardt et al..*” No corrections were applied
to the inner cortical contour. The standard evaluation protocol from the manufacturer
(Scanco Medical AG, Bruttisellen, Switzerland) for radius and tibia, which included
Laplace-Hamming filtering and thresholding,®® was used to distinguish bone from non-
bone voxels to create a 3D binary image, and to determine the bone density and micro-
architectural parameters as described elsewhere." From the standard evaluation
protocol, the volumetric bone mineral density (vBMD) [mg HA/cm’] in the total
(Tot.BMD) and trabecular (Th.BMD) region was obtained." Furthermore, trabecular
number (Tb.N) [mm’l], thickness (Th.Th) [um], separation (Tb.Sp) [um], and intra-
individual distribution of separation (Tb.SpSD) [um] were determined to assess the
trabecular compartment.' From the cortical evaluation protocol, the cortical density
(Ct.BMD) and the density of the cortical bone tissue (Ct.TMD) were obtained. The
cortical thickness (Ct.Th) [um], cortical porosity (Ct.Po) [%], and cortical pore diameter
(Ct.Po.Dm) [um] were determined to assess the cortical compartment.32

Cortical interruption detection algorithm

The algorithm is developed within the scanner software (Image Processing Language
(IPL)). The first part of the algorithm has been described in detail elsewhere.”®*’ In short,
first, a cortical mask with a constant depth of 4 voxels (0.328 mm) is generated in 3D
based on the outer contour. Second, the cortical bone within the masked region is
analyzed for discontinuities that can be considered cortical interruptions (diameter
>0.41 mm), because these were also detected on puCT scans.”’

The extended part of the algorithm is explained in Figure 5.2. As an example, two cortical
interruptions >0.41 mm are visualized on a 2D grayscale image as output of the first part
of the algorithm (Figure 5.2a, green circles). A region of interest (ROI) is obtained by
dilating the detected cortical interruptions 48 times (=3.936 mm) in all three dimensions,
which results in a sphere with a radius of 4 mm. This contour was masked with the outer
contour to only consider the region within the bone (Figure 5.2b). A radius of 4 mm was
chosen because it approximates half the width of the metacarpal head (Figure 5.2b). The
ROI prevents connection of detected voids with the intramedullary canal void. Within
this ROI, a 3D distance transformation is performed, and only trabecular voids that are
>0.738 mm in diameter are selected (Figure 5.2c), which is higher than trabecular
separation commonly (<5%) observed in MCP joints of healthy controls.”

The detected voids are then eroded by 2 voxels in all three dimensions, which leads to
loss of connections of <0.328 mm in diameter, and therefore prevents leaking of the
voids into the trabecular structure (Figure 5.2d). Only those voids that remain connected
to a cortical interruption are included (Figure 5.2e). Last, these selected voids are dilated
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in all three dimensions to their original size and the originally detected cortical
interruptions are added to these voids (Figure 5.2f).

Per joint, the number of cortical interruptions detected, interruption surface area, and
interruption volume (cortical interruption + trabecular void volume) were obtained.

Connected

Figure 5.2. Representation of the steps executed by the extended part of the algorithm. (a.) Two cortical
interruptions >0.41 mm are visualized on a 2D grayscale image as output of the first part of the algorithm. A
region of interest (ROI) is obtained by dilating the detected cortical interruptions with 48 voxels (=3.936 mm)
and masked with the outer contour (b.). Within this ROI, a distance transformation is performed. Only voids
that are >0.738 mm in diameter are selected (c.). These volumes are eroded by 2 voxels to lose connections of
<0.328 mm and therefore prevent leaking into the trabecular structure (d.). The voids that remain connected
to a cortical interruption are included (e.), dilated to its original size and the originally detected cortical
interruptions are added (f.).

Statistical analysis

Descriptive statistics per joint were calculated for the number of interruptions,
interruption surface area and volume, and bone density and micro-structure
parameters. Paired t-test was used to compare the results per joint between the first
and second scan assessments. Intra- and inter-operator reliability and intra-operator
reproducibility on the joint level was assessed by intra-class correlation coefficient (ICC)
with a two-way random model and absolute agreement. ICCs were rated as: <0.40 poor,
0.40-0.60 fair, 0.60-0.75 good, and 0.75-1.00 excellent. In addition, intra-operator
reliability and reproducibility errors were determined as the root mean square (RMS) of
coefficients of variation (CV) and the RMS of the standard deviation (SD), respectively
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CVrms and SDgys, as described by Glier et al.** The Least Significant Change (LSC) was
calculated in absolute values (LSCsp) and in percentages (LSCeyy) according to equation 1
and 2. Bland-Altman plots were made for qualitative assessment of the intra- and inter-
operator reliability, and intra-operator reproducibility for all parameters. Statistical
analyses were performed using IBM SPSS Statistics for Windows, Version 20.0 (IBM
Corp., Armonk, NY).

LSCgp = 1.96 X V2 X SDgys Eq. 1
LSCeys, = 1.96 X V2 X CVigys Eq.2
RESULTS

In 42 different patient scans with 126 stacks, 20 (15.9%) stacks of poor quality were
observed at the first scan and 13 (10.3%) at the second scan. Two stacks were of poor
quality at both the first and second scan. Therefore, in total 31 out of 126 stacks (24.6%)
were excluded from the analysis due to motion artifacts. Two joints, which had poor
quality on all three stacks, were excluded (Figure 5.3). Hence, 40 joints remained for
analysis (Figure 5.3).

Start:
21 patients
42 MCP joints
126 stacks
First scan:
20 poor quality stacks
31 different poor quality stacks
Second scan:
13 poor quality stacks
Per joint:
No motion: 22 joints

1 stack motion: 11 joints
2 stacksmotion: 7 joints
3 stacksmotion: 2 joints

Joints with 3 stacks of
motion excluded

Final:
21 patients
40 MCP joints
95 stacks

Figure 5.3. Schematic overview of the exclusion of joints due to motion artifacts.
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Visual assessment

Cortical interruptions detected by the algorithm based on the corrected contours of OP1
and OP2 on the first scan and corrected contours of OP1 on the second scan are
visualized in 3D, and visualized on corresponding 2D grayscale images (Figure 5.4). Figure
5.4a shows that the algorithm accurately detects cortical interruptions (green) and its
underlying trabecular void volume (red), and that most interruptions were detected on
both the first and second scan (green arrows). However, discrepancies were also found
(red arrow).

Similarly, most interruptions detected by the algorithm on the first scan using the
corrected contours of OP1 were also found when using the corrected contours of OP2
(green arrows), but discrepancies were found as well (red arrow).

First scan Second scan

oP1

ap2

Figure 5.4. Visual outputs of the algorithm in 3D (I) and 2D (ll) of an MCP joint. The outputs of OP1 (upper) and
OP2 (lower) at the first (a.) and second scan performed (b.) are shown. (I) Shows the 3D outputs and multiple
cortical interruptions (green) and underlying trabecular bone voids (red) are detected. (ll) Shows the
corresponding 2D grayscale images, and that the algorithm indeed accurately fills the underlying trabecular
bone voids. It can be seen that most interruptions are detected at the same location on the first (a.) and
second (b.) scan, and by both OP1 and OP2 (green arrows). However, some discrepancies were also seen (red
arrows).
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Quantitative assessment

Reliability

Intra- and inter-operator reliability was excellent for all bone density and micro-structure
parameters (ICC >0.99). Bland-Altman plots show that no cut-off bias was observed for
all bone density and micro-structure parameters, and that the errors were independent
of the mean values detected (Supplementary Figures S5.2-55.3). Intra- and inter-
operator reliability of the cortical interruption algorithm was excellent for the cortical
interruption parameters (ICCs 20.91), except for the inter-operator reliability of the
interruption surface area (ICC = 0.70, Supplementary Table S5.1). For the intra-operator
reliability, LSCsp values were 2.0 for the number of interruptions, 4.6 mm’ for the
interruption surface area, and 1.9 mm® for the interruption volume (Supplementary
Table S5.1). Bland-Altman plots show no cut-off bias and the errors were independent of
the mean values detected (Supplementary Figure S5.5a). For the inter-operator
reliability, Bland-Altman plots show no cut-off bias for the number of interruptions and
the errors were independent of the number of interruptions detected (Supplementary
Figure S5.5b). However, for the interruption surface area and volume, OP2 had higher
outcomes compared to OP1, and this increased with increasing mean value
(Supplementary Figure S5.5b).

Reproducibility

Table 5.1 shows the results for the bone density and micro-structure parameters, and
the number of interruptions, interruption surface area and interruption volume detected
by OP1 on the first and second scan. No statistical difference was found for all outcomes
between the first and second scan.

The reproducibility for the bone density and micro-structure parameters was excellent
with ICCs 20.84 (Table 5.1). The precision errors in percentages (CVrys) were generally
<5%, except for Tb.SpSD, Ct.Po and Ct.Po.Dm (CVrus=7.7%, 8.7% and 7.6%,
respectively). The LSCeys Was <7.3% for the bone density parameters, but up to 24.1%
for the bone micro-structure parameters. Bland-Altman plots show that for the intra-
operator reproducibility no cut-off bias was observed for all bone density and micro-
structure parameters, and that the errors were independent of the mean values
detected (Supplementary Figure S5.4).

Reproducibility of the cortical interruption algorithm was also excellent for all outcomes
with ICCs >0.82 (Table 5.1), especially for the interruption volume (ICC 0.99, Table 5.1).
The precision errors SDgys per joint was 1.5 for the number of interruptions, 2.1 mm? for
the interruption surface area, and 1.1 mm?® for the interruption volume. The LSCsp was
4.2 for the number of interruptions, 5.8 mm? for interruption surface area, and 3.2 mm?
for the interruption volume. Bland-Altman plots show that for the intra-operator
reproducibility no cut-off bias was observed for the number, surface area and volume of
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interruptions, and that the errors were independent of the mean values detected
(Supplementary Figure S5.5c).

Table 5.1. Reproducibility of the cortical interruption parameters, and bone density and structure parameters.

Mean (SD) ICC (95% Cl) SDgrus LSCsp  CVems  LSCeys
Cortical interruption parameters
Number of interruptions 3.1(3.4) 0.82 (0.69-0.90) 1.5 4.2 n.a. n.a.
Interruption surface area (mm?2) 4.2(7.1) 0.92 (0.85-0.96) 2.1 5.8 n.a. n.a.
Interruption volume mm?3 3.5(10.7) 0.99 (0.98-0.99) 1.1 3.2 n.a. n.a.
Bone density parameters
Tot.BMD (mg HA/cm?3) 341.8(72.2) 1.00 (1.00-1.00) 3.8 10.6 1.1 3.2
Tb.BMD (mg HA/cm3) 163.4 (47.2) 0.99 (0.99-1.00) 3.6 100 26 7.3
Ct.BMD (mg HA/cm3) 883.7 (94.5) 1.00 (1.00-1.00) 45 124 05 1.4
Ct.TMD (mg HA/cm?3) 939.8 (70.6) 1.00 (1.00-1.00) 33 9.1 0.4 1.0
Bone structure parameters
Th.N (mm™) 1.56 (0.49) 0.99 (0.98-0.99) 0.06 0.16 42 117
Tb.Th (um) 90.7 (22.7) 0.98 (0.95-0.99) 3.6 10.1 4.3 11.8
Th.Sp (um) 630.4 (259.5) 0.98 (0.96-0.99) 39.6 109.7 4.4 12.1
Th.SpSD (um) 558.3(316.2)  0.97 (0.95-0.99) 54.0 1497 7.7 213
Ct.Th (um) 889.7 (196.2) 1.00 (0.99-1.00) 15.1 41.8 1.4 3.9
Ct.Po (%) 4.31(3.07) 1.00 (0.99-1.00) 0.35 0.96 8.7 24.1
Ct.Po.Dm (um) 197.3 (86.3) 0.84 (0.72-0.91) 367 1017 7.6 211

Values are displayed as mean (SD), and for ICC as value (95% Confidence Interval). n.a., not applicable; CVgus
and LSCcyy were only determined for continuous variables. ICC, intra-class correlation coefficient; SDgys, root
mean square of the standard deviation; LSCsp, absolute least significant change; CVgys root mean square of the
coefficient of variation; LSCeys, least significant change in percentages; Tot.BMD, total volumetric bone mineral
density; Tb.BMD, trabecular BMD; Ct.BMD, cortical BMD; Ct.TMD, cortical bone tissue BMD; Tb.N, trabecular
number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.SpSD, intra-individual distribution of
trabecular separation; Ct.Th, cortical thickness; Ct.Po, cortical porosity; Ct.Po.Dm, cortical porosity diameter

DISCUSSION

In this study, we calculated the precision errors of our extended algorithm for detection
of cortical interruptions and underlying trabecular bone void volume in MCP joints on
scan/re-scan HR-pQCT data with repositioning in-between the scans in early arthritis
patients. In addition, we calculated the precision errors for the bone density and micro-
structure parameters. Reproducibility of our algorithm was excellent (ICCs >0.82),
especially for the interruption volume (ICC 0.99). Reproducibility for the bone density
and micro-structure parameters was also excellent (ICCs >0.84). Bland-Altman plots
showed no systematic error in the reproducibility of our algorithm, bone density and
bone micro-structure parameters. The reproducibility LSCsp value per joint was 4.2 for
number of interruptions, 5.8 mm’ for interruption surface area, and 3.2 mm’ for
interruption volume.

The intra-operator reproducibility LSCsp value of the algorithm for the interruption
volume was higher in our study than the intra- and inter-operator LSCsy reported by
Topfer et al. for single interruptions (LSC 3.2 mm® versus 1.4 mm> and 2.1 mm®,
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respectively).”* The study from Topfer et al. differed in several aspects from ours. They
analyzed a selection of interruptions in one dataset on its volume by two operators. In
contrast, we used scan/re-scan data and included all interruptions, irrespective whether
they were detected on the first scan but not on the second scan and vice versa. These
aspects will lead to higher reproducibility errors. By excluding the effect of the
rescanning (i.e. intra-operator reliability), the LSCsp value was comparable to the study of
Topfer et al. (LSC 1.9 mm’versus 1.4 mm>).”!

In our study, we also included the phalangeal base, thus creating a larger scan region for
analyzing bone density and micro-structure parameters. This did not affect the precision
errors, except for Ct.Po, which was substantially lower compared to a previous study
(8.7% versus 27.7%).°® The precision errors of the other parameters obtained in our
study were similar as in previous studies.™*® In our study, the precision errors (CVgms)
were generally below 2% for the bone density parameters (except for Th.BMD), below
5% for the trabecular bone parameters (except for Th.SpSD), below 10% for the cortical
bone parameters. The precision errors are also comparable as observed in radius and
tibia scans."

The mean number of cortical interruptions and interruption surface area per joint
detected in this study (3.1 and 4.2 mm?, respectively) were substantially lower than in
our previously reported study using the same algorithm (9.5 and 13.5 mm’
respectively).”’ In our previous study, anatomic specimens from high-aged subjects
(mean 85.1 years) were used with a low BMD (vVBMD of the joints: 245 mgHA/cm” versus
338 mgHA/cm3 in this study). In the present study, the bone is better mineralized and
therefore these voxels are less likely to represent non-bone voxels after segmentation
and, hence, a lower number of interruptions was found.

The mean volume of the interruptions detected with the algorithm was substantially
lower compared to previous studies that investigated volumes of interruptions in 3D
(1.1 mm? versus >4 mm?), confirming that our algorithm enables the detection of much
smaller interruption_s.ls’u’24

Our study has several limitations. First, with our algorithm, the trabecular void volume
underlying the cortical interruption that can be detected is limited to a depth of 4 mm.
This means that the algorithm underestimates the volume of interruptions with a depth
greater than 4 mm. However, 4 mm is approximately half the width of the metacarpal
head. Hence, such interruptions are not the primary focus of research with HR-pQCT,
because these large interruptions can also be detected by other imaging techniques with
lower resolution. For example, “small” interruptions, i.e. <10 mm® are occasionally
missed with MRI." Thus, our algorithm can best be used for studies with HR-pQCT
aiming at early detection of structural damage, i.e. small interruptions, in patients with
RA. Second, our algorithm requires manual correction of the outer margin of the
contours in case of large cortical interruptions and motion artifacts which can make the
analysis time consuming.”® However, this correction is also advised by the manufacturer
for the standard evaluation protocol for assessment of the bone density and micro-
structure parameters. Further automation of the outer contour would improve the
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applicability. The strength of our algorithm is that it is developed within the scanner
software (IPL). Therefore, the algorithm can be easily implemented to other scanners.
The current investigation of the reproducibility of the algorithm and the extension of
underlying trabecular bone void detection was a next step in the validation of our
algorithm in the detection of small cortical interruptions in finger joints by HR-pQCT. We
found that the algorithm was highly reproducible, but still had substantial precision
errors compared to the mean value detected. Therefore, the next step is to test this
algorithm in clinical studies in order to determine its potential value in monitoring
patients with RA, and discriminating patients with RA, preferably early in the disease
course, from healthy controls.

Conclusion

The extended algorithm for detection of cortical interruptions and their volume, and the
assessment of the bone density and micro-structure parameters on HR-pQCT is highly
reproducible in finger joints of early arthritis patients. The potential value of this
algorithm for monitoring structural damage in the joints in early arthritis patients needs
to be tested in clinical studies.
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SUPPLEMENTARY FILE

1 stack

Reference line

Scan region
=27.06mm

2 stacks

Figure S5.1. Scout view of the right hand, showing the region that was scanned by the HR-pQCT during both
scans. The proximal edge of the phalangeal base of the most distal joint (MCP2 in this case) was chosen as the
landmark for the placement of the reference line. The scan region was 27.06 mm (3 stacks) long with 9.02 mm

(1 stack) distal of the reference line and 18.04 mm (2 stacks) proximal of the reference line.
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Figure §5.2. Bland-Altman plots for all bone density (A), trabecular micro-structure (B) and cortical micro-
structure (C) parameters for the intra-operator reliability. For all parameters, no cut-off bias was observed and
the errors were independent of the mean values detected. BMD, volumetric bone mineral density; Tot.BMD,
total BMD; Th.BMD, trabecular BMD; Ct.BMD, cortical BMD; Ct.TMD, cortical bone tissue BMD; Th.N,
trabecular number; Th.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.SpSD, intra-individual
distribution of trabecular separation; Ct.Th, cortical thickness; Ct.Po, cortical porosity; Ct.Po.Dm, cortical
porosity diameter.
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Figure $5.3. Bland-Altman plots for all bone density (A), trabecular micro-structure (B) and cortical micro-
structure (C) parameters for the inter-operator reliability. For all parameters, no cut-off bias was observed and
the errors were independent of the mean values detected. BMD, volumetric bone mineral density; Tot.BMD,
total BMD; Th.BMD, trabecular BMD; Ct.BMD, cortical BMD; Ct.TMD, cortical bone tissue BMD; Tb.N,
trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.SpSD, intra-individual
distribution of trabecular separation; Ct.Th, cortical thickness; Ct.Po, cortical porosity; Ct.Po.Dm, cortical
porosity diameter.
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Figure $5.4. Bland-Altman plots for all bone density (A), trabecular micro-structure (B) and cortical micro-
structure (C) parameters for the intra-operator reproducibility. For all parameters, no cut-off bias was
observed and the errors were independent of the mean values detected. BMD, volumetric bone mineral
density; Tot.BMD, total BMD; Tb.BMD, trabecular BMD; Ct.BMD, cortical BMD; Ct.TMD, cortical bone tissue
BMD; Tb.N, trabecular number; Th.Th, trabecular thickness; Tb.Sp, trabecular separation; Th.SpSD, intra-
individual distribution of trabecular separation; Ct.Th, cortical thickness; Ct.Po, cortical porosity; Ct.Po.Dm,

cortical porosity diameter.
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Figure S5.5. Bland-Altman plots for all cortical interruption parameters for the inter-operator reliability (A) and
intra-operator reproducibility (B). (A) Between the operators, no cut-off bias was observed for the number of
interruptions and the errors were independent of the number of interruptions detected. For the interruption
surface area and volume, OP2 had higher outcomes compared to operator 1, and this increased with
increasing mean value. (B) Between the first and second scanning, no cut-off bias was observed for the
number, surface area and volume of interruptions and the errors were independent of the mean values

detected.
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Table S5.1. Intra- and inter-operator reliability of the cortical interruption parameters.

Intra-operator reliability

Inter-operator reliability

ICC SDgrws LSCsp ICC
(95%Cl) (95%Cl)

Number of 0.96 0.7 2.0 0.94
interruptions (0.92-0.98) (0.89-0.97)
Interruption mm’ 0.95 1.7 4.6 0.70
surface area (0.92 - 0.98) (0.41-0.84)
Interruption mm’ 1.00 0.7 1.9 0.91
volume (0.99 - 1.00) (0.81-0.96)

Values are as value (95% Confidence Interval). ICC, intra-class correlation coefficient; SDgus, root mean square

of the standard deviation; LSCsp, absolute least significant change.
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ABSTRACT

Objectives

Small cortical interruptions may be the first sign of an erosion, and more interruptions
can be found in patients with rheumatoid arthritis (RA) compared to healthy subjects.
Therefore, we, first, compared the number and size of interruptions in patients with RA
to healthy subjects using high-resolution peripheral quantitative CT (HR-pQCT). Second,
we investigated the association between structural damage and inflammatory markers
on conventional radiography (CR) and MRI with interruptions on HR-pQCT. Third, the
added value of HR-pQCT over CR and MRI was investigated.

Methods

Finger joints of 39 patients with RA and 38 healthy subjects were examined through CR,
MRI and HR-pQCT. CRs were scored using the Sharp/Van der Heijde method. MRI images
were analyzed for the presence of erosions, bone marrow edema and synovitis. HR-
pQCT images were analyzed for the number, surface area and volume of cortical
interruptions using a semi-automated algorithm. Descriptives were calculated, and
associations were tested using generalized estimating equations.

Results

Significantly more interruptions and both a larger surface area and volume of
interruptions were detected in MCP joints of patients with RA compared to HS (median
2.0, 1.42 mm? and 0.48 mm’ versus 1.0, 0.69 mm’ and 0.23 mm3, respectively, all
p<0.01). Findings on CR and MRI were significantly associated with more and larger
interruptions on HR-pQCT (prevalence ratios (PRs) 1.03-7.74, all p<0.01) in all subjects,
and were consistent in patient with RA alone. Having RA is significantly associated with
more and larger interruptions on HR-pQCT (PRs 2.33-5.39, all p<0.01), also after
adjustment for findings on CR or MRI.

Conclusions

More and larger cortical interruptions and both a larger surface area and volume were
found in finger joints of patients with RA compared to healthy subjects, also after
adjustment for findings on CR or MRI, implying that HR-pQCT imaging may be of value in
addition to CR and MRI for the evaluation of structural damage in patients with RA.



Cortical interruptions in RA and healthy subjects

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory auto-immune disease, in which
inflammation at the joint might lead to peri-articular osteoporosis and erosions (i.e.
pathological cortical interruptions).™ Traditionally, the presence of erosions is assessed
by conventional radiography (CR) in the joints of the hands and feet. However, CR has its
limitations since the sensitivity to detect erosions is low compared to computed
tomography (CT) and magnetic resonance imaging (MRI).*® With CT as reference
method, sensitivity to detect erosions in MCP joints was 26% and 68% for CR and MRI,
respectively.” In addition, MRI is also able to visualize inflammation in the joint such as
bone marrow edema (BME) and synovitis, which are associated with progression of bone
damage on CRin patients with RA.5°

Another imaging modality used in RA is high-resolution peripheral quantitative CT
(HR-pQCT), with which the three-dimensional (3D) bone structure of the peripheral
skeleton can be visualized at the micro-scale (82 um isotropic voxel size) in vivo.
Comparative studies showed that HR-pQCT imaging is more sensitive than MRl and CR in
the detection of pathological interruptions (i.e. erosions) in finger joints."* ™ In addition,
HR-pQCT imaging can evaluate the cortical and trabecular volumetric bone mineral
density (vBMD) and bone micro-structure in finger joints."

Previous studies that compared patients with RA to healthy subjects using HR-pQCT
primarily focused on the visual detection of pathological interruptions.14'20 In a previous
study, we demonstrated that with HR-pQCT a variety of cortical interruptions can be
seen in finger joints of both patients with RA and healthy subjects. Some (larger) cortical
interruptions had underlying trabecular bone voids and were suggestive for an erosion,
whereas other cortical interruptions were smaller and may represent physiological
interruptions (i.e. vascular channels).” The detection of these smaller interruptions
might be of clinical relevance, since it has been hypothesized that vascular channels
might serve as a starting point for pathological cortical interruptions as the vascular
channel provides direct entry for osteoclast-mediated joint destruction.”**** It has also
been shown that the number of visually detected small cortical interruptions is increased
in patients with RA compared to healthy subjects.24 Moreover, the number of visually
detected interruptions was increased in patients with a more active disease, suggesting
a link to synovitis."! Besides the detection of more and larger cortical interruptions in RA,
also an impaired vBMD and micro-structure can be found in finger joints of patients with
RA compared to healthy subjects.” These parameters at the MCP joints are strongly
correlated to the parameters at the distal radius, which are impaired in osteoporosis
patients.zs'26

A major drawback of visual detection of cortical interruptions is that it is not only prone
to subjectivity but also time—consuming.27 In a previous study, we showed that the inter-
operator reliability of visually detecting these small cortical interruptions was fair.”®
Therefore, we developed and validated a semi-automated algorithm that more reliably
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detects the number, surface area and volume of (small) cortical interruptions (diameter
>0.41 mm) in comparison to visual scoring.”®*"

Whereas these earlier studies demonstrated the feasibility, validity and reliability of our
semi-automated algorithm in quantifying (small) cortical interruptions, it remains
unknown if these (small) cortical interruptions are more frequently seen in patients with
RA compared to controls, and whether they are related to both structural damage on CR
and structural damage and inflammatory markers on MRI. Furthermore, it is unknown if
HR-pQCT imaging has an added value over findings on CR and MRI in the detection of
(small) cortical interruptions and in the distinction between patients with RA and healthy
subjects.

Therefore, our aims were, first, to evaluate the number, surface area and volume of
cortical interruptions (further described as “cortical interruption parameters”) detected
on HR-pQCT images with our semi-automated algorithm in patients with RA (dominant
versus non-dominant hand, and early versus longstanding RA patients) and compare
this to healthy subjects. Second, we investigated whether an association exists between
structural damage on CR, or structural and inflammatory markers on MRI, with the
cortical interruption parameters on HR-pQCT in all subjects and in patients with RA
alone. Third, we investigated the added value of HR-pQCT in the detection of cortical
interruptions and in the distinction between patients with RA and healthy subjects over
findings on CR and MRI. Last, we investigated the bone density and micro-structure
parameters in all subjects and in patients with RA alone, and their association with the
cortical interruption parameters.

MATERIALS AND METHODS

Subjects

For this cross-sectional study, we used data from the MOSA-Hand cohort, which consists
of 38 healthy females and 41 female patients diagnosed with RAZT Al subjects were
recruited at the Maastricht University Medical Center, the Netherlands. All patients with
RA fulfilled the 2010 American College of Rheumatology (ACR)/European League Against
Rheumatism (EULAR) classification criteria for RA.** Information on disease duration,
medication use, smoking status, anti-citrullinated protein antibody (ACPA) and
rheumatoid factor (RF) positivity, was retrieved from the patients’ medical file. Healthy
subjects, matched on age by decade, did not suffer from hand joint complaints. All
subjects signed informed consent. Ethical approval was obtained from the ethics board
of the academic hospital Maastricht/ Maastricht University, the Netherlands.
Netherlands Trial Registry number: NTR3821.
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HR-pQCT image acquisition

The second and third MCP and PIP joints were scanned with HR-pQCT (XtremeCT1,
Scanco Medical AG, Switzerland). In healthy subjects only the dominant hand was
scanned and in patients with RA both hands were scanned. Each hand was separately
scanned using a carbon cast for finger scanning as provided by the manufacturer.

For the first 13 subjects (8 healthy subjects and 5 patients with RA) that were scanned, a
scan protocol of 2 stacks was used for MCP joints and 1 stack for PIP joints (Figure 6.1a,
Scan protocol 1). This scan length was in subsequent subjects enlarged to 3 stacks for
MCP joints and 2 stacks for PIP joints, based on the acquired experience of the Study
grouP for xtrEmeCT in RA (SPECTRA, Figure 6.1b, Scan protocol 2).** With both scan
protocols, the reference line of MCP scans was placed at the top of the second or third
metacarpal head (whichever was most distal of the two), and for PIP scans at second or
third proximal interphalange (whichever was most distal of the two). In this way, similar
regions of interest were selected and measured. Figure 6.1 shows that both scan
protocols encapsulate the whole joint region, i.e. including the total region where
cortical interruptions may occur. Therefore, all scans were used for the quantification of
cortical interruptions. However, for the bone density and micro-structure parameters,
the scans of protocol 1 were excluded since a difference in scan length substantially
influences these parameters (Figure 6.2).

Scanning was performed at clinical in vivo settings, i.e. at 60 kVp tube voltage, 900 pA
tube current, 100ms integration time and images were reconstructed using an 82 um
isotropic voxel size. Subject scans were evaluated on motion artifacts according to Pialat
et al.** Scans with at least one stack of poor quality (grade >3) were excluded from
further analyses.34

Scan region:

Scan region:
1stack £

2 stacks

Scan region:

Scan region:
3 stacks

2 stacks

Figure 6.1. Scout views of a left (a.) and right (b.) hand, showing the regions that were scanned by HR-pQCT of
the MCP and PIP scans of the first (a.) and second (b.) scan protocols. The top of the metacarpal head and
proximal interphalangeal of the most distal joint (MCP2 and PIP2 in A, and MCP2 and PIP3 in B) were chosen as
the landmark for the placement of the reference line. Shown is that with both scan protocols the total joint is
encapsulated in the scan region. Thus, the total region where cortical interruptions can occur are included with
both scan protocols.
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Image analyses

The outer margin of the cortex was identified using an auto-contouring algorithm.” The
contours were visually inspected and, if necessary, adjusted by an operator. A
segmentation to distinguish bone and non-bone was performed using the standard
evaluation protocol from the manufacturer, which included Laplace-Hamming filtering
and thresholding.35

Cortical interruptions

An automated algorithm for the detection of cortical interruptions and underlying
trabecular bone void was applied to all binary images and is described in previous
work.””?" In short, first, a cortical mask with a constant depth of 4 voxels (0.328 mm) is
generated based on the outer contour. Second, the bone within this mask is analyzed for
cortical interruptions with a diameter of 20.41 mm.*° Third, a region of interest (ROI) of
approximately 4 mm around these cortical interruptions was identified for MCP joints
and 2 mm for PIP joints.”* Fourth, voids in this ROl that are >0.41 mm in radius were
selected and only those connected to the cortical interruptions were included as
underlying trabecular voids.*

Per joint, the number of cortical interruptions, interruption surface area, and
interruption volume (cortical interruption and trabecular void volume) were obtained
(i.e. cortical interruption parameters). In addition, the proportion of joints with at least
2 cortical interruptions (proportion of joints affected) was calculated. This cut-off value
was chosen because we expected at least one physiological interruption in the joints
because of the presence of vascular channels.*®

Bone density and micro-structure parameters

The standard and cortical evaluation protocols were used to determine the volumetric
bone density and micro-structure parameters as described elsewhere.”®*” The vBMD
[mgHA/cm?] was calculated for the total (Tot.BMD), trabecular (Tb.BMD) and cortical
(Ct.BMD) region. Additionally, the density of the cortical bone tissue was measured
(Ct.TMD). Furthermore, trabecular number (Tb.N) [mm’l], thickness (Tb.Th) [um],
separation (Th.Sp) [um], and intra-individual distribution of separation (Tb.SpSD) [um]
were determined to assess the trabecular compartment. The cortical thickness (Ct.Th)
[um], cortical porosity (Ct.Po) [%], and cortical pore diameter (Ct.Po.Dm) [um] were

determined to assess the cortical compartment.

CR acquisition and scoring

Posterior-anterior radiographs of the hands were taken from all subjects according to a
standard clinical protocol. Two experienced and trained rheumatologists, which were
blinded for clinical data, independently scored the radiographs of the hands in order to
assess structural bone damage according to the Sharp/Van der Heijde (SvdH) method.*®
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Agreement between the readers for the SvdH hand score was excellent with ICC 0.96
(95% Cl 0.93-0.97). Mean scores of the two readers were calculated and used for the
analysis. We additionally examined the SvdH erosion scores on the second and third
MCP and PIP joints (radiographic damage). Radiographic damage was defined as the
SvdH erosion score of the specific joint.

MRI acquisition and scoring

Second and third MCP and PIP joints of both hands were examined using a 3.0 T Achieva
Philips MRI device. During the examination, the hand was fixed inside a dedicated wrist
coil and the space around the hand was filled with rubber to reduce motion artifacts.
Images were acquired of both hands using axial T1-weighted, axial fat-suppressed T2-
weighted and sagittal 3D WATSc sequences. Additional images were acquired post
intravenous gadolinium (Gadovist 1.0 mmol/ml solution for injection) using axial and
coronal fat-suppressed T1-weighted images.

The MRI images were independently scored by two radiologists (DL and RW), who were
blinded for clinical data. Presence of erosions was evaluated per joint quadrant per bone
end (thus a maximum of 8 erosions per joint could be obtained). Synovitis and BME was
evaluated per joint (yes/no). Agreement per joint between the readers was good with
ICC 0.75 (95% ClI: 0.70-0.80) for the number of erosions, and k 0.71 and 0.87 for the
presence of synovitis and BME, respectively. Consensus was reached in case of
discrepancies.

Statistics

Descriptives per joint were calculated in patients with RA and healthy subjects for the
proportion of joints affected, the cortical interruption-, bone density- and micro-
structure parameters on HR-pQCT, and for findings on CR and MRI. Stratified analyses
were performed in patients with RA for hand dominance (dominant versus non-
dominant) and disease duration (early (<2 years) versus longstanding (>2 vyears)).
Differences were tested with independent t-test, paired t-test, Mann-Whitney U test or
chi-squared test, as appropriate.

Possible associations were tested, first, between either structural damage on CR or
structural damage and inflammatory markers on MRI, and cortical interruption
parameters on HR-pQCT, second, between the presence of RA and cortical interruption
parameters on HR-pQCT, and third, between either bone density or micro-structure
parameters and cortical interruption parameters on HR-pQCT. Associations were
calculated using repeated measures generalized estimating equations (GEE) with a
negative binomial distribution, because of count data (non-normally distributed data)
with overdispersion. A repeated exchangeable or unstructured working correlation
structure was assumed (which fitted best) in order to adjust for within-subject
correlation. All GEE analyses were performed with data from the dominant hand of each
subject and were adjusted for joint (MCP or PIP), digit (second or third digit), age (years)
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and subject (patient with RA or healthy subject), if applicable. In patients with RA, all GEE
analyses were repeated using data from both the dominant and non-dominant hand
with, in addition, adjustment for hand dominance (dominant or non-dominant).

The added value of findings on HR-pQCT over findings on CR or MRI was tested in two
additional models (‘model 2’ and ‘model 3’) in which the association between the
presence of RA and cortical interruption parameters on HR-pQCT was investigated. In
model 2, the analysis was additionally adjusted for findings on CR (SvdH hand score and
radiographic damage) and in model 3, the analysis was additionally adjusted for findings
on MRI (number of erosions, and presence of synovitis and BME).

Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 20.0
(IBM Corp., Armonk, NY) and SAS software version 9.3 (SAS Institute Inc., Cary, North
Carolina, USA).

RESULTS

Two patients with RA did not have an HR-pQCT scan available and were excluded from
further analyses (Figure 6.2). In one patient with RA, HR-pQCT images of the PIP joints
were missing due to intolerance to long immobilization during scanning, but the
remaining joints were included in the analyses (Figure 6.2). Table 6.1 shows the
characteristics of the study population. Patients with RA tended to be older, and their
mean (SD) disease duration was 131.7 (116.5) months.

Cortical interruption parameters on HR-pQCT

Table 6.2 shows that in the MCP joints of patients with RA, significantly more cortical
interruptions were detected and in more joints, compared to healthy subjects. In
addition, a significantly larger surface area and volume of cortical interruptions per joint
in patients with RA compared to healthy subjects were found.

For the MCP joints, comparative stratified analyses in patients with RA showed a
significant larger interruption volume in patients with longstanding RA compared to early
RA patients. Furthermore, in the dominant of patients with RA, significantly more
cortical interruptions and both a larger surface area and volume of interruptions could
be detected compared to the non-dominant hand.

For the PIP joints, similar but smaller differences were found between patients with RA
and healthy subjects, and in the stratified analyses in patients with RA. Statistical
significance was only found for the proportion of joints affected between patients with
RA and healthy subjects, and for the number of interruptions in the dominant compared
to the non-dominant hand.

Figure 6.3a shows examples of cortical interruptions detected in MCP and PIP joints of a
healthy subject and a patient with RA.
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79 Subjects

No HR-pQCT scan
2 subjects

77 Subjects

| l

Protocol 1: Protocol 2:
8 HS 30 HS
5RA 34 RA
Poor quality scans:
29 MCP joints
Poor quality scans: 19 PIPjoints
3 MCP joints
2 PIP joints Missing scans:
4 PIP joints
Scans available: Scans available:
33 MCP joints 167 MCP joints
34 PIPjoints 173 PIP joints
Scans available for cortical Scans available for bone density and
interruption parameters: micro-structure parameters:
200 MCP joints 167 MCP joints
207 PIP joints 178 PIP joints
Dominant: Dominant: Dominant: Dominant:
66 MCP 67 MCP 60 MCP 50 MCP
71PIP 67 PIP 59 PIP 55 PIP
Non-dominant Non-dominant
67 MCP 57 MCP
69 PIP 59 PIP

Figure 6.2. Schematic overview of the HR-pQCT scans in all subjects. Shown are the number of excluded scans
because of poor quality. Additionally is shown that both scan protocols are used for analyses of the cortical
interruption parameters, and only scan protocol 2 is used for analyses of the bone density and micro-structure
parameters. HR-pQCT, high-resolution peripheral quantitative computed tomography; HS, healthy subject;
MCP, metacarpophalangeal joint; PIP, proximal interphalangeal joint; RA, rheumatoid arthritis.

Findings on CR and MRI

Seventy-five baseline radiographs of the 77 subjects with an HR-pQCT scan were
available and scored (39 patients with RA and 36 healthy subjects). The mean SvdH score
based on two readers was significantly higher in patients with RA versus healthy subjects
(mean 9.1 (SD 17.3, range 0-87.5) versus 1.1 (SD 1.8, range 0-10, p=0.008). In 10 joints
from five patients with RA, radiographic damage was present in the joints specifically
examined with HR-pQCT and MRI (MCP2, 3 and PIP 2, 3). In healthy subjects, no
radiographic damage was observed in these joints.
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Table 6.1. Characteristics of the participants

Healthy subjects Patients with RA p-value
n=38 n=39
Age, years 51.2(10.3) 54.8 (7.0) 0.081
Disease duration, months n/a 131.7 (116.5) -
ACPA positive n/a 30 (77%)
RF positive n/a 24 (59%)
ACPA and RF positive n/a 21 (54%)
Use of DMARDs n/a 34 (87%)
Use of Biologicals n/a 20 (51%)
Use of DMARDs and biologicals n/a 15 (38%) -
Smoking 0.624
No 22 (58%) 19 (49%)
Former 11 (29%) 12 (31%)
Current 5(13%) 8 (21%)

All values are presented as mean (SD) or absolute number (%).RA, rheumatoid arthritis; ACPA, anti-citrullinated
protein antibody; RF, rheumatoid factor; DMARD, disease modifying anti-rheumatic drug; n/a, not applicable.
In two patients, ACPA values were missing.

Seventy-five baseline MRI scans of the 77 subjects who received an HR-pQCT scan were
available and scored (38 patients with RA and 37 healthy subjects). In one subject,
images of four PIP joints were missing due to technical issues. Due to motion artifacts on
MRI, twelve joints were not evaluable for BME and fourteen joints were not evaluable
for erosion and synovitis. In patients with RA, significantly more frequently joints with
erosions, BME and synovitis were found compared to healthy subjects (Supplementary
Table S6.1). Longstanding RA patients had a significantly higher proportion of joints with
BME compared to early RA patients. Furthermore, the mean number of erosions was
significantly higher in the dominant hand compared to the non-dominant hand in
patients with RA (Supplementary Table S6.1).

Associations between findings on CR or MRI with the cortical interruption parameters on
HR-pQCT

Table 6.3 shows GEE analysis investigating associations between findings on either CR or
MRI and cortical interruption parameters. Radiographic damage in the joint and SvdH
hand score on CR were significantly associated with more cortical interruptions and both
a larger surface area and volume of cortical interruptions per joint on HR-pQCT
(prevalence ratios (PRs) ranging from 1.03 to 2.04, all p<0.01).

Also, the presence and number of erosions, BME and synovitis per joint on MRI were
each significantly associated with more cortical interruptions and both a larger surface
area and volume of cortical interruptions per joint on HR-pQCT (PRs ranging from 1.32 to
7.74, all p<0.01, Table 6.3).

Similar associations were found in additional analyses using data from both the
dominant and non-dominant hand of patients with RA (Supplementary Table S6.2).
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Added value of HR-pQCT over CR or MR

The association between the presence of RA and each of the cortical interruption
parameters was tested in a model with adjustment for joint, digit and age. Significant
associations were found with PRs ranging from 2.33 to 5.39 (Table 6.4, model 1).

The added value of HR-pQCT over findings on CR or MRI was tested in two additional
models. After adjustment for structural damage on CR (Table 6.4, model 2) or structural
damage and inflammatory markers on MRI (Table 6.4, model 3), still significant
associations between the presence of RA and cortical interruptions parameters were
found, indicating that the HR-pQCT has an added value over findings on CR and MRI in
the detection of cortical interruptions and in the distinction between patients with RA
and healthy subjects.

Figure 6.3a shows examples of cortical interruptions detected on HR-pQCT in MCP and
PIP joints of a patient with RA and healthy subject with no structural damage on CR. It
can be seen that more and larger interruptions are detected in the patient with RA
compared to the healthy subject despite no visible structural damage on CR in both
subjects.

Table 6.4. Associations between the presence of RA and each of the cortical interruption parameters on HR-
pQCT.

Number of interruptions Interruption surface area Interruption volume
B PR p-value B PR p-value B PR p-value
(95% Cl) (95% Cl) (95% Cl)

Model 1 0.84 2.33 <0.001 1.42 4.14 <0.001 1.68 5.39 <0.001
(1.50-3.60) (2.21-7.73) (2.66-10.92)

RA Model 2 0.57 1.77 0.011 0.81 2.25 0.004 0.95 2.59 0.011
(1.14-2.75) (1.29-3.94) (1.25-5.36)

Model 3 0.52 1.68 0.017 0.67 1.95 0.027 1.03 2.80 0.021
(1.10-2.57) (1.08-3.53) (1.17-6.71)

Analyses were performed with data from the dominant hand of each subject. Values displayed as: value or
value (95% Cl). Model 1: adjustment for joint, digit and age. Model 2: adjustment for joint, digit, age,
radiographic damage and SvdH hand score on CR. Model 3: adjustment for joint, digit, age, erosions, BME and
synovitis on MRI. 95% Cl, 95% confidence interval; RA, rheumatoid arthritis; PR, prevalence ratio; SvdH score,
Sharp/van der Heijde score; CR, conventional radiography; MRI, magnetic resonance imaging; BME, bone
marrow edema; radiographic damage, SvdH erosion score in specific MCP or PIP joint

Bone density and micro-structure parameters

In both MCP and PIP joints, we found that the vBMD was lower in patients with RA
compared to healthy subjects in the total-, trabecular- and cortical region
(Supplementary Tables S6.3 and 56.4). Moreover, the mineralization of the cortical bone
tissue (Ct.TMD) was lower in patients with RA than in healthy subjects. Furthermore, the
trabecular number (Th.N) was lower and trabecular separation (Th.Sp) higher with more
variance in the distribution of separation (Tb.SpSD higher). In addition, a thinner cortex
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(Ct.Th lower) and smaller cortical pores (Ct.Po.Dm lower) were observed in patients with
RA compared to healthy subjects (Supplementary Tables S6.3 and S6.4).

Comparative stratified analyses showed that in patients with longstanding RA compared
to early RA, significantly thinner trabeculae in MCP joints were found.

Figure 6.3b shows examples of trabecular and cortical bone loss in MCP and PIP joints of
the dominant hand in a patient with RA compared to a healthy subject.

Associations between bone density or micro-structure with the cortical interruption
parameters

A significant negative association was found between the vBMD parameters and the
cortical interruption parameters per joint, except for the association between Th.BMD
and the number and surface area of interruptions (PRs ranging from: 0.82 to 0.95 per
10 unit vBMD increase, Table 6.3).

The bone micro-structure parameters did not show any significant associations with the
cortical interruption parameters per joint, except for Th.N and Th.Sp with interruption
volume (PRs: 0.21 (95% confidence interval: 0.05-0.83) and 22.89 (1.67-313.75),
respectively).

Similar associations were found in additional analyses using data from both the
dominant and non-dominant hand of patients with RA (Supplementary Table S6.2).

DISCUSSION

The present study showed that more and larger cortical interruptions were found on HR-
pQCT in patients with RA compared to healthy subjects, and these differences were
primarily found in MCP joints compared to PIP joints, as expected.39 More and larger
interruptions were found in longstanding RA patients compared to early RA patients, but
the difference was only significant for the interruption volume in MCP joints. Structural
damage observed on CR and MRI, and markers of inflammation (BME and synovitis) on
MRI were significantly associated with more cortical interruptions and both a larger
surface area and volume of cortical interruptions on HR-pQCT. In addition, the presence
of RA was significantly associated with the number, surface area and volume of cortical
interruptions on HR-pQCT, even after adjustment for findings on CR and MRI, indicating
an added value of the HR-pQCT. Moreover, bone density and micro-structural
parameters were impaired in patients with RA, and a lower bone density was associated
with more interruptions and both a larger surface area and volume of the interruptions
on HR-pQCT. For example, every erosion on MRI was associated with a 1.32 times (32%)
increase of the number of interruptions, a 1.84 times (84%) increase of interruption
surface area and a 1.92 times (92%) increase of interruption volume.

In the present study, we found on average a higher number of cortical interruptions in
MCP joints of patients with RA than has been reported in previous studies which used
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visual scoring of HR-pQCT images (mean number of cortical interruptions was 4.3 in our
study versus means ranging from 0.7 to 3.0 in previous studies).”****! This suggests
that we indeed included smaller sized interruptions with our semi-automated algorithm
compared to visual scoring of interruptions on HR-pQCT.

Our observation that more small cortical interruptions could be detected on HR-pQCT in
patients with RA compared to healthy subjects is in line with a previous study.24 In that
study, using visual scoring on binary images, more very small cortical interruptions (with
a diameter >0.082 mm) were found in patients with RA compared to healthy subjects
(112.9 versus 75.2).24 Small interruptions might serve as a starting point for pathological
cortical interruptions.42 Monitoring these individual small cortical interruptions might be
useful in understanding the pathogenesis of RA and might also be of value for evaluating
the progression of structural damage or responsiveness to treatment in individual
patients with RA. Previous research demonstrated for example repair processes of
existing large pathological interruptions with HR-pQCT in those patients using tumor
necrosis factor inhibitors (TNFi), interleukin-6 (IL-6) or receptor activator of nuclear
factor kappa B ligand (RANKL) blockers.”***

We also found associations between the dominant hand (compared to non-dominant
hand), MCP joint (compared to PIP joint), digit 2 (compared to digit 3), a higher age, a
lower vBMD and more and larger interruptions in finger joints on HR-pQCT. In studies
using CR, higher SvdH scores have been reported for the dominant hand compared to
the non-dominant hand.*** More and larger interruptions in the dominant hand
support the hypothesis that mechanical factors also play a role in the development of
erosions.”’ Using HR-pQCT imaging, Stach et al. showed that most interruptions could
be found in the second MCP joint."" Werner et al. showed that the number of small
cortical interruptions in finger joints on HR-pQCT increases with increasing age.”* Last,
Rossini et al. showed that a lower BMD in the hip or spine measured on dual-energy
X-ray absorptiometry (DXA) was correlated with more interruptions on CR.*®

Another observation in the present study was that the bone density and micro-structural
parameters were impaired in patients with RA in comparison to healthy subjects. A
lower bone density in both the trabecular and cortical region, fewer trabeculae (Th.N
lower, Th.Sp and Tb.SpSD higher), and a thinner cortex was found in patients with RA.
This is in agreement with previous studies investigating bone density and micro-
structure parameters in patients with RA compared to healthy subjects using HR-
pClCT,14’47 although the study from Fouque-Aubert et al. reported thinner trabeculae
rather than fewer trabeculae, as was found in our study.14 This difference in finding
might be explained by the longer scan region in our study compared to the study of
Fouque-Aubert et al. (3 stacks (27.06 mm) versus 1 stack (9.02 mm)), because more
distally from the joint fewer trabeculae are present.” In addition to the standard
evaluation protocol, we were the first to apply the cortical evaluation protocol, which
also evaluates the cortical tissue mineral density and porosity in finger joints of patients
with RA in comparison to healthy subjects. The cortical tissue mineral density was
significantly lower in patients with RA, meaning that the decrease in cortical bone
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density (Ct.BMD) is not only caused by the loss of cortical bone, but also by a decrease in
the density of cortical bone tissue. Interestingly, in both MCP and PIP joints, the cortical
porosity (Ct.Po) and cortical pore diameter (Ct.Po.Dm) were smaller in patients with RA
compared to healthy subjects. This might seem contra-intuitive, but it should be noted
that these Ct.Po measurements only considers intra-cortical pores, hence cortical
interruptions are excluded. Because the cortical porosity and cortical pore parameter
only considers intra-cortical pores, expanded intra-cortical pores are likely to become
cortical interruptions, and thus are not included in these parameters. Hence, this might
lead to a decrease in the cortical porosity and cortical pore diameter and increase in the
cortical interruption parameters in patients with RA.

Our study has several limitations. First, we did not visually inspect and correct the inner
cortical contour for determination of the cortical density and cortical micro-structural
parameters. However, in a separate study in MCP joints of early arthritis patients, a high
reproducibility on scan/re-scan data with in-between repositioning of these parameters
without correcting the inner cortical contour was found, indicating that the
determination of the inner cortical contour was reliable and only slightly dependent on
repositioning and motion artifacts.** Second, with our algorithm, the trabecular void
volume underlying the cortical interruption that can be detected is limited to a depth of
4mm in MCP joints and 2mm in PIP joints. This means that the algorithm
underestimates the volume of interruptions with a depth greater than these cut-offs (i.e.
volume >134 mm” and >16.8 mm3, respectively). Hence, comparability of the 3D volume
of very large interruptions may be limited between our algorithm and other techniques.
However, such large interruptions are not the primary focus of research with HR-pQCT,
because these can also be detected by other imaging techniques with lower resolution
(e.g. CR and MRI). The strength of HR-pQCT lies mainly in detection of “small”
interruptions, i.e.<10 mm®>, which are regularly missed with MRI.** Third, our study was
performed using the first generation HR-pQCT. Meanwhile, the second generation HR-
pQCT (HR-pQCT2) has been introduced, which has a higher spatial resolution (95 um
versus 130 um) and smaller voxel size (61 um versus 82 um). This higher resolution
enables better distinction between bone and non-bone, which may reduce the number
of falsely detected interruptions due to the partial volume effect.”® Additionally, the
minimum interruption diameter will be smaller when applying 2 dilation steps
(20.305 mm versus =0.410 mm, respectively). The detection of more and smaller cortical
interruptions with a possible higher validity of these interruptions may both increase the
added value of HR-pQCT over findings on MRI and CR in the detection of cortical
interruptions and in the distinction of patients with RA and healthy subjects

The present study has shown that our algorithm is able to detect these small cortical
interruptions and showed differences in patients with RA and healthy subjects beyond
structural damage on CR, and structural damage and inflammatory markers on MRI.
Only small differences between early RA and longstanding RA patients were found. This
may indicate that the patients were treated well (51% of the patients are treated with
biologicals). The algorithm can best be used in arthritis patients aiming at early detection
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of structural damage. The next step is to apply this algorithm in a clinical follow-up study
in order to test its potential value in monitoring patients with RA.

In conclusion, using our semi-automated algorithm, we demonstrated a higher number
of interruptions, and both a larger surface area and volume of interruptions on HR-pQCT
in early and longstanding RA patients in comparison to healthy subjects. Structural
damage on CR and MRI and markers of inflammation (BME and synovitis) on MRI were
associated with these cortical interruption parameters on HR-pQCT. HR-pQCT has shown
to be of added value over findings on CR and MRI in the detection of cortical
interruptions and in the distinction of patients with RA compared to healthy subjects.
We also found an impaired bone density and micro-structure in patients with RA
compared to healthy subjects, and that a lower bone density was associated with more
and larger interruptions on HR-pQCT. These findings demonstrate the value of HR-pQCT
imaging in the evaluation of peri-articular bone and in the assessment of (early) bone
damage in addition to CR and MRI in patients with RA.
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SUPPLEMENTARY FILES

Table S6.1. MRI scoring in MCP and PIP joints of healthy subjects and patients with RA.

Patients with RA

Healthy Patients value Non-dominant Dominant value  Early RA Longstanding  p-
subjects  with RA P hand hand P v RA value
n=38 n=39 n=39 n=39 n=10 n=29
Number of joints 144 286 138 148 64 222
evaluable for erosions
Proportion of joints 174 287 0010 23.9 331 0086 219 306 0172
with erosions (%)
Mean number of 0.20 0.63 0.50 0.74 0.33 0.72
erosions per joint (0.48) (1.36) 0.081 (1.22) (1.48) 0.012 (0.74) (1.49) 0119
Number of joints
evaluable for BME 144 284 136 148 64 220
Proportion of joints
with BME (%) 14 9.9 0.001 7.4 12.2 0.174 1.6 12.3 0.011
Number ofjoints 5 g¢ 148 148 68 228
evaluable for synovitis
Proportion of joints 2.0 108 0.001 7.4 14.2 0061 44 127 0053

with synovitis (%)

Values are displayed as percentage or mean (SD). RA, rheumatoid arthritis; BME, bone marrow edema; SD,
standard deviation; early RA, RA <2 years disease duration; longstanding RA, RA >2 years disease duration. *
Significantly different from healthy subjects. * four PIP joints missing in one patient with RA. Due to motion
artifacts, twelve joints were not evaluable for BME and fourteen joints were not evaluable for synovitis and

erosion
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Table $6.2. Associations between structural damage on CR and structural damage and inflammatory features
on MRI, and bone density parameters on HR-pQCT with the cortical interruption parameters on HR-pQCT in
patients with RA

Number of interruptions Interruption surface area Interruption volume
B PR p-value B PR p-value B PR p-
(95% Cl) (95% Cl) (95% Cl) value
CR
SvdH hand score 0.02 1.02 0.014 0.04 1.04 0.007  0.05 1.05 0.012
(1.00-1.04) (1.01-1.07) (1.01-1.09)
Radiographic damage 0.21 1.23 0.047 043 1.53 0.039  0.55 1.74 0.096
(1.00-1.52) (1.02-2.30) (0.91-3.32)
MRI
Erosion (presence) 0.83 2.29 <0.001 1.89 6.62 <0.001 3.14 23.06 <0.001
(1.63-3.21) (3.80-11.55) (6.17-86.19)
Number of erosions 0.28 1.32 <0.001 0.59 1.80 <0.001 0.65 1.92 <0.001
(1.21-1.44) (1.53-2.12) (1.44-2.56)
BME (presence) 0.71 2.03 <0.001 1.70 5.47 <0.001 177 5.86 0.005
(1.34-3.07) (2.66-11.25) (1.72-19.96)
Synovitis (presence) 0.91 2.48 <0.001 1.90 6.69 <0.001 2.05 7.75 0.001
(1.68-3.66) (3.30-13.54) (2.21-27.26)
HR-pQCT
Tot.BMD* -0.06 0.94 <0.001 -0.09 0.91 <0.001 -0.12 0.89 <0.001
(0.91-0.97) (0.87-0.96) (0.84-0.94)
Th.BMD* -0.07 0.93 0.039 -0.12 0.89 0.030 -0.19 0.83 0.002
(0.88-1.00) (0.80-0.99) (0.73-0.93)
Ct.BMD* -0.07 0.93 <0.001 -0.14 0.87 <0.001 -0.19 0.82 <0.001
(0.90-0.97) (0.81-0.92) (0.75-0.90)
Ct.TMD* -0.07 0.93 0.001 -0.15 0.86 <0.001 -0.23 0.79 <0.001
(0.89-0.97) (0.80-0.92) (0.72-0.87)

Analyses were performed with data from both hands of patients with RA. Values displayed as: value or value
(95% Cl). Models: adjusted for hand dominance, joint, digit, age and disease duration (early or longstanding
RA). * B and IRR values are displayed per 10 unit increase. 95% Cl, 95% confidence interval; IRR, incidence rate
ratio; BMD, bone mineral density; Tot.BMD, total volumetric BMD; Th.BMD, trabecular volumetric BMD;
Ct.BMD, cortical volumetric BMD; Ct.TMD, cortical volumetric tissue mineral density; MRI, magnetic resonance
imaging; BME, bone marrow edema; CR, conventional radiography; SvdH, Sharp/Van der Heijde score;
radiographic damage, SvdH erosion score in specific joint; HR-pQCT, High-resolution peripheral quantitative
computed tomography
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Table $6.3. HR-pQCT bone density, and micro-structure parameters in MCP joints of healthy subjects and
patients with RA

Patients with RA

MCP joints Healthy Patients p-value non- Dominant  p-value early RA longstanding p-value
subjects  with RA dominant hand RA
hand
n=50 n=117 n=52* n=52* n=31 n=86
Bone density parameters
Tot.BMD (mg HA/cm?) 327.3 286.3  <0.001 283.8 287.8 0.357 2958 282.8 0.183
(35.3) (57.1) (52.3) (56.3) (38.9) (62.2)
Th.BMD (mg HA/cm?) 202.1 178.0 <0.001 177.4 177.9 0.873 185.0 175.4 0.097
(20.6) (35.6) (32.5) (34.6) (21.6) (39.2)
Ct.BMD (mg HA/cm?) 835.8 797.8 <0.001 795.7 800.0 0.262  806.2 794.7 0.296
(39.8) (52.5) (49.8) (54.8) (59.9) (49.6)
Ct.TMD (mg HA/cm?) 909.8 878.8 <0.001  877.3 881.1 0.286  886.1 876.2 0.335
(32.0) (48.8) (47.0) (49.4) (54.1) (46.7)
Bone micro-structure parameters
Tb.N (mm™) 1.68 1.47  <0.001 1.47 1.43 0.242 1.45 1.47 0.772
(0.31) (0.35) (0.36) (0.34) (0.29) (0.37)
Tb.Th (um) 102.3 103.4  0.703 103.2 105.2 0.216  109.1 101.3 0.033
(15.3) (17.4) (17.3) (16.7) (17.8) (16.9)
Th.Sp (um) 513.9 624.5 <0.001 621.4 637.2 0.434  608.4 630.3 0.511
(116.9)  (196.9) (184.2) (213.7) (132.3) (215.9)
Tb.SpSD (Um) 550.6 739.6  0.001 733.7 762.6 0.437 7285 743.6 0.845
(287.0)  (366.5) (364.8) (380.7) (306.1) (387.5)
Ct.Th (um) 664.5 591.6 <0.001 579.5 601.4 0.124  599.2 588.9 0.689
(111.5) (122.5) (112.0) (127.2) (105.4) (128.6)
Ct.Po (%) 5.37 5.64 0.284 5.63 5.73 0.629 5.76 5.59 0.605
(1.42) (1.52) (1.24) (1.77) (1.70) (1.45)
Ct.Po.Dm (um) 2123 190.8  0.101 192.5 192.0 0.899 192.7 190.1 0.586
(137.7)  (22.4) (21.7) (24.8) (21.4) (22.9)

Values are displayed as mean (SD). *Joints were included only if both the dominant and non-dominant scan
were available. SD, standard deviation; RA, rheumatoid arthritis; early RA, RA <2 year disease duration;
longstanding RA, RA>2 year disease duration; MCP joint, metacarpophalangeal joint; HR-pQCT, high-resolution
peripheral quantitative computed tomography; BMD, bone mineral density; Tot.BMD, total volumetric BMD;
Tb.BMD, trabecular volumetric BMD; Ct.BMD, cortical volumetric BMD; Ct.TMD, cortical volumetric tissue
mineral density; Tb.N, trabecular number; Th.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.SpSD,
intra-individual trabecular separation; Ct.Th, cortical thickness; Ct.Po, cortical porosity; Ct.Po.Dm, cortical
porosity diameter.



Table S6.4. HR-pQCT bone density, and micro-structure parameters in PIP joints of healthy subjects and

patients with RA

Cortical interruptions in RA and healthy subjects

Patients with RA

PIP joints Healthy Patients p-value non- Dominant  p-value earlyRA longstanding p-value
subjects with RA dominant hand RA
hand
n=57 n=122 n=56* n=56*% n=34 n=88
Bone density parameters
Tot.BMD (mg HA/cm®)  518.8 467.2 <0.001  467.0 467.6 0.912 466.6 467.4 0.943
(45.6) (72.8) (71.3) (75.7) (38.7) (82.5)
Tb.BMD (mg HA/cm?) 283.3 2619 <0.001  261.0 262.0 0.640 264.5 260.9 0.424
(17.8) (27.7) (27.6) (28.4) (17.8) (30.7)
Ct.BMD (mg HA/cm?) 837.3 813.6 0.003 816.5 812.3 0.295 807.6 815.9 0.503
(41.8)  (51.2) (51.9) (47.5) (65.5) (44.7)
Ct.TMD (mg HA/cm?) 950.8 9283 <0.001  929.5 929.5 0.992 928.0 928.5 0.956
(30.3) (43.6) (42.8) (42.8) (49.8) (41.3)
Bone micro-structure parameters
Tb.N (mm™) 1.83 1.72  0.002 1.70 1.71 0.596 1.72 1.72 0.970
(0.20) (0.23) (0.24) (0.22) (0.20) (0.24)
Tb.Th (um) 130.3 128.6 0.481 129.4 1289 0.729 129.5 128.2 0.684
(14.0) (15.7) (16.6) (15.5) (12.6) (16.8)
Th.Sp (um) 423.5 466.0 0.001 470.1 467.9 0.809 460.5 468.1 0.663
(52.5) (85.7) (77.6) (96.9) (62.1) (93.4)
Tb.SpSD (pUm) 346.5 4015 0.011 405.9 401.0 0.769 3729 412.6 0.097
(115.3)  (140.4) (134.3) (151.4) (100.4) (152.1)
Ct.Th (um) 1,047.5 9235 0.002 921.4 932.7 0.612 918.1 925.6 0.855
(227.6) (251.2) (242.1) (268.6) (161.4) (279.1)
Ct.Po (%) 8.85 8.66  0.600 8.49 8.87 0.077 9.42 8.37 0.060
(2.09) (2.37) (2.49) (2.35) (2.90) (2.08)
Ct.Po.Dm (um) 278.7 229.9 0.020 229.2 2293 0.991 221.6 233.2 0.205
(147.1)  (67.7) (64.5) (62.8) (20.8) (78.5)

Values are displayed as mean (SD). *Joints were included only if both the dominant and non-dominant scan
were available. SD, standard deviation; early RA, RA <2 year disease duration; longstanding RA, RA>2 year
disease duration; PIP joint, proximal interphalangeal joint; HR-pQCT, high-resolution peripheral quantitative
computed tomography; BMD, bone mineral density; Tot.BMD, total volumetric BMD; Tb.BMD, trabecular
volumetric BMD; Ct.BMD, cortical volumetric BMD; Ct.TMD, cortical volumetric tissue mineral density; Th.N,
trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.SpSD, intra-individual

trabecular separation; Ct.Th, cortical thickness; Ct.Po, cortical porosity; Ct.Po.Dm, cortical porosity diameter.
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ABSTRACT

Background

To prospectively investigate change (repair or progression) in the number, surface area
and volume of cortical interruptions, bone density (vBMD) and micro-structural
parameters assessed by high-resolution peripheral quantitative computed tomography
(HR-pQCT) in finger joints of patients with rheumatoid arthritis (RA) treated with
synthetic disease modifying anti-rheumatic drugs (sDMARDs) and/or biologic DMARDs
(bDMARDs) over a 1-year follow-up period, and in comparison with healthy subjects.

Methods

Thirty-two patients with RA (221 joints, 53% on bDMARDs) and 32 healthy subjects (117
joints) were assessed at baseline and after 1 year using semi-automatic analysis of HR-
pQCT images. Mean changes (group level) and the proportion of joints (joint level) with
changes beyond the least significant change were calculated.

Results

At baseline, 530 interruptions were identified in patients, and 136 in healthy subjects.
The mean of the interruption parameters did not significantly change in either group,
except for an increase in interruptions in PIP joints in patients. Mean vBMD decreased
more in patients than in healthy subjects (-4.4 versus -1.1 mgHA/cmg, respectively). In
patients versus HS, proportionally more joints showed repair in interruption volume
(6.6% versus 1.7%, respectively) and loss of vBMD (26.7% versus 12.9%, respectively). In
patients on sDMARDs versus patients on bDMARDs, proportionally more joints showed
progression in the number of interruptions and loss of vBMD (6.1% versus 1.8% and
31.3% versus 17.2%, respectively).

Conclusions

HR-pQCT is able to quantify bone repair and progression. Cortical interruption-, vBMD-
and micro-structure was impaired in RA, of which vBMD and micro-structure further
deteriorated, especially in patients on sSDMARDs.
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INTRODUCTION

In rheumatoid arthritis (RA), increased osteoclast activity by disease-specific auto-
antibodies and pro-inflammatory cytokines can result in peri-articular bone erosions (i.e.
pathological cortical interruptions), loss of bone density and micro-structure.™”
High-resolution peripheral quantitative computed tomography (HR-pQCT) allows in vivo
evaluation of the three-dimensional (3D) bone micro-structure with an isotropic voxel
size of 82um. It has a higher sensitivity to detect erosions than conventional
radiography (CR), magnetic resonance imaging (MRI) and computed tomography (CT)**
and enables to evaluate small cortical interruptions, the volumetric bone mineral density
(vBMD), and bone micro-structure in finger joints.”” Studies with HR-pQCT showed not
only more and larger cortical interruptions, but also an impaired vBMD and micro-
structure in patients with RA, with and without visible erosions on CR, compared with
healthy subjects.7 Moreover, HR-pQCT demonstrated promising results in evaluating
progressive damage and repair processes in patients with RAEY Repair of bone, was
primarily found in patients treated with biological disease modifying anti-rheumatic
drugs (bDMARDs).5" However, these studies mainly focused on the presence and
change in size of large, pathological interruptions. Changes in small cortical interruptions
and micro-structural parameters have not been examined, nor were any comparisons
made to a healthy population, in which cortical interruptions can also be found.™
Although these small interruptions might not be specific for RAP they might be prone to
bone resorption early in the course of RA and can therefore be the first sign of an
erosion.

Recently, we developed a semi-automatic algorithm that reliably detects the number,
surface area and volume of small cortical interruptions (diameter >0.41 mm) and
validated detection of these interruptions to microCT, the 3D gold standard.>™ In the
present study, we prospectively investigate change in number, surface area and volume
of cortical interruptions, vBMD- and micro-structural parameters in patients with RA
(treated with sDMARDs and/or bDMARDs) after a 1-year follow-up period, and
compared our results with a population of healthy subject. We analyzed the results at
the group level and at the individual joint level.

We hypothesized that this semi-automatic HR-pQCT image analysis was able to quantify
differences within patients, between patients and healthy subjects, and between
patients treated with sDMARDS and bDMARDs with respect to change in number,
surface area and volume of cortical interruptions, vBMD and micro-structure in finger
joints after 1 year.
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MATERIALS AND METHODS

Subjects

For this longitudinal study, we used data from the MOSA-Hand cohort, which consists of
38 healthy female subjects and 41 female patients diagnosed with RA.° They were
recruited at the Maastricht University Medical Center, the Netherlands. All patients
fulfilled the 2010 American College of Rheumatology (ACR)/European League Against
Rheumatism (EULAR) classification criteria for RA.” Disease duration, medication use,
smoking status, anti-citrullinated protein antibody and rheumatoid factor positivity, was
retrieved from the patients’ medical file. Healthy subjects, matched on age by decade,
did not suffer from hand joint complaints. All subjects signed informed consent. Ethical
approval was obtained from the ethics board of the academic hospital Maastricht/
Maastricht University, the Netherlands. Netherlands Trial Registry number: NTR3821.

CR acquisition and scoring

Posterior-anterior radiographs of the hands were taken from all subjects according to a
standard clinical protocol at baseline. Two experienced and trained rheumatologists
independently scored the radiographs of the hands in order to assess bone damage
according to the Sharp/Van der Heijde (SvdH) method (35). Mean scores of the two
readers were calculated and used for the analysis.

Joints with an SvdH erosion score >0 in the second and third MCP and PIP joints were
excluded from further analysis, because we were specifically interested in small cortical
interruptions not visible on CR.

HR-pQCT image acquisition

Second and third MCP and PIP joints were scanned at baseline and 1 year later with the
HR-pQCT (XtremeCT1, Scanco Medical AG, Switzerland) according to the HR-pQCT
imaging protocol proposed by The Study group for xtrEme Computed Tomography in RA
(SPECTRA).16 In patients, both hands were scanned and in healthy subjects only the
dominant hand. Each hand was separately scanned using the carbon cast for finger
scanning as provided by the manufacturer.

Scanning was performed at clinical in vivo settings, i.e. at 60 kVp tube voltage, 900 pA
tube current, 100 ms integration time and images were reconstructed using an 82 um
isotropic voxel size. Scans were graded for motion artifacts according to Pialat et al..”’
Scans with at least one stack of poor quality (grade >3) were excluded from further
analyses.
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HR-pQCT image analyses

The outer margin of the cortex was identified using an auto-contouring algorithm.” The
contours were visually inspected and, if necessary, corrected by an operator. A
segmentation to distinguish bone and non-bone was performed using the standard
evaluation protocol from the manufacturer, which included Laplace-Hamming filtering
and thresholding.18 The default area matching algorithm was used to cross-sectionally
match baseline and follow-up scan areas, of which the common region was analyzed.

Cortical interruptions

An automated algorithm for the detection of cortical interruptions and underlying
trabecular bone void was applied to all binary images and is described in previous
work™** (Chapter 5). In short, first, a cortical mask with a constant thickness of 4 voxels
(0.328 mm) was generated based on the outer contour. Second, the bone within this
mask was analyzed for discontinuities that can be considered cortical interruptions
(20.41 mm)." Third, a spherical region of interest (ROI) of approximately 4mm around
these cortical interruptions was identified for MCP joints and 2mm for PIP joints
(Chapter 5). Fourth, voids in this ROl of >0.41mm in radius were selected and only those
connected to the cortical interruptions were included as underlying trabecular voids
(Chapter 5).

Per joint, the number, surface area and volume (cortical interruption and trabecular void
volume) of the cortical interruptions were obtained (further described as “cortical
interruption parameters”).

Bone density and micro-structure parameters

The standard evaluation protocol was used to determine the vBMD and micro-structural
parameters as described elsewhere.” The vBMD [mgHA/cms] was calculated for the
total (Tot.BMD), trabecular (Tb.BMD) and cortical (Ct.BMD) region. Furthermore,
trabecular number (Tb.N) [mm™], thickness (Tb.Th) [um], separation (Th.Sp) [um], and
intra-individual distribution of separation (Tb.SpSD) [um] were determined to assess the
trabecular compartment. The cortical thickness (Ct.Th) [um] was determined to assess
the cortical compartment.

3D image registration

Joints were further qualitatively examined for bone repair and bone loss using 3D rigid
image registration to exactly overlay the baseline and follow-up image. Each stack and
each bone of the joint was registered separately to avoid registration errors due to stack
shifts and different joint angles. An overlay image was created by subtracting the follow-
up from the baseline density image as described elsewhere.”
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Statistics

Descriptives per joint were calculated for cortical interruption-, vBMD - and micro-
structural parameters on HR-pQCT at baseline and 1-year follow-up. Within-group
changes over time were tested with paired t-test, between-group changes with
independent t-test.

Cumulative probability plots were made to evaluate changes at the individual joint level
in the cortical interruption parameters and total BMD,. Joints could show bone repair,
progressive damage or no change over time according to the absolute least significant
change (LSCsp) cut-off values for the cortical interruption parameters obtained from
previous research (Chapter 5). ‘Repair’ was defined as decrease of at least
4 interruptions, 5.8 mm’ in interruption surface area, or 3.2 mm? in interruption volume
in a single joint, and ‘progression’ as an increase in these parameters, using the same
cut-offs. The same was done with respect to the LSCsp cut-off value for bone density,
which is a change of at least 10.6 mgHA/cm® in total BMD (Chapter 5). The proportion of
joints showing either bone repair or progression was calculated for each of the cortical
interruption parameters separately and proportions were compared using multivariable
logistic regression with correction for baseline value and age, or by Fisher exact test in
case of a proportion of 0%. Last, Pearson correlations between changes in cortical
interruption parameters and changes in vBMD- and micro-structural parameters were
calculated in each joints assessed. Statistical analyses were performed using SPSS
Version 20.0 (IBM Corp., Armonk, NY).

RESULTS

Seventy-nine subjects agreed to participate in the MOSA-hand cohort, but 13 subjects
declined participation of the second visit (Supplementary Figure S7.1). Fifty scans were
excluded because of motion artefacts or a visible erosion on CR. In total, 32 patients with
RA (221 scans) and 32 healthy subjects (116 scans) were included in the present study.
Patients with RA had a significantly higher baseline SvdH hand score than healthy
subjects (Table 7.1), and 17 (53%) patients were treated with bDMARDs.

Changes in cortical interruption parameters

At baseline, significantly more cortical interruptions, a larger surface area and volume of
cortical interruptions were detected in MCP, but not PIP joints of patients with RA
compared with healthy subjects (Table 7.2).

On the group level, the mean in cortical interruption parameters did not significantly
change in patients with RA and healthy subjects, except for a significant increase in the
number of interruptions in PIP joints of patients. No between-group differences in mean
change of the cortical interruption parameters were found.
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Table 7.1. Characteristics of the participants

Patients with RA Healthy subjects p-value
n=32 n=32
Age, years 53.9 (6.9) 51.4 (10.9) 0.225
Disease duration, months 129.2 (121.4) n/a
ACPA positive 21 (66%)” n/a
RF positive 23 (72%) n/a
ACPA and RF positive 18 (56%)° n/a
Use of SDMARDs 28 (88%) n/a
Use of bDMARDs 17 (53%)" n/a
Use of SDMARDs and bDMARDs 13 (41%)" n/a
Smoking 0.576
No 15 (47%) 19 (59%)
Former 11 (34%) 11 (34%)
Current 6 (19%) 3 (9%)
Baseline SvdH score 7.33 (12.39) 1.20 (1.92)° <0.001

All values are presented as mean (SD) or absolute number (%). Abbreviations: RA, rheumatoid arthritis; ACPA,
anti-citrullinated protein antibody; RF, rheumatoid factor; sDMARD, synthetic disease modifying anti-
rheumatic drug; bDMARD, biological disease modifying anti-rheumatic drug; SvdH score, Sharp van der Heijde
score; SD, standard deviation; n/a, not applicable. ! one patient value is missing. 2 two patient values are
missing

Table 7.2. Values of the HR-pQCT cortical interruption parameters in MCP and PIP joints in patients with RA
andhealthy subjects

Patients with RA Healthy subjects p-value
Baseline Follow-up p-value  Baseline  Follow-up p-value (change RA
vs. HS)
MCP joints n=107 n=107 n=55 n=55
Number of interruptions 3.25(3.97)* 2.93(3.94) 0.144 1.45(1.55) 1.64(1.69) 0.345 0.084
Interruption surface area mm? 5.89 (12.65)*  5.70(12.87) 0.508 1.41(2.00) 1.54(2.39) 0.494 0.351
Interruption volume mm?3 13.92 (44.66)* 15.49(58.17) 0.430 1.77(6.10) 1.75(6.09) 0.939 0.429
PIP joint n=114 n=114 n=61 n=61
Number of interruptions 1.60 (2.72) 1.89(3.10)  0.037 0.92(1.41) 0.87(1.47) 0.684 0.063
Interruption surface area mm?  2.61(7.10) 2.86 (6.79) 0.802 0.98(1.80) 0.96(1.76) 0.828 0.283
Interruption volume mm? 3.67(15.82) 3.39(13.05) 0.488 1.00(3.35) 0.99(2.57) 0.930 0.837

Values are displayed as mean (SD) per joint. RA, rheumatoid arthritis; HS, healthy subject; MCP joint,
metacarpophalangeal joint; PIP joint, proximal interphalangeal joint; HR-pQCT, high-resolution peripheral
quantitative computed tomography; SD, standard deviation. *p<0.01, baseline RA versus healthy subject

Cumulative probability plots of the change in number, surface area and volume of
interruptions, showed that repair and progression of cortical interruptions occurred in
some joints, both in RA and healthy subjects (Figure 7.1A). When applying the LSCsp cut-
off values, the proportion of joints showing repair in cortical interruptions was higher in
patients compared with healthy subjects for the number, surface area and volume of
interruptions (4.1%, 3.6% and 6.6% versus 0%, 0% and 1.7%, respectively), and this
difference was significant for the volume of interruptions (Odd’s ratio (OR) 6.6 (95%ClI
1.08-39.9), p=0.041). The proportion of joints showing progression in cortical
interruptions was not significantly different between the groups (4.1%, 2.7% and 5.9%
versus 0.9%, 0% and 2.6%, respectively).
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Follow-up of cortical interruptions in RA and healthy subjects

Typical examples of MCP and PIP joints of changes in cortical interruptions are shown in
Figure 7.2 and 7.3. Heterogeneous changes in repair (Figure 7.2) and progression (Figure
7.3) of cortical interruptions can be seen. Repair of cortical interruptions was
characterized by complete bridging of the cortical interruption with persisting trabecular
bone void (Figure 7.3a-b), complete filling of a small interruption (Figure 7.3c), sclerosis
within and around the trabecular bone void of the cortical interruption (Figure 7.3c and
7.3d, respectively).

Progression of cortical interruptions was characterized by the appearance of new
cortical interruptions with and without underlying trabecular bone loss (Figure 7.2a-e,
black arrows), widening of a small cortical interruption (Figure 7.2c, right black arrow),
cortical thinning and increase in cortical porosity (Figure 7.2a-e, blue arrows).

Baseline Follow-up Registered
algorithm * image

I. Baseline 1. Ill. Follow-up IV.

algorithm

MCP joints —

Figure 7.2. Typical examples of bone repair in MCP joints (A-D) in patients with RA. (1) The baseline 2D slice with
one or more cortical interruptions (white arrows). (Il) Shows that the cortical interruptions are accurately
detected by the algorithm at baseline (green circles). (lIl) Shows the corresponding follow-up image with the
(partially) repaired cortical interruptions. (IV) Shows that most cortical interruptions are still detected by the
algorithm (green circles), hence only partial repair of the cortical interruptions was observed in most cases. (V)
Shows the 3D registered follow-up with baseline image, shown in green are the locations of bone repair, red
bone loss and white no change, the black arrows indicate locations of bone repair in the cortical interruptions.
Shown is that the locations of bone gain at the follow-up image match with the registered image (green color).
(II-A, B) Shows bridging of the cortical bone, with persisting trabecular bone void. (llI-C, D) Shows (partial)
repair of the trabecular void volume, and complete filling of a small cortical interruption
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Baseline Follow-up Registered
algorithm

I.Baseline 1. Ill. Follow-up IV.

algorithm * image

MCP joints — b
—c
d

PIP joints
e

Figure 7.3. Typical examples of new incident cortical interruptions and bone loss in MCP (A-C) and PIP (D, E)
joints of patients with RA (B-E) and healthy subjects (A). (I) Shows a baseline 2D slice, and () shows that the
algorithm detected the cortical interruption accurately. (IIl) Shows the corresponding follow-up image with the
new incident cortical interruptions (white arrows). (Ill) Shows that the new incident cortical interruptions are
accurately detected by the algorithm (green circles). (IV) Shows the overlayed images, in green are the
locations of bone gain, in red bone loss and in white no change, the arrows indicate locations of bone loss.
Shown is that indeed at locations of bone loss (red color) new interruptions are detected at follow-up. (IV-A, C,
D, E) Show examples of new cortical interruptions with and without underlying trabecular bone loss (black
arrows), and cortical bone loss (blue arrows) (IV-B) Shows an example of cortical thinning leading to a cortical
interruption, (IV-C) Shows an example of widening of a small cortical interruption

Changes in vBMD and bone micro-structural parameters

At baseline, a significantly lower vBMD in the total, cortical and trabecular region was
found in MCP and PIP joints of patients with RA compared with healthy subjects, except
for Ct.BMD in PIP joints (Table 7.2). Furthermore, an impaired micro-structure (Th.N
lower, and Tb.Sp and Th.SpSD higher) was found in MCP and PIP joints of patients
compared with healthy subjects.
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Table 7.3 shows that in both MCP and PIP joints, vBMD was significantly decreased after
1 year in both patients (range -3.3 to -5.9 mgHA/cm®) and healthy subjects (range -1.1 to
-3.3 mgHA/cm’), except for trabecular BMD in MCP and PIP joints of HS. The decrease in
total and trabecular vBMD in MCP joints was significantly more pronounced in patients
compared with healthy subjects (Table 7.3).

Trabecular and cortical thickness also significantly decreased in both MCP and PIP joints
in patients after 1 year. In HS, only cortical thickness in MCP joints significantly
decreased. The decrease in trabecular thickness was significantly more in patients
compared with healthy subjects in PIP joints, but not in MCP joints.

Cumulative probability plots of total BMD show that most joints lose BMD and that this
loss of BMD was more pronounced in patients than in healthy subjects (Figure 7.1a). The
proportion of joints with loss in BMD beyond LSC was significantly higher in patients than
in healthy subjects (26.7% versus 12.9%, respectively, OR 2.6 (95% C| 1.4-5.0), p=0.004,
Figure 7.1a). Increase in BMD beyond LSC was observed in 3.2% and 4.3% of the joints of
patients and HS, respectively.

Changes in vBMD and bone micro-structural parameters were significantly correlated to
changes in cortical interruption parameters of joints assessed in both patients and
healthy subjects (Supplementary Table 57.1).

Comparison of sSDMARDs with bDMARDs

Figure 7.1b shows cumulative probability plots of patients treated with sDMARDs or
bDMARDs. The proportion of joints showing repair in cortical interruptions was not
significantly different between the groups for the number, surface area and volume of
interruptions (3.0%, 2.0% and 6.1% versus 5.3%, 5.3% and 7.9%, respectively). The
proportion of joints showing progression was significantly higher for the number of
interruptions in patients on sSDMARDs compared with bDMARDs (6.1% versus 1.8%, OR
6.6 (95% Cl1.0-41.7), p=0.048), but not for the surface area and volume of
interruptions (3.0% and 4.0% versus 1.8% and 7.9%, respectively).

The proportion of joints with loss in BMD beyond LSC was significantly higher in patients
treated with sSDMARDs compared with bDMARDs (31.3% versus 17.2%, respectively, OR
2.7 (95% Cl 1.4 - 5.3), p=0.004, Figure 7.1b)

DISCUSSION

The present study showed that with semi-automatic HR-pQCT image analysis cortical
interruption-, vBMD- and micro-structural parameters were impaired in patients with RA
compared with HS, of which vBMD and micro-structural parameters further
deteriorated. Proportionally more joints showed progression in the number of
interruptions and loss in vBMD in patients on sDMARDs compared with patients on
bDMARD:s.
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As expected cortical interruptions could be identified in both patients with RA and HS,
but their number, surface area and volume were significantly greater in patients, and
vBMD and bone micro-structure were significantly impaired in patients. These
observations are in line with other studies.”***** At the group level, the mean in
cortical interruption parameters did not change in patients and healthy subjects over a
1-year period, except for a significant increase in the number of interruptions in PIP
joints of patients. Interestingly, healthy subjects showed a significant loss in total BMD,
primarily caused by loss in cortical BMD and thinning of the cortical bone. This can be
expected with ageing.24 Patients additionally showed a significant decrease in trabecular
BMD and trabecular thickness. Changes in vBMD and micro-structural parameters were
correlated to changes in cortical interruption parameters, corresponding to observations
from others."

In patients, we showed heterogeneous changes indicating repair of cortical
interruptions. Partial repair of erosions in RA has been documented earlier using clinical
standard imaging modalities (i.e. CR, MRI and clinical CT).ZS’27 Using HR-pQCT imaging,
Topfer et al. retrospectively and semi-automatically analyzed changes in volume and
composition of surrounding bone of 40 erosions in patients with RA (45% treated with
bDMARDs) over a mean follow-up of 1.2 years (11). Eight (20%) erosions decreased in
volume beyond the LSC, with an increase of surrounding BMD suggestive for sclerosis,
which is in accordance with our findings. They did, however, not detect complete
bridging of cortical interruptions with persisting trabecular bone void or complete filling
of a small cortical interruption, as we found.

We also showed heterogeneous changes indication progression. In the study of Topfer
et al., six (15%) erosions showed progression in volume, with a decrease of surrounding
BMD." In contrast to our study, the investigators only analyzed existing erosions, no
image analysis was performed to detect new erosions.

In our study, patients treated with sDMARDs showed more frequently progression in the
number of interruptions per joint beyond LSC and more loss of total BMD compared
with patients on bDMARDs. The effect of bDMARD treatment on repair of pathological
interruptions detected on HR-pQCT has been described earlier.®¥"” Finzel et al.
evaluated the change in erosions in RA patients treated with Tumour Necrosis Factor
alpha inhibitor (TNFi) compared with sDMARDs after 1 year. In patients on TNFi, a
significant decrease in erosion depth (-0.1 mm) was found characterized by sclerosis at
the base of the erosion, but the width remained unchanged.? In contrast, in patients on
sDMARDs, a significant increase in erosion depth and width was found, but no between
group comparison was performed. In another study by Finzel et al., Interleukin-6
receptor antibody treatment resulted in a decrease in mean erosion width (-0.1 mm),
especially when sclerosis was present. However, also nine new erosions were detected
at the 1-year follow—up.9 In this study, no comparison was made to an sDMARD
treatment group. Lastly, Shimizu et al. reported the change in both erosion volume and
vBMD in RA patients treated with TNFi compared with sDMARDs after 3 months."”> A
significant decrease in erosion volume (-3.8 mm?) was found in patients on TNFi, and an
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increase in volume (+0.9 mms) in patients on sDMARDs. No new erosions were
detected.”” They did not found a mean change in VBMD, but changes in vBMD
significantly correlated with changes in erosion volume.

These studies were done in single, visually identified, erosions. In contrast to our
study, small cortical interruptions and bone micro-structure were not evaluated.

The strengths of our study are the prospective design of the study, inclusion of patients
and HS, and the application of fully-automatic detection of cortical interruptions, after
contouring of the bone, which makes it user—friendly and avoids intra- and inter-reader
variability.5 An important limitation of our study is that we did not assess disease activity
in patients. Therefore, we could not assess its influence on bone loss. Furthermore,
12.8% of the joints had to be excluded due to motion artefacts. Possibly, motion
artefacts occur more frequently in a subgroup of patients, for example in patients with
more severe RA or elderly, introducing bias.

In conclusion, the present study showed that HR-pQCT is able to quantify bone repair
and loss in finger joints in RA and HS. Cortical interruption-, vBMD- and micro-structural
parameters were impaired in patients with RA compared with HS, of which vBMD and
micro-structural parameters further deteriorated. Furthermore, in patients on
sDMARDs, significantly more decrease in vBMD compared with patients on bDMARDs
was found. HR-pQCT with our semi-automated algorithm showed promising results for
monitoring treatment effects in RA.

89,12
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SUPPLEMENTARY FILES

Table 57.1. Pearson correlations between the changes in cortical interruption parameters and changes in vBMD
and bone micro-structural parameters in all joints of included subjects.

Change in Change in Changein Changein Changein Changein Changein Changein

Tot.BMD Ct.BMD Th.BMD Th.N Th.Th Th.Sp Th.SpSD Ct.Th
Changeinnumber —  neo  g149%+ 0043 01090% -0141%% -0.123* 0073  -0.127*
of interruptions
Change in
interruption -0.104 -0.146**  -0.066 0.076 -0.122%* -0.089 -0.086 -0.148%**
surface area
Change in
interruption -0.118* -0.157** -0.102 -0.014 -0.025 0.015 -0.006 -0.130*
volume

vBMD, volumetric bone mineral density; Tot.BMD, total volumetric BMD; Tb.BMD, trabecular volumetric BMD;
Ct.BMD, cortical volumetric BMD; Tb.N, trabecular number; Th.Th, trabecular thickness; Th.Sp, trabecular
separation; Tb.SpSD, intra-individual trabecular separation; Ct.Th, cortical thickness; * Significant correlation
with p<0.05. ** Significant correlation with p<0.01

79 Subjects

41 patients with RA | | 38 healthy subjects

Declined follow-up
- 8patients

Declined follow-up
- 5subjects
Excluded joints (n=43)

Reasons:

- Missing scans (4 PIP)

- Radiographicdamage (4 MCP and 1 PIP)

- Poorquality (21 MCP and 13 PIP)

luded joints (n=16)
Reasons:
- Poorquality

(11 MCP and 5 PIP)

(in 1 subject all joints were excluded)

(in 1 patient all joints were excluded)

Available for analysis
- 32 patients with RA

Joint scans
dominant hand
50 McP

54 PIP

non-dominant hand
57 MCP
60 PIP

Available for analysis
- 32 healthy subjects

Joint scans
dominant hand
55 MCcP

61 PIP

Figure S7.1. Schematic overview of the HR-pQCT scans in all subjects. Shown are the number of patients that
declined follow-up, excluded scans because of poor quality and radiographic damage. Scans with a good
quality on both baseline and follow-up were included. HR-pQCT, high-resolution peripheral quantitative
computed tomography; HS, healthy subject; MCP, metacarpophalangeal joint; PIP, proximal interphalangeal
joint; RA, rheumatoid arthritis; Radiographic damage, SvdH erosion score in joint >0.
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General discussion

This thesis, described the development of an algorithm for automated image analysis for
detection of small cortical interruptions in finger joints, which aimed at facilitating a
more standardized and less time-consuming analysis of finger joints compared to visual
scoring. When developing a new tool, it is important that it meets the requirements
described in the Outcome Measures in Rheumatology (OMERACT, an independent
initiative of health professionals interested in outcome measures in rheumatology):
truth, discrimination and feasibility." By introducing this new automated algorithm, it is
important to know whether this algorithm measures what is intended to measure (truth
or validity), whether it discriminates between situations of interest (discriminatory value)
and provides similar results on replication (reliability), and whether it is applicable in
clinical practice in terms of time and interpretability (applicability).

We therefore, studied the reliability, validity, discriminatory value and applicability of
HR-pQCT in the detection of small cortical interruptions, bone density and bone micro-
structure in finger joints of patients with RA and healthy subjects.

DISCUSSION OF MAIN FINDINGS

Validity of HR-pQCT

Cortical interruptions

When developing a new algorithm, an important question to answer is, “does it measure
what is intended to measure”, which is described in the OMERACT filter truth (validity).1
In Chapter 2, using visual scoring we showed that HR-pQCT is a sensitive (sensitivity =
81.6%) imaging technique to detect cortical interruptions when using uCT as gold
standard. In addition, cortical interruptions that were present in at least 2 consecutive
slices in 2 planes (2x2 slices) were frequently seen (n=149) in MCP and PIP joints of
anatomic specimens. However, since reliability of visual evaluation of HR-pQCT images
between operators was fair to moderate (k 0.37 and ICC 0.55), an automated algorithm
with (semi-automated method) and without (fully-automated method) manual
correction of the outer cortical contours was developed, and both methods were
compared to visual scoring (Chapter 3) and microCT (uCT) imaging (Chapter 4), as gold
standards.

In Chapter 3, the median number of interruptions was significantly higher when using
the algorithm compared to visual scoring (median per joint 14 versus 5, p<0.01). We
showed that only 28-30% of cortical interruptions (>0.246 mm) detected by the fully-
and semi-automated algorithm were identified with visual scoring, while 70-76% of the
cortical interruptions detected visually were also detected by the fully- and semi-
automated algorithm. Most interruptions detected with both the fully- and semi-
automated algorithm, were visible as an interruption on a 2D grayscale image. However,
these interruptions did not meet the pre-specified criteria of an interruption according
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to the SPECTRA definition that was used for visual scoring (i.e. an interruption visible in
2x2 HR-pQCT slices).

Differences between visual scoring and the semi-automated algorithm were mainly
found for interruptions that were present within a region with a low density cortex or in
case of (small) interruptions with a clear (dense) cortical lining. In a region of low cortical
bone density it is often difficult to detect interruptions visually, while the algorithm can
detect these interruptions more easily on binary images. However, due to partial volume
effects (PVEs) interruption size may be overestimated. In contrast, small interruptions
with a clear (dense) cortical lining, can easily be identified visually, but detection may be
hampered when using the algorithm on binary images due to PVE.

Because the algorithm uses binary images to detect cortical interruptions, increasing the
minimum cut-off diameter of interruptions, might be a solution to avoid false positive
detection of cortical interruptions due to PVEs. Therefore, we compared semi-
automated detection of cortical interruptions with different minimum diameters on HR-
pQCT to uCT, with uCT as 3D gold standard because of its high resolution, in Chapter 4.
On the joint level, almost perfect agreement for the number of interruptions and
interruption surface area was obtained for interruptions >20.41mm (ICC 0.81 and 0.86,
respectively). The PPVy and sensitivitysq for detection of a single interruption on HR-
pQCT with the same diameter on uCT was moderate to substantial (66% and 49%,
respectively). The PPVg1omm, With the use of a fixed uCT diameter of >0.10 mm, was
excellent (97%).

The PPV and sensitivitysq of visual scoring was higher compared to the semi-automated
algorithm (interruptions with diameter >0.41 mm) (PPVy and sensitivitysq: 81.6% and
81.6% versus 66.3% and 49.4%). However, when considering the presence of
interruptions on UCT not taking into account the diameter, PPV was higher for the semi-
automated algorithm (PPVgiomm 97%). In addition, for calculation of the PPV and
sensitivity of the semi-automated algorithm, interruptions were considered matching
when they were on exactly the same location. For visual scoring, however, interruptions
were considered matching if an interruption was scored in the same joint quadrant.
Hence, this probably led to an overestimation of the PPV and sensitivity of the visual
scoring.

The validity of our algorithm was further explored in Chapter 6. We compared the
number, surface area and volume of interruptions detected on HR-pQCT images with
clinical standards (CR and MRI) in 38 healthy females and 39 female patients with RA of
the MOSA-Hand cohort. We found that structural damage on CR and MRI was
significantly associated with the number, surface area and volume of interruptions
(Prevalence Ratio’s (PRs) ranging from 1.3 to 2.0). For example, every erosion on MRI
was associated with a 32% increase of the number of interruptions, 84% increase of
interruption surface area and 92% increase of interruption volume. Markers of
inflammation on MRI (BME and synovitis) were also significantly associated with the
number, surface area and volume of interruptions (PRs ranging from 2.3 to 7.7).
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Our findings were in line with previous studies, showing that the presence of BME on
MRI is associated with cortical interruptions (i.e. erosions) and progression of structural
bone damage on radiographs.z’4 The study of Lee et al. compared structural damage on
CR and MRI, and BME on MRI with erosions on HR-pQCT. Strong correlations were found
between structural damage on CR and erosions on HR-pQCT (Spearman r ranging from
0.66 to 0.87, p<0.05), and between BME MRI and erosions on HR-pQCT (Spearman r
ranging from 0.46 to 0.62, p<0.05), and erosions on MRI and erosions on HR-pQCT
(Spearman r ranging from 0.86 to 0.88, p<0.05).” The study of Albrecht et al. compared
erosions on MRI to HR-pQCT, with HR-pQCT as reference method. Sensitivity and PPV
were 94% and 97% for MR to HR-pQCT, respectively.’

In summary, we validated a semi-automated algorithm compared to visual scoring on
HR-pQCT and to YCT (as 3D gold standard), and clinical standards CR and MRI. We
showed that interruptions detected with the automated algorithm were also detected
visually and on pCT, and structural damage on CR and MRI were associated with
interruptions detected by the automated algorithm on HR-pQCT. Hence, we showed that
the automated algorithm measures what is intended to measure

Reliability of HR-pQCT

When investigating a newly developed algorithm, an important question to answer is,
“does it provide similar results on replication” (reliability), which is described in the
OMERACT filter discrimination."

Cortical interruptions

At the start of this thesis, the reliability of visual detection of small cortical interruptions
on HR-pQCT images was unknown. Therefore, in Chapter 2, we evaluated the intra- and
inter-reader reliability of visually scored small cortical interruptions in anatomic
specimens of finger joints. The intra-reader reliability was moderate to substantial
(ICC0.61 and k 0.52) and the inter-reader reliability was fair to moderate (ICC 0.55 and
k 0.37).

In Chapter 3 and 5, we aimed to improve reliability of cortical interruption detection by
introducing an automated algorithm to detect cortical interruptions 2>0.246 mm
(Chapter 3) and >0.41 mm (Chapter 5) on HR-pQCT images of MCP joints from patients
with RA and healthy subjects from the MOSA-Hand cohort. Also, the additional value of
manual correction of automatically generated outer cortical contours was investigated
(semi-automated approach) in Chapter 3. Almost perfect reliability for the number of
cortical interruptions (ICC 0.97 and 0.94), interruption surface area (ICC 0.98 and 0.70)
and volume (ICC 0.91) was observed when applying both the fully- and semi-automated
algorithm. Although the reliability of the fully- and semi-automated procedure was
comparable, we believe that the semi-automated procedure is the preferred method,
because manual corrections of the outer cortical contours may be necessary in case of
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large cortical interruptions and considerable motion artefacts in order to correct for
auto-contouring inaccuracies.

In Chapter 5, we investigated the reproducibility and precision errors of cortical
interruption detection when using repeated scans with complete in-between
repositioning in early arthritis patients. The reproducibility of the extended algorithm for
the number, surface area and volume of cortical interruptions was excellent (all ICCs
>0.82), especially for the interruption volume (ICC 0.99). The calculated LSCsp were 4.2
for the number of interruptions, 5.8 mm?’ for interruption surface area, and 3.2 mm® for
interruption volume. Although a high reproducibility was obtained, the LSCsp values were
substantial compared to the absolute mean values detected.

When comparing the reliability of the semi-automated algorithm (Chapter 3 and 5) to
visual scoring (Chapter 2), we found that the inter-operator reliability was indeed better
when using the semi-automated algorithm for the number of interruptions (ICC >0.94
versus 0.55, respectively).

In contrast to the findings in this thesis, others reported reliability of visual scoring of
cortical interruptions for large erosions only.”” Semi-quantitative grading of these
erosions showed a good intra- and inter-reader reliability (k>0.75 and ICC >0.89).”*
Moreover, Barnabe et al. reported a moderate inter-reader reliability between 11
readers for the presence or absence of erosions per quadrant (k0.52), but when
restricted to experienced readers (>5 years of experience) k was 0.75.° In addition,
reliability of the size of single erosions was reported using 4 distance measurements (i.e.
width and depth in the axial plane, and width and depth in the perpendicular plane). The
ICCs for all 11 readers ranged from fair to almost perfect (range 0.21-0.87, perpendicular
width and axial depth, respectively), but when restricted to experienced readers, ICCs
were >0.90.°

Lastly, Topfer et al. developed a 3D automated volume determination of erosions and
reported the intra- and inter-operator reliability of single erosions.” The LSCsp values
were lower compared to our LSCsp values (LSCsp 3.2 mm? versus 1.4 mm> and 2.1 mm3,
respectively), but the study from Topfer et al. differed in several aspects from ours. In
that study, only erosions, and the volume of a selection of erosions were analysed by
two operators twice on a single scan. In contrast, we used data from repeated scans and
included all interruptions, irrespective whether they were detected on the first scan but
not on the second scan and vice versa. This approach will result in higher reproducibility
errors.

In general, a higher reliability was obtained for the semi-automated algorithm compared
to visual scoring for the number and size of interruptions, but comparison to other
studies is difficult because we also included small interruptions in contrast to the
previous studies. The LSCsp values and precision errors in previous studies were,
however, in the same order of magnitude.
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vBMD and bone micro-structure

At the start of this thesis, the intra- and inter-operator reliability and intra-operator
reproducibility of HR-pQCT derived vBMD and bone micro-structural parameters of
finger joints in arthritis patients were unknown. Therefore, in Chapter 5, the intra- and
inter-operator reliability and intra-operator reproducibility of all vBMD and bone micro-
structural parameters were studied using semi-automated assessment. Both intra- and
inter-operator reliability (ICCs >0.99) as well as the intra-operator reproducibility were
excellent for vBMD and bone micro-structural parameters (ICCs 20.97) and good for the
cortical porosity diameter (Ct.Po.Dm, ICC0.84). The precision errors (CVgus) were
generally below 2% for the vBMD parameters (except for Th.BMD), below 5% for the
trabecular bone parameters (except for Tb.SpSD), and below 10% for the cortical bone
parameters. The least significant changes (LSCy) were ranging from 1.0% (Ct.TMD) to
24.1% (Ct.Po).

To the best of our knowledge, we were the first to study the intra- and inter-operator
reliability of HR-pQCT assessment of vBMD and bone micro-structural parameters in
finger joints. The precision errors of repeated scans in our study were comparable to
those reported by others, except for the Ct.Po parameter, which was substantially lower
in our study compared to Feehan et al. (8.7% versus 27.7%)."" In addition, the precision
errors of finger joint HR-pQCT scans were comparable to those observed in HR-pQCT
scans of the distal radius and tibia."”

In summary, based on the findings in this thesis, it is reliable to use a semi-automated
algorithm for detection of cortical interruptions, and assessment of vBMD and bone
micro-structural parameters on HR-pQCT images of finger joints.

Discriminatory value of HR-pQCT

When investigating a newly developed algorithm, important questions to answer are,
“whether it discriminates between situations of interest” (discriminatory value), which is
described in the OMERACT filter discrimination.

Cortical interruptions

In Chapter 6, we therefore tested the semi-automated algorithm in a cross-sectional
clinical study in order to determine its potential value in discriminating patients with RA
from healthy subjects, preferably early in the disease course. We found more and larger
cortical interruptions in more joints in patients with RA compared to healthy subjects
(means, 4.3 and 27.0 mm® versus 1.5 and 1.5 mm’ per MCP joint, respectively), also
after correction for within-subject correlation and age. More and larger interruptions
were already found in early RA patients (disease duration <2 years) compared to healthy
subjects. The presence of RA was associated with more and larger interruptions even
after adjustment of findings on CR and MRI. This suggests that HR-pQCT is of added
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value in the detection of small cortical interruptions and in the distinction of patients
with RA and healthy subjects.

This is in line with a previous study using visual scoring on binary images, where more
very small cortical interruptions (with a diameter >0.082 mm) were found in patients
with RA compared to healthy subjects (112.9 versus 75.2)."* Other studies using visual
analysis showed already that more pathological interruptions in patients with RA could
be found compared to healthy subjects,”®'** and interruptions >1.9 mm were
considered highly specific for patients with RA.?

We further explored the discriminatory value of cortical interruptions in Chapter 7. Here,
we prospectively studied the change in the number, surface area and volume of cortical
interruptions in patients with RA (treated with synthetic disease modifying anti-
rheumatic drugs (sDMARDs) and/or biologic DMARDs (bDMARDs)) versus healthy
subjects after a one-year follow-up period using our semi-automated algorithm. We
showed that the mean in cortical interruption parameters did not change at the group
level in both patients with RA and healthy subjects, except for a significant increase in
the number of interruptions in PIP joints of patients with RA. No difference in mean
change of cortical interruptions was found between patients treated with sDMARDs
compared with patients on bDMARDs. In contrast, at the individual joint level, joints
could be show bone repair and loss, both mainly in patients with RA.

This is in line with the study of Topfer et al. who also reported no change in the mean
erosion volume between baseline and one year follow-up in patients with RA.'®
Additionally, they identified multiple erosions that significantly increased or decreased in
volume, as we found. The effect of bDMARD treatment on repair of interruptions
detected on HR-pQCT has been described earlier."” " A decrease in erosion size was
observed in patients treated with bDMARDs compared with an increase in erosion size in
patients treated with SDMARDs after 1 year,'® and after 3 months."” In another study in
patients on bDMARDs, a decrease in erosion size was found after 1 year, but also nine
new erosions were detected.' In this study, no comparison was made to an sSDMARD
treatment group. Future research should further explore which patients show
progressive bone damage and show bone repair processes.

vBMD and bone micro-structure

We investigated the vBMD and bone micro-structure in Chapter 6 in patients with RA
compared to healthy subjects. We found that the vBMD and bone micro-structural
parameters were impaired in patients with RA (a lower vBMD in both the trabecular and
cortical region, fewer trabeculae (Tb.N lower, Th.Sp and Th.SpSD higher), and a thinner
cortex). This is in agreement with previous studies investigating vBMD and bone micro-
structure parameters in patients with RA compared to healthy subjects using HR-
pQCT,**° although the study from Fouque-Aubert et al. reported thinner trabeculae
rather than fewer trabeculae, as was found in our study.”® This difference in finding
might be explained by the longer scan region in our study compared to the study of
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Fouque-Aubert et al. (3 stacks (27.06 mm) versus 1 stack (9.02 mm)), because more
distally from the joint fewer trabeculae are present."

We were the first that also evaluated Ct.TMD and Ct.Po in finger joints of patients with
RA in comparison to healthy subjects. We found that the Ct. TMD was significantly lower
in patients with RA, meaning that the decrease in cortical vBMD (Ct.BMD) is not only
caused by the loss of cortical bone (thinning and increase in porosity of the cortical
bone), but also by a decrease of the density of cortical bone tissue. Ct.Po was
comparable between patients with RA and healthy subjects. It should be noted that the
Ct.Po measurement only considers intra-cortical pores, hence cortical interruptions are
excluded.

We further explored the discriminatory value in Chapter 7. Here, we prospectively
studied the change in vBMD and bone micro-structural parameters in patients with RA
(treated with ssDMARDs and/or bDMARDs) versus healthy subjects after a one-year
follow-up period. Volumetric BMD decreased significantly more in patients with RA
compared to healthy subjects (-4.4 and -5.8 versus -1.1 and -2.6 mgHA/cm3 in MCP and
PIP joints, respectively). The decrease in trabecular thickness was significantly more in
patients with RA compared to healthy subjects in PIP joints. In addition, the proportion
of joints with loss of vBMD beyond LSC was significantly higher in patients with RA than
in healthy subjects (26.7% versus 12.9%, respectively, OR 2.6 (95% Cl 1.4-5.0)). The
proportion of joints with loss of vBMD beyond LSC was significantly higher in patients
treated with sDMARDs compared with patients treated with bDMARDs (31.3% versus
17.2%, respectively, OR 2.7 (95% Cl 1.4-5.3)).

In the study of Topfer et al. no change in mean vBMD between baseline and one year
follow-up in patients with RA was found. However, vBMD was only analysed in the
vicinity of erosions.'® In the study of Shimizu et al., no change in mean vVBMD was
observed in patients treated with bDMARDs compared to sDMARDs, but the follow-up
period was only 3 months."” Another study showed that patients additionally treated
with denosumab had an increase in vBMD, but patients additionally treated with
alendronate had a decrease in vBMD. No study longitudinally evaluated the bone micro-
structural parameters in finger joints of patients with RA.

Applicability of HR-pQCT

When investigating a newly developed algorithm, an important question to answer is,
“Can the measure be applied easily, given constraints of time, money, and
interpretability?” (applicability), which is described in the OMERACT filter feasibility."

At the start of this thesis no studies on the feasibility of HR-pQCT use had been
performed. HR-pQCT scanning time in our study was approximately 30 minutes, when
using 330 (9 minutes) and 220 slices (6 minutes) for the second and third MCP and PIP
joints of both hands respectively. Compared to MRI, which takes up to one hour for both
hands, it is less time consuming, but CR of the hands takes no more than a few seconds.
Furthermore, studies on the time to evaluate HR-pQCT images were scarce. A study of
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Srikhum et al. reported visual scoring time using semi-quantitative grading of erosions
for analysis of one MCP joint (330 slices), and found a median scoring time of 2 minutes
(range 1.20-5.30 minutes).” Hence, visual semi-quantitative grading might be feasible for
clinical practice, but only large erosions could be detected using this method, thereby
limiting its added value over CR and MRI. In a previous study from our study group, we
estimated the average scoring time for visual scoring incorporating all cortical
interruptions. An average of 9.2 minutes (range 1-38 minutes) for scoring one MCP or
PIP joint was needed and we concluded that visual scoring of small cortical interruptions
is therefore not feasible to apply in clinical practice.21

Using our semi-automated algorithm, we may decrease the scoring time per joint, but
we did not investigate the average time necessary for manual correction in the outer
cortical contours. The number of manual corrections depends on the presence and
severity of motion artefacts and the number of large cortical interruptions (interruption
surface area >1 mm?) within the joint. However, these corrections are also necessary for
the assessment of the vBMD and bone micro-structural parameters. Hence, the
correction of the contours is not a limitation of the algorithm, and after correction of the
contours, the number and size of cortical interruptions, vBMD and bone micro-structural
parameters can be assessed automatically.

Limitations

The work presented in this thesis has several limitations.

First, in Chapter 3, only a small number of finger joint scans was included (10 scans).
However, a large number of cortical interruptions (199 in total) was detected in these
joints, which still provided reliable estimates for the proportion of matching
interruptions.

Second, in Chapters 2 and 4 we used a sample of anatomic specimens of elderly women.
These specimens had a low bone mineralization (average vBMD=245 mgHA/cm3
compared to >300 mgHA/cm® in healthy subjects®**). Due to thin and low mineralized
cortices, false positive detection of cortical interruptions might have occurred. This may
have affected the number of detected interruptions, hence the reliability and validity of
detected interruptions. Therefore, our findings regarding validity and reliability may not
be extrapolated to young, healthy subjects and patients with RA.

Third, PVEs are inherent to imaging, hence also to HR-pQCT. However, PVEs can
especially be important in binary images. Due to a reduced cortical bone mineral density
in patients with RA, thin and low mineralized cortices can falsely be identified as cortical
interruptions. However, we showed that most interruptions on HR-pQCT were also
detected on pCT imaging.

Fourth, motion artefacts are a common finding in HR-pQCT imaging.24 In Chapter 5,
23 stacks of 126 stacks (18.3%) were of poor quality due to motion artefacts. One scan
of a finger joint comprises of multiple stacks, if one stack was of poor quality we
considered the whole scan as poor quality. In Chapters 6 and 7, scans were repeated
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once if the first scan was of insufficient quality, but we still found poor quality scans in
8.2% of all scans in the MOSA-Hand cohort. The number of poor quality scans was lower
compared to radius scanning where motion artefacts occur in approximately 30% of the
scans.” This might be because of the better fixation in the scan holder of the hand
compared to the radius. Therefore, in research using HR-pQCT imaging, one need to
bear in mind that patient motion is regularly observed and should be considered when
performing a power and radiation exposure calculation.

Fifth, this thesis focused on cortical interruptions, vBMD and bone micro-structure, but
RA is also characterized by joint space narrowing which was not studied in this thesis. An
algorithm for semi-automated detection of the mean joint space width and volume has
already been developed and showed promising results.”® Therefore, HR-pQCT might also
be used for joint space width measurements in patients with RA.

Sixth, our studies were performed using the HR-pQCT1. Meanwhile, the HR-pQCT2 has
been introduced, which has a higher spatial resolution (95 um versus 130 um) and
smaller voxel size (61 um versus 82 um). This higher resolution will enable better
distinction between bone and non-bone. Additionally, the parameters (cortical mask
thickness, minimum interruption diameter and minimum trabecular void volume) used
in the semi-automated algorithm should be adapted to obtain similar values. The cortical
mask should be increased to 5 voxels to obtain a similar cortical mask thickness (5 voxels
of 61 um =0.305 mm versus 0.328 mm). In addition, the minimum interruption diameter
is smaller when still applying 2 dilation steps (20.305 mm versus 2>0.410 mm,
respectively). One may consider to increase the number of dilation steps to 3, hence
interruptions >0.427 mm would be detected, which is closer to the minimum
interruption diameter of >0.410 mm of the semi-automated algorithm on HR-pQCT 1.
Lastly, the detection of the trabecular void volume may be reconsidered. Now, voids
with a diameter of at least 0.728 mm (i.e. 9 voxels of 82 um) are considered, because
this is larger than the trabecular separation which is regularly (<5%) observed in MCP
joints of healthy subjects. Using the HR-pQCT 2, the new void could be decreased to
0.671 mm (i.e. 11 voxels of 61 um) or increased to =0.793 mm (i.e. 13 voxels 61 um).
Hence, studies should be performed that compare the validity, reliability and the
discriminatory value of the interruptions that are detected with the different cut-off
values.

Lastly, the automated algorithm developed in this thesis has several limitations that
should be noted. First, the cortical mask was set to a constant thickness, because this
would avoid any inaccuracies in the detection of the endosteal cortical bone contour. A
disadvantage of this approach is that in relatively thick cortical regions, that are located
more distal from the joint, cortical interruptions may be detected which are not
connected to the endosteal cortical bone surface and in fact are not cortical
interruptions. Second, the trabecular void volume underlying the cortical interruption is
limited to a depth of 4 mm in MCP joints and 2 mm in PIP joints. This means that the
algorithm underestimates the volume of interruptions with a depth greater than these
cut-offs (i.e. volume >134 mm?® and 16.8 mm3, respectively). Hence, the 3D volume of
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very large interruptions detected by our algorithm may be different compared to other
approaches. However, such large interruptions are not the primary focus of research
with HR-pQCT, because they can also be detected by other imaging techniques with
lower resolution (e.g. CR and MRI). The strength of HR-pQCT lies mainly in detection of
“small” interruptions, i.e.<10 mm3, which are regularly missed with MRI.° Third, the
automated algorithm still requires manual correction of the outer cortical contours in
case of large cortical interruptions and motion artefacts, which can make the analysis
time consuming. This correction is also advised by the manufacturer as part of the
standard evaluation protocol for assessment of vBMD and bone micro-structural
parameters. Hence, no extra manual correction is necessary for the assessment of
cortical interruptions. After the correction, analysis can be performed for cortical
interruption-, vBMD-, and bone micro-structural parameters. In addition, these contours
can be used for the joint space width algorithm.*®

FUTURE PERSPECTIVES

Based on the findings in this thesis, HR-pQCT imaging is a potential new imaging method
for diagnosis and monitoring of patients with RA. Future studies may focus on further
automation and optimization of the algorithm. Limitations of the algorithm such as the
constant thickness of the cortical mask, PVE and the requirement of manual correction
of the outer cortical contours have to be further optimized.

For example, instead of choosing a constant thickness of the cortical mask, one may
consider the use of the endosteal contouring as described by Burghardt et al.,”’” as this
might lower the detection of cortical interruptions that are not connected to the
endosteal cortical bone surface. However, this might be less accurate in cases where a
new cortex is formed in the joint.

Further automation can be performed by optimizing the outer cortical contour. This
might be resolved by enhanced filtering of motion artefacts or by making a standard
“normal” atlas based finger joint (i.e. a mould) that can be used as a reference finger
contour. This has already been successfully applied in tibiofemoral joint and
intervertebral discs.”®*

Next, the influence of PVEs may be reduced by using the second generation HR-pQCT 2.
The HR-pQCT 2 has a higher spatial resolution compared to the HR-pQCT 1 (95 um
versus 130 um, respectively). Thus, HR-pQCT 2 might be able to detect these thin
structures, which may reduce the number of interruptions detected falsely as a result of
PVE.

Next, it would be interesting to use HR-pQCT imaging with the semi-automated
algorithm in clinical trials to evaluate and monitor the effects of therapy. Additionally,
the joint space width could be additionally evaluated, since RA is also characterized by
joint space narrowing which was not studied in this thesis. An algorithm for automated
detection of the mean joint space width and volume has already been developed and
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showed promising results.”® In addition, given the prospects of high resolution imaging
of finger joints, this field of research may be expanded to other bone affecting rheumatic
diseases, such as psoriatic arthritis, osteoarthritis and gout.

OVERALL CONCLUSION

This thesis showed that semi-automated analysis of HR-pQCT images is a valid, reliable
and feasible tool, for detection of cortical interruptions with a diameter >0.41 mm, and
for assessment of vBMD and bone micro-structural parameters in finger joints. HR-pQCT
imaging can discriminate between patients with RA and healthy subjects both cross-
sectionally and longitudinally, and may attribute in the evaluation of peri-articular bone
involvement in finger joints of patients with RA.

We developed a semi-automated algorithm for detection of small cortical interruptions
and showed that the algorithm was more reliable compared to visual scoring. The
algorithm was validated for cortical interruption detection compared to visual scoring of
HR-pQCT images, UCT, CR and MRI. Structural damage and inflammatory features on CR
and MRI were associated with more and larger cortical interruptions on HR-pQCT. More
and larger interruptions were found in patients with RA compared to healthy subjects
independent of findings on CR or MRI. When applying the algorithm, significant
progression as well as significant repair of cortical interruptions was found in individual
joints of patients with RA after one year follow-up. Additionally we showed that vBMD
and bone micro-structural parameters are impaired in patients with RA already early in
the disease course compared to healthy subjects. Longitudinal evaluation also showed
that both vBMD and bone micro-structural parameters decreased significantly more in
patients with RA compared to healthy subjects. Patients treated with bDMARDs had less
decrease of vBMD compared to patients treated with sDMARDs. Altogether, this thesis
shows that HR-pQCT holds a great promise in the investigation of (early) bone damage in
finger joints of arthritis patients and may prove to be of additional value to currently
available imaging techniques, not only for detecting cortical interruptions but also by
quantifying vBMD and micro-structure over time.
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Valorisation

VALORISATION

Valorisation of research is defined as “the process of creating value from knowledge, by
making this knowledge available and suitable for economic and social exploitation and to
translate this knowledge into products, services, processes, and new business”. Or, how
can society benefit from the knowledge acquired with research? In this chapter | aimed
to describe the clinical relevance of this thesis and relevance of future research of high-
resolution peripheral quantitative computed tomography (HR-pQCT) imaging.

During my research | have only seen a fraction of patients suffering from rheumatoid
arthritis (RA). Some of the patients were not able to get in or out of the bed or dress
themselves. These limitations will probably be there for the rest of their lives. Since
there is no cure for RA, the treatment of the patients is directed at achieving symptom
improvement, a low disease activity state or remission, and to inhibit damage to bone,
ligaments and tendons. However, despite achieving clinical remission, bone damage can
still occur or progress, and bone damage is considered largely irreversible. To reduce the
development of this bone damage, current treatment recommendations for RA support
early and aggressive treatment. Would it therefore not be great if we could diagnose
patients, of whom the bone is still deteriorating, at an earlier stage in order to initiate or
change the treatment which may prevent progression of bone damage, and thus
prevent loss of function and mobility? Besides the benefits on the individual level,
improved diagnosis and monitoring of patients with RA could also benefit the society by
reducing the costs that are related to RA, such as loss of productivity.

Imaging of peri-articular bone in RA in clinical practice is performed using conventional
radiography (CR), but CR is not sensitive to detect bone damage at an early stage. More
sensitive techniques, such as magnetic resonance imaging (MRI) or clinical CT, are
suggested for monitoring disease activity and progression of bone damage. HR-pQCT is a
novel three-dimensional imaging technique that allows in vivo evaluation of the bone at
the micro-scale. HR-pQCT is proven to be a more sensitive technique in the detection of
bone damage compared to CR, MRI and clinical CT. In this thesis, we further validated
and improved the applicability of HR-pQCT imaging by introducing a more standardized
and less time-consuming analysis of bone damage of finger joints. We showed that HR-
pQCT imaging with our introduced algorithm is a valid, reliable and applicable tool in the
detection of small cortical interruptions, bone density and micro-structure in finger
joints, and can discriminate between patients with RA and healthy subjects both cross-
sectionally and longitudinally.

Contributions of this thesis to society

The algorithm introduced in this thesis can be a significant contributor for further
research, since it improves the reliability, applicability and discriminatory value of HR-
pQCT imaging in research of peri-articular bone in RA.
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We first showed that the HR-pQCT with our algorithm is able to detect smaller
interruptions compared to CR, MRI and visual scoring of HR-pQCT images. Detection of
small cortical interruptions is of importance since these small interruptions are more
frequently present in patients with RA compared to healthy subjects. Therefore, HR-
pQCT imaging with our algorithm was of added value over findings on CR and MRI in the
discrimination between patients with RA and healthy subjects. Additionally, these small
interruptions may play a role in the development of large (pathological) interruptions
(i.e. erosions). When large interruptions indeed develop at the ‘entry points’ through
small physiological interruptions (such as vascular channels), HR-pQCT imaging will
enable to show and follow these bone changes and occurrence of new cortical
interruptions over time. This monitoring may be of additional value after treatment
initiation in clinical studies in order to assess the effect of treatment, even early in this
process. Because HR-pQCT has a higher sensitivity to detect bone damage (small cortical
interruptions) and structural bone changes over time compared to CR and MRI, it is
expected that fewer participants will be needed in clinical trials with HR-pQCT to observe
an effect of drug treatment. We already could identify differences in bone changes
between patients treated with biological disease modifying anti-rheumatic drugs
(bDMARDs) and synthetic DMARDs (sDMARDs).

Second, we showed a higher reliability of the algorithm compared to visual scoring. An
improvement in reliability enables to better discriminate between patients and healthy
subjects and to measure change over time. Therefore, compared to CR, MRI and visual
scoring of HR-pQCT images, we expect that fewer participants will be needed in clinical
trials using HR-pQCT with our algorithm to observe an effect of drug treatment.

Third, the use of our algorithm is more applicable compared to visual scoring. With our
algorithm, corrections of the outer cortical contours are needed to assess the number
and size of interruptions. However, these corrections were already necessary to
determine the bone density and micro-structural parameters. Hence, compared to visual
scoring no extra visual evaluation to score interruptions is necessary. Improvement in
applicability can help larger studies using HR-pQCT to analyse the data, and
improvement in applicability is needed for eventual use in clinical practice.

This thesis aimed to answer the filters of the OMERACT initiative (outcome measures of
rheumatology), defined by “truth”, “discrimination” and “feasibility”. The SPECTRA
(Study grouP for xtrEmeCT in RA) collaboration, in which we participated, strives to
implement HR-pQCT as imaging tool in clinical practice. A new instrument such as HR-
pQCT needs to meet these OMERACT filters, before it can be implemented in clinical
practice. Other international scientific centres that are part of the SPECTRA initiative are
interested to apply our cortical interruption detection algorithm. The results in this
thesis form a solid base for further development and implementation of automated
algorithms in the assessment of peri-articular bone damage in finger joints.
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Future perspectives

Currently, HR-pQCT imaging has only been used in research settings. Further
optimisation of the algorithm in reliability and applicability, and confirmation of our
results are needed before studying the possibility of use in clinical settings. Studies that
further answer the questions raised by the OMERACT filters, “truth”, “discrimination”
and “feasibility”, to show that HR-pQCT imaging is valid, reliable, applicable tool which
can discriminate between situations of interest.

HR-pQCT imaging may be applied in several future studies, for example for in
randomized controlled clinical trials that compare different treatment strategies. Other
studies compared sDMARDs to bDMARDs, or the additional effect of osteoporosis
medication treatment (e.g. denosumab or alendronate) in addition to DMARD
treatment. Partial repair of bone was regularly observed using HR-pQCT in patients
primarily on bDMARD treatment. Differences could already be observed after 3 months
of treatment. In view of the limited availability of HR-pQCT, such studies could be
performed in the context of pilot studies, proof of concept studies or Phase IV
monitoring studies.

Further HR-pQCT research may focus on better identification of patients that will
develop severe, erosive RA, and a variety of factors can be investigated using HR-pQCT
to identify those patients (e.g. the number, size, location, shape and distribution of
cortical interruptions, which may be predictors for the development of erosions). The
structural integrity of the bone tissue around a cortical interruption might be an
additional predictor of bone damage progression that can be studied with HR-pQCT.
HR-pQCT imaging may also be used in the future as a diagnostic tool to identify those
patients that will develop RA and might be used to monitor patients with RA to earlier
detect bone damage progression. This might be an indication to alter the medication of
these patients to prevent bone damage progression.

This thesis provides a solid basis for an algorithm based analysis of HR-pQCT images of
peri-articular bone in finger joints of patients with RA and healthy subjects, which can be
further explored in future research, including other diseases that affect finger joints,
such as psoriatic arthritis and erosive osteoarthritis.

Current publicity

Results in this thesis have been submitted and published in scientific journals. Results
have also been presented at national and international conferences. Oral presentations
have been given at the national conferences of the Dutch and Belgian Rheumatology
association (Nederlandse Vereniging voor Reumatologie (NVR) and Belgian Congress of
Rheumatology (BCR) (NVR in 2014 and 2017, and BCR in 2014 and 2015). Posters have
been presented at American Society of Bone Mineral Research (ASBMR 2014), the
European League Against Rheumatism (EULAR 2015, 2016 and 2017) and American
College of Rheumatology (2016).
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SUMMARY

Background

Rheumatoid arthritis (RA) is a chronic inflammatory auto-immune disease, in which
inflammation at the joint might lead to peri-articular osteoporosis and erosions (i.e.
pathological cortical interruptions).l’2 Approximately 1% of the population worldwide
suffers from rheumatoid arthritis (RA), and the disease is more common in females.>”
Traditionally imaging in RA is performed using conventional radiography (CR), which is
fast, inexpensive, easily accessible, provides a two dimensional (2D) assessment of bone,
and rheumatologists are familiar with its interpretation.” A major drawback of CR is that
it is not sensitive to detect erosions at an early stage and (subtle) progression over
time.*® More sensitive techniques to detect early structural changes in the joints are
computed tomography (CT), ultrasound (US) and magnetic resonance imaging (MRI)."*"
In contrast to CR, US and MRI can visualize soft tissue, which enables detection of
inflammation in the synovial fluid (synovitis)."*™"” MRI also enables to evaluate the
presence of inflammation in the bone marrow (bone marrow edema (BME))."***". The
(sole) use of US and MRI also has disadvantages, such as operator dependency (US),
inability to penetrate bone tissue for imaging (US), limited availability (MRI), long
duration of the examination (MRI) and the costs (MRI)." The optimal imaging method in
RA would be more sensitive and reproducible for diagnosis and monitoring changes in
bone structure even at the smallest level.™

High-resolution peripheral quantitative CT (HR-pQCT) is a novel three-dimensional (3D)
imaging technique with a resolution of 82 um that allows in vivo evaluation of the
volumetric bone mineral density (vBMD) and bone micro-structure of the peripheral
skeleton.’ It has been reported that multiple erosions can be seen in finger joints of
patients with RA on HR-pQCT while having no erosions visible on CR, US and MRI,**?#
indicating that HR-pQCT is more sensitive in the detection of structural bone damage in
RA than these imaging techniques. In addition to detection of erosions, HR-pQCT
imaging is able to detect small cortical interruptions (<0.5 mm in diameter),19 which may
be the first signs of pathological interruptions (i.e. erosions).”*** For these reasons,
HR-pQCT imaging is a promising tool for diagnosis and/or monitoring of peri-articular
bone in finger joints of patients with RA.

To date, cortical interruptions on HR-pQCT are detected by visual evaluation on multiple
HR-pQCT slices, which is not only prone to subjectivity but also time-consuming.'****%*
An automated scoring algorithm, for the detection of cortical interruptions, could
potentially improve reliability by minimizing reader interventions and feasibility in clinical
practice. In addition, vBMD and bone micro-structural parameters have not yet been
studied in detail in finger joints of patients with RA compared to healthy subjects.

When developing a new tool, important aspects described in the Outcome Measures in
Rheumatology (OMERACT) filter need to be taken into account: any instrument needs to
meet the requirements defined by truth (validity), discrimination (reliability and
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discrimination between patients with RA and healthy subjects), and feasibility
(applicability).® In this thesis we therefore studied aspects of validity, reliability,
discrimination and applicability of HR-pQCT in the detection of small cortical
interruptions, vBMD and bone micro-structure in finger joints of patients with RA and
healthy subjects.

Summary of thesis

Previous studies using HR-pQCT in RA mainly focused on erosions.'********! Occasionally

the existence of small, possible physiological vascular channels was reported, also in
healthy individuals."*** Hence, there was a knowledge gap regarding the performance of
HR-pQCT in the visual detection of small cortical interruptions. In Chapter 2, we
therefore investigated the validity and reliability of visual detection of cortical
interruptions in metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints
when using HR-pQCT with microCT (uCT) as gold standard. Nineteen joints of female
anatomic specimens (ten MCP and nine PIP joints) were analyzed for the presence of
cortical interruptions on HR-pQCT and pCT. We studied the intra- and inter-reader
reliability and determined the sensitivity, specificity, positive predictive value (PPV) and
negative predictive value (NPV). Using either imaging modality, cortical interruptions
were found in all joints (129 on HR-pQCT and 149 on uCT). Intra-reader reliability for the
presence (kappa, k) and total number (intraclass correlation coefficient, ICC) of cortical
interruptions was moderate to substantial (range 0.52-0.61) for HR-pQCT. Inter-reader
reliability for the presence (k) and total number (ICC) of cortical interruptions was fair to
moderate (range 0.37-0.55) for HR-pQCT. HR-pQCT appeared highly sensitive (81.6%) to
detect cortical interruptions with uCT as gold standard and the PPV was 81.6%. In
conclusion, cortical interruptions were commonly detected in finger joints on both HR-
pQCT and uCT with fair to substantial reliability and high sensitivity.

These findings in combination with the time consuming aspect of visual evaluation of
HR-pQCT images™" indicated the need for a more reliable and feasible scoring method.
While there was one published paper reporting accurate detection of the volume of
erosions in finger joints on HR-pQCT images with an automated algorithm that relied on
operator input,35 a fully-automated algorithm to detect cortical interruptions was not
available yet. In Chapter 3, we therefore developed a fully-automated algorithm to
detect cortical interruptions with a diameter 20.246 mm on HR-pQCT and tested it in
MCP joints of patients with RA and healthy subjects from the MOSA-Hand cohort.* Also,
the additional value of manual correction of automatically generated outer cortical
contours was investigated (semi-automated approach). The median number of cortical
interruptions per joint detected with the algorithms was 14 (range 2-59) and did not
differ significantly between the semi- and fully-automated algorithms (p=0.37). Almost
perfect reliability (ICC 0.95-0.97) to detect cortical interruptions was observed for both
the fully- and semi-automated algorithm procedures. Compared to visual detection of
cortical interruptions, considered as the gold standard in this study, agreement of the
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fully- and semi-automated algorithms was fair to moderate (ICC 0.38-0.45). The majority
of the interruptions detected visually were also detected by the fully- and semi-
automated algorithms (70-76%). Based on the findings in this study, the semi-automated
procedure is the method of choice because manual corrections of the cortical contours
are necessary in case of large cortical interruptions and considerable motion artefacts.
We concluded that the application of the semi-automated algorithm is promising for a
sensitive and objective assessment of cortical interruptions in fingers joints by HR-pQCT.
In Chapter 4, we further validated our semi-automated algorithm by comparing the
detection of cortical interruptions with different minimum cut-off diameters (range
>0.246 mm to 20.574 mm) on HR-pQCT to uCT, as gold standard, using ten female index
fingers from anatomic specimens. In Chapter 4, cut-off values for defining a cortical
interruption were >0.164 mm (i.e. >2 voxels = >3 voxels =>0.246 mm), >0.328 mm (i.e.
>4 voxels = 25 voxels = 20.328 mm) and >0.492 mm (i.e. >6 voxels = >7 voxels =
>0.574 mm). In addition, validity of single interruptions with different minimum
diameters on HR-pQCT was evaluated through calculating PPV and sensitivity with a
fixed interruption diameter of >0.100 mm on PCT (PPVg19mm and sensitivityg 1omm) and
same minimum cortical interruption diameter (PPVy and sensitivitygg).

On the joint level, almost perfect agreement for the number and surface area of
interruptions was obtained for interruptions with a minimum diameter of >0.246 mm
and 20.410 mm (ICC =0.81). A fair to moderate agreement was found for interruptions
>0.574 mm (ICC <0.52). At the level of a single interruption, we found that the PPV 10mm
improved with every increase in minimum cortical interruption diameter from 84.9 to
100%, for interruptions >0.246mm to 20.574mm, respectively. However,
sensitivityg 1omm Of these small interruptions decreased (from 62.4 to 4.7%) with every
increase in minimum cortical interruption diameter. PPVyy was substantial for
interruptions with a diameter of >0.246 mm and 20.41 mm (PPV. =66.6 and 66.3%,
respectively), but fair for interruptions with a diameter of >0.574 mm (PPV.y = 38.5%).
Sensitivitysy was substantial for interruptions with a diameter of >0.246 mm and
>0.574 mm (Sensitivitysq = 79.1 and 73.5%, respectively), but moderate for interruptions
with a diameter of 20.41 mm (Sensitivitysq = 49.4%).

Hence, the size of an interruption detected on HR-pQCT may be different from that on
UCT. The semi-automated algorithm for detection of cortical interruptions with HR-pQCT
in finger joints performed best for interruptions with a minimum diameter of >0.246 and
>0.41 mm. Almost perfect agreement was obtained at the joint level and the
interruptions matched well with those detected on uCT for both cut-off values. We used
a diameter cut-off of 20.41 mm in the subsequent studies, since we preferred a high
PPVy 10mm When extending the algorithm with trabecular void volume detection.

So far, our algorithm only analyzed the presence of an interruption in the cortex and did
not consider the underlying trabecular bone void as part of the total interruption
volume. In addition, the reproducibility of our algorithm and the cortical micro-structural
parameters on repeated scans with complete repositioning between the scans has not
yet been tested in the standard workflow of the HR-pQCT scanner. Therefore, in
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Chapter 5, we extended our algorithm for detection of cortical interruptions with
underlying trabecular bone void volume detection, and evaluated the reproducibility of
the extended algorithm, the vBMD, and micro-structural parameters of the cortical and
trabecular region. For this study, we used HR-pQCT images from the Early Inflammatory
Arthritis Clinics from the Division of Rheumatology at the University of Calgary, who
recruited twenty-one patients (mean age 49 (standard deviation: 11) years) with early
RA (n=17) and undifferentiated arthritis (n=4), all diagnosed less than one year ago.

The reproducibility of the extended algorithm for the number, surface area and volume
of cortical interruptions was excellent (ICCs>0.82), especially for the interruption
volume (ICC 0.99). The absolute least significant change (LSCsp) values were 4.2 for the
number of interruptions, 5.8 mm? for interruption surface, and 3.2 mm?® for the
interruption volume. The reproducibility for the vBMD and bone micro-structural
parameters was excellent with ICCs >0.97, and good for the cortical porosity diameter
(Ct.Po.Dm, ICC =0.84). The percentage LSC values (LSCcy) were <7.3% for the vBMD
parameters and <12.1% for the micro-structural parameters, except for Th.SpSD,
Ct.Po.Dm and Ct.Po which were between 21.1% and 24.1%. Therefore, we concluded
that the algorithm was highly reproducible but still had substantial precision errors while
the assessment of the vBMD and bone micro-structural parameters was highly
reproducible with acceptable precision errors.

Whereas these earlier studies demonstrated the validity, reliability and applicability of
our semi-automated algorithm in quantifying (small) cortical interruptions, it remained
unknown whether they were related to both structural damage on CR, and structural
damage and inflammatory markers on MRI. In addition, it was unknown if HR-pQCT
imaging had an added value over these findings on CR and MRI in the detection of
(small) cortical interruptions and in the distinction between patients with RA and healthy
subjects. Therefore, in Chapter 6, we compared the number and size of cortical
interruptions in patients with RA to healthy subjects using the semi-automated
algorithm. Additionally, we investigated the association between structural damage and
inflammatory markers on either CR or MRI with cortical interruptions on HR-pQCT. Also,
the added value of HR-pQCT over these findings on CR and MRI was investigated. For
this cross-sectional study, we used data from the MOSA-Hand cohort, which consists of
38 healthy females and 39 female patients diagnosed with RA (mean age (SD) 51.2 (10.3)
and 54.8 (7.0), respectively).*

Significantly more cortical interruptions and both a significantly larger surface area and
volume of cortical interruptions were detected in MCP joints of patients with RA
compared to healthy subjects. Findings on CR and MRI were significantly associated with
the number, surface area and volume of cortical interruptions on HR-pQCT (prevalence
ratios (PRs) ranging from 1.03 to 7.48, all p<0.01). Having RA was significantly associated
with the number, surface area and volume of cortical interruptions on HR-pQCT (PRs
2.26 to 5.39, all p<0.01), also after adjustment for findings on CR or MRI. We therefore
concluded that HR-pQCT imaging with the semi-automated algorithm may be of value in
addition to CR and MRI for the evaluation of structural damage in patients with RA.
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Cross-sectional discrimination between patients with RA and healthy subjects was found
using HR-pQCT, but the longitudinal discriminatory value of HR-pQCT remained
unknown. Therefore, in Chapter 7, we prospectively investigated the change in number,
surface area and volume of cortical interruptions, vBMD- and bone micro-structural
parameters in patients with RA (treated with synthetic disease modifying anti-rheumatic
drugs (sDMARDs) and/or biologic DMARDs (bDMARDs)) after a 1-year follow-up period,
and compared our results with a population of healthy subjects. Eleven of the 77
patients declined participation at the second visit and two subjects were excluded
because no HR-pQCT images were of sufficient quality. In total, 32 healthy subjects and
32 patients with RA could be evaluated.

The number, surface area and volume of interruptions did not change at the group level
in both patients with RA and healthy subjects, except for a significant increase in the
number of interruptions in PIP joints of patients with RA. The decrease in vBMD was
significantly more in MCP and PIP joints of patients with RA (-4.4 and -5.8 mgHA/cm’,
respectively) compared to healthy subjects (-1.1 and -2.6 mgHA/cm®, respectively), and
the trabecular thickness also decreased significantly more in PIP joints of patients with
RA compared to healthy subjects.

Applying the LSCsp cut-off values, the proportion of joints showing repair was higher in
patients with RA compared with healthy subjects (4.1%, 3.6% and 6.6% versus 0%, 0%
and 1.7%, respectively), and was significant for the volume of interruptions (Odd’s Ratio
(OR) 6.6 (95% Cl 1.08-39.9), p=0.041). The proportions of joints showing bone loss was
not significantly different between the groups (4.1%, 2.7% and 5.9% versus 0.9%, 0% and
2.6%, respectively).

The proportion of joints showing progression in cortical interruption was higher in
patients on sSDMARDs compared with patients on bDMARDs (6.1%, 3.0% and 4.0% versus
1.8%, 1.8% and 7.9%), and was significant for the number of interruptions (OR: 6.6 (95%
Cl 1.0-41.7), p=0.048). The proportion of joints with loss in vBMD beyond LSCsp was
significantly higher in patients treated with sSDMARDs compared with bDMARDs (31.3%
versus 17.2%, OR 2.7 (95% Cl 1.4-5.3), p=0.004, respectively).

We concluded that, HR-pQCT is able to quantify bone repair and loss in finger joints in
RA and HS. Cortical interruption-, vBMD- and micro-structural parameters were impaired
in patients with RA compared with HS, of which vBMD and micro-structural parameters
further deteriorated. Furthermore, in patients treated with SDMARDs significantly more
decrease in vBMD compared with patients treated with bDMARDs was found. HR-pQCT
with our semi-automated algorithm showed promising results for monitoring treatment
effects in RA.

Finally, in Chapter 9, the main findings were summarized and discussed in the context of
the OMERACT determined terms “validity”, “reliability”, “discriminatory value” and
“applicability” for detection of cortical interruptions with the semi-automated algorithm
and the assessment of vBMD and bone micro-structural parameters.

Exploring the “validity”, HR-pQCT was sensitive in the detection of cortical interruptions
compared to UCT (Chapter 2). In Chapter 3, significantly more cortical interruptions were
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detected with the algorithm compared to visual scoring. Differences between visual
scoring and the semi-automated algorithm were mainly found in regions of low cortical
bone density, where it is often difficult to detect interruptions visually, while the
algorithm can detect these interruptions more easily on binary images. On the other
hand, due to partial volume effects (PVEs) interruption size may be overestimated. In
Chapter 4, false positive detection of cortical interruptions could be avoided by
increasing the minimal cut-off diameter of interruptions. In Chapter 6, validity was
further investigated by comparing the semi-automated algorithm to clinical standards
(CR and MRI). Structural damage on both CR and MRI were associated with the number
and size of cortical interruptions on HR-pQCT.

Exploring the “reliability”, we found that the inter-reader reliability was fair to moderate
in the visual scoring of cortical interruptions. In Chapter 3, the reliability of the algorithm
(semi- and fully-automated) in the detection of cortical interruptions was higher
compared with visual scoring (Chapter 2). However, the fully-automated algorithm was
susceptible to errors due to motion artefacts and in case of large cortical interruptions.
In Chapter 5, we found that the reproducibility of the semi-automated algorithm was
excellent on repeated scans and precision errors were substantial compared to the
mean values detected. In general we found a higher reliability with the semi-automated
algorithm compared with visual scoring in the number and size of cortical interruptions.
Precision errors were comparable to those reported by others, although in contrast to
previous studies we also analyzed small cortical interruptions.33 Additionally, we found
an excellent inter-operator reliability and intra-operator reproducibility, comparable to
earlier studies. In summary, we found that it is reliable to use our semi-automated
algorithm for detection of cortical interruptions, and assessment of vBMD and bone
micro-structural parameters on HR-pQCT images of finger joints.

Exploring the “discriminatory value”, we found more and larger cortical interruptions
already in early RA patients (disease duration <2 years) compared to healthy subjects
(Chapter 6). The presence of RA was associated with more and larger interruptions even
after adjustment of structural damage on CR and MRI and inflammatory markers on
MRI. The longitudinal change in patients with RA compared with healthy subjects after
1 year follow-up showed no change at the group level in both groups. However, at the
level of individual joints, we found bone repair or bone damage progression, both mainly
in patients with RA. Furthermore, we looked at the discriminatory value of the vBMD
and bone micro-structural parameters. We found an impaired vBMD and bone micro-
structure in patients with RA compared to healthy subjects. The vBMD and bone micro-
structure deteriorated more in patients with RA compared with healthy subjects after
1 year follow-up. The decrease of VBMD was greater in RA patients treated with
sDMARDs compared to bDMARDs.

Finally, the “applicability” of HR-pQCT imaging was determined. Previously we have
reported that visual scoring was not feasible in a clinical setting because it was very time
consuming.34 The use of our semi-automated algorithm may reduce examination time.
Correction of the outer cortical contour remains necessary for instance in case of motion
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artefacts and the large cortical interruptions. This contour correction is also a standard
procedure for HR-pQCT measurements of the distal radius and tibia. However, after
correction of the contours, the number and size of cortical interruptions, vBMD and
bone micro-structural parameters can be assessed automatically.

In conclusion, this thesis showed that semi-automated analysis of HR-pQCT images is a
valid, reliable and applicable tool which can discriminate between patients with RA and
healthy subjects in the detection of cortical interruptions (diameter 20.41 mm), and in
the assessment of vBMD and bone micro-structural parameters in finger joints.
Therefore, HR-pQCT imaging with our algorithm may contribute in the evaluation of
peri-articular bone in finger joints of patients with RA.
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Achtergrond

Reumatoide artritis (RA) is een chronische ontstekingsziekte, waarbij ontsteking leidt tot
afbraak van het bot wat kan resulteren in schade aan het bot (erosies, corticale
interrupties) of botverlies (osteoporose).l'2 Ongeveer 1% van de wereldbevolking wordt
getroffen door RA en de ziekte komt vaker voor bij vrouwen.>* In de kliniek wordt
beeldvorming bij patiénten met RA vooral uitgevoerd met een réntgenfoto van de
handen en voeten. Het vervaardigen van rontgenfoto’s is eenvoudig, relatief goedkoop,
de techniek is ruim beschikbaar en het geeft een twee dimensioneel beeld van het bot.
Een nadeel van rontgenfoto’s is echter dat het hiermee niet goed mogelijk is om vroege
schade aan het bot en kleine veranderingen te detecteren.®” Gevoeligere methodes
waarmee schade in het bot gedetecteerd kunnen worden zijn: computertomografie (CT),
echografie en magnetische resonantie imaging (MRI)."™ In tegenstelling tot de
rontgenfoto kunnen echografie en MRI de weke delen in beeld brengen, waardoor
ontsteking in het gewricht mede gedetecteerd kan worden.””**"’ Daarnaast kan met
MRI ook ontsteking van het beenmerg gedetecteerd worden (beenmerg oedeem).lz’ls’17
Het gebruik van echografie en MRI heeft echter ook nadelen, zoals operator
afhankelijkheid (echografie), beperking om dieper in het bot te kijken (echografie),
beperkte beschikbaarheid en de hoge kosten (MRI). De optimale methode voor
beeldvorming van botaantasting in RA zou sensitiever en reproduceerbaarder moeten
zijn in de diagnose en het monitoren van veranderingen in de botstructuur op micro
niveau.™

Hoge resolutie perifere kwantitatieve CT (HR-pQCT) is een nieuwe beeldvormende
techniek met een resolutie van 82 um die het mogelijk maakt om driedimensionaal de
botdichtheid en bot microstructuur te meten van het perifere skelet (distale radius en
tibia).'® Eerdere studies rapporteerden dat met gebruik van HR-pQCT meerdere erosies
werden gevonden in vinger gewrichten van patiénten met RA zonder dat er erosies te
zien waren op de réntgenfoto’s, echografie en MRI,*>** wat erop wijst dat HR-pQCT
sensitiever is in de detectie van structurele botschade in RA dan deze beeldvormende
technieken. Met HR-pQCT kunnen naast erosies ook kleinere interrupties van het
corticaal bot gedetecteerd worden (<0.5 mm in diameter)." Deze kleine interrupties zijn
mogelijk de eerste tekenen van erosies.””*”> Om deze redenen is HR-pQCT een
veelbelovende techniek voor de diagnostiek en/of het monitoren van de botstructuur in
de vingergewrichten van patiénten met RA.

Tot op heden zijn corticale interrupties met HR-pQCT gedetecteerd door middel van
visuele evaluatie van de HR-pQCT beelden. Dit is niet alleen subjectief, maar ook
tijdrovend.”?***** Een automatisch scoringsalgoritme dat corticale interrupties
detecteert kan potentieel de betrouwbaarheid verbeteren en de toepasbaarheid in de
kliniek vergroten door de interventies van een operator te beperken. Daarnaast zijn de
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botdichtheid en bot microstructuur parameters nog niet in detail bestudeerd in
vingergewrichten van patiénten met RA in vergelijking tot gezonde proefpersonen.
Wanneer je een nieuwe methode ontwikkelt, moet je belangrijke aspecten die
beschreven staan in de OMERACT (‘Outcome Measures in Rheumatology’) filter in acht
nemen. leder instrument moet voldoen aan de voorwaarden gedefinieerd als ‘waarheid’
(validiteit), ‘discriminatie’ (betrouwbaarheid en discriminerend vermogen tussen
patiénten en gezonde proefpersonen) en ‘bruikbaarheid’ (toepasbaarheid).” In dit
proefschrift hebben we daarom aspecten van de validiteit, betrouwbaarheid, het
discriminerend vermogen en de toepasbaarheid van HR-pQCT bestudeerd in de detectie
van kleine corticale interrupties alsmede de botdichtheid en bot microstructuur in
vingergewrichten van patiénten met RA en gezonde proefpersonen.

Samenvatting

Eerdere onderzoeken met HR-pQCT in RA richtten zich vooral op erosies,'??>#373

Incidenteel werd het bestaan van kleine, mogelijk fysiologische vasculaire kanalen
gerapporteerd, in patiénten met RA en ook in gezonde proefpersonen.’””” Er was dus
een kennis kloof met betrekking tot de visuele detectie van kleine corticale interrupties.
In hoofdstuk 2 hebben we daarom de validiteit en betrouwbaarheid van visuele detectie
van corticale interrupties op HR-pQCT beelden van metacarpofalangeale (MCP) en
proximale interfalangeale (PIP) gewrichten onderzocht met microCT (uCT) als gouden
standaard. Negentien gewrichten van anatomische vinger specimen (10 MCP en 9 PIP
gewrichten) werden visueel geanalyseerd op de aanwezigheid van corticale interrupties
op HR-pQCT en uCT door twee beoordelaars. De intra- en inter-beoordelaars
betrouwbaarheid werden bestudeerd door middel van Cohen’s kappa (k) en intra class
correlatie coéfficient (ICC). Sensitiviteit, specificiteit, positief voorspellende waarde
(PVW) en negatief voorspellende waarde (NVW) van HR-pQCT in de detectie van
corticale interrupties werden berekend. Corticale interrupties werden in alle gewrichten
gevonden met beide beeldmodaliteiten (129 op HR-pQCT en 149 op uCT). Intra-
beoordelaar betrouwbaarheid voor de aanwezigheid (k) en het totale aantal (ICC)
corticale interrupties was redelijk tot substantieel (bereik 0.52-0.61) voor HR-pQCT.
Inter-beoordelaar betrouwbaarheid voor de aanwezigheid en het totale aantal corticale
interrupties was matig tot redelijk (bereik 0.37-0.55) voor HR-pQCT. HR-pQCT bleek
hoog sensitief te zijn (81.6%) om corticale interrupties te detecteren met uCT als gouden
standaard met een PVW van 81.6%. We concludeerden dat corticale interrupties vaak
werden gedetecteerd in vinger gewrichten met zowel HR-pQCT als uCT met een matige
tot redelijke betrouwbaarheid en hoge sensitiviteit.

Deze bevindingen in combinatie met het tijdrovende aspect van visuele evaluatie van
HR-pQCT beelden impliceerden dat een meer betrouwbare en toepasbare
scoringsmethode nodig was.* Hoewel in één artikel werd gerapporteerd over een
automatisch algoritme die het volume van erosies in vingergewrichten op HR-pQCT
beelden accuraat detecteert, was dit algoritme nog steeds afhankelijk is van de input van
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een operator” en was een volautomatisch algoritme dat corticale interrupties
detecteert nog niet beschikbaar. In hoofdstuk 3, hebben we daarom een volautomatisch
HR-pQCT algoritme ontwikkeld voor detectie van corticale interrupties met een diameter
>0.246 mm. We hebben het algoritme getest in HR-pQCT beelden van MCP gewrichten
van patiénten met RA en gezonde proefpersonen van het MOSA-Hand cohort. De
toegevoegde waarde van manuele correctie van de automatisch gegenereerde corticale
contouren werd ook onderzocht (semiautomatische benadering). Het aantal corticale
interrupties gedetecteerd per gewricht verschilde niet tussen de semi- en
volautomatische benadering (mediaan 14 versus 15, p=0.37) en een bijna perfecte
betrouwbaarheid (ICC 0.95-0.97) werd gevonden. Visueel scoren werd in deze studie
beschouwd als gouden standaard en de overeenstemming tussen de semi- en
volautomatische algoritmes met visueel scoren was matig tot redelijk (ICC 0.38-0.45). De
meerderheid van de interrupties die visueel werden gescoord werden ook gedetecteerd
met de semi- en volautomatische algoritmes (sensitiviteit 70-76%). Gebaseerd op de
bevindingen in deze studie wordt de semiautomatische benadering aanbevolen omdat in
het geval van grote corticale interrupties en bewegingsartefacten correcties van de
automatisch gegenereerde buitenste contour nodig zijn. We concludeerden dat de
toepassing van het semiautomatische algoritme veelbelovend is voor een sensitieve en
objectieve bepaling van corticale interrupties in vingergewrichten met HR-pQCT
beelden.

In hoofdstuk 4 hebben we het door ons ontwikkelde semiautomatische algoritme verder
gevalideerd door de detectie van corticale interrupties met verschillende diameters als
minimum afkapwaarde (bereik >0.246 mm tot >0.574 mm) op HR-pQCT beelden te
vergelijken met uCT beelden als gouden standaard. Hierbij hebben we gebruik gemaakt
van 10 wijsvingers (10 MCP en 9 PIP gewrichten) van anatomische specimens van
vrouwen. Daarnaast hebben we de validiteit van de detectie van corticale interrupties
met verschillende minimum afkapwaarden van diameters op HR-pQCT geévalueerd door
middel van het berekenen van de PVW en sensitiviteit ten opzicht van een gefixeerde
diameter van interruptie van >0.10 mm op UCT (PVWg 10mm €N sensitiviteitg 1gmm) €N ten
opzichte van dezelfde minimale diameter (PVW,4 en sensitiviteit,q).

Op gewrichtsniveau werd een bijna perfecte overeenstemming gevonden voor het
aantal en de oppervlakte van interrupties met een minimale diameter van >0.246 mm en
>0.410 mm (ICC >0.81). Een matige tot redelijke overeenstemming werd gevonden voor
interrupties >0.574 mm (ICC <0.52). Voor afzonderlijke interrupties vonden we dat de
PVWj 10mm Verbeterde met iedere verhoging van de minimale afkapwaarde van diameter
van corticale interrupties: van 84.9% tot 100% voor respectievelijk interrupties
>0.246mm tot =0.574mm. De sensitiviteitg 1omm van deze kleine interrupties nam echter
af van 62.4% naar 4.7%. De PVW,4 was substantieel voor interrupties met een diameter
van 20.246 mm en >0.410 mm (PVW,4 respectievelijk 66.6% en 66.3%), maar was matig
voor interrupties met een minimale diameter van >0.574 mm (PPV,y =38.5%). De
sensitiviteit,y was substantieel voor interrupties met een minimale diameter van
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>0.246 mm en 20.574 mm (Sensitiviteit,q respectievelijk 79.1% en 73.5%), maar redelijk
voor interrupties 20.410 mm (sensitiviteit,qy = 49.4%).

Dit betekent dat de grootte van een corticale interruptie die gedetecteerd wordt op HR-
pQCT verschillend kan zijn van die op uCT. Het semiautomatische HR-pQCT algoritme
voor detectie van corticale interrupties in vingergewrichten presteerde het best voor
interrupties met een minimale diameter van >0.246 mm en >0.410 mm. Een bijna
perfecte overeenstemming werd verkregen op het gewrichtsniveau en interrupties
kwamen overeen met die op de puCT voor beide afkapwaardes. Voor de volgende studies
in dit proefschrift hebben we een diameter afkapwaarde van >0.410 mm gebruikt,
aangezien we een hogere PVWq 10mm pPrefereerden met de uitbreiding van het algoritme
om trabeculair botverlies te detecteren.

Tot nu toe analyseerden we met ons algoritme alleen de aanwezigheid van een
interruptie in de cortex van het bot en werd het onderliggend trabeculaire botverlies
niet meegenomen als deel van het totale interruptievolume. Daarnaast was de
reproduceerbaarheid van ons algoritme en de corticale microstructuur parameters op
herhaalde scans met herpositionering tussen de scans nog niet getest. Daarom hebben
we in hoofdstuk 5 ons corticale interruptie algoritme uitgebreid met detectie van verlies
van onderliggend trabeculair bot. Verder hebben we de reproduceerbaarheid van het
uitgebreide algoritme, de botdichtheid en microstructuur parameters van het corticale
en trabeculaire gebied bestudeerd. Voor deze studie hebben we gebruik gemaakt van
HR-pQCT beelden van de ‘Early Inflammatory Arthritis Clinics’ van de afdeling
reumatologie op de universiteit van Calgary. Zij hebben 21 patiénten met een
gemiddelde leeftijd van 49 (standaard deviatie (SD) 11 jaar) gerekruteerd waarvan 17
vroege RA en 4 ongedifferentieerde artritis, ieder minder dan 1 jaar geleden
gediagnostiseerd.

De reproduceerbaarheid van het uitgebreide algoritme voor het aantal, oppervlak en
volume van corticale interrupties was uitstekend (ICCs=>0.82), vooral voor het
interruptievolume (ICC 0.99). De absolute minst significante verandering (MSVsp) was 4.2
voor het aantal interrupties, 5.8 mm?’ voor het interruptieopperviak en 3.2 mm? voor het
interruptievolume. De reproduceerbaarheid van de botdichtheid en bot microstructuur
parameters was uitstekend met ICCs >0.97, en was goed voor de corticale porie
diameter (Ct.Po.Dm, ICC 0.84). De percentage MSV waardes (MSV¢yy) Waren <7.3% voor
de botdichtheidsparameters en <12.1% voor de microstructuur parameters, behalve
voor intra-individuele distributie van trabeculaire spreiding (Tb.SpSD), Ct.Po.Dm en
corticale poreusheid (Ct.Po) welke tussen 21.1% en 24.1% waren. We concludeerden dat
de reproduceerbaarheid van het algoritme goed was maar dat de precisie fout nog
steeds substantieel is, terwijl de bepaling van de botdichtheid en bot microstructuur
parameters goed reproduceerbaar waren met acceptabele precisie fouten.

Deze eerdere studies toonden de validiteit, betrouwbaarheid en toepasbaarheid van ons
semiautomatisch algoritme in de detectie van (kleine) corticale interrupties. Het was
echter nog steeds onbekend of deze interrupties gerelateerd zijn aan structurele schade
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op rontgenfoto’s, en structurele schade en ontstekingsindicatoren op MRI. Daarnaast
was het onbekend of HR-pQCT beeldvorming een toegevoegde waarde heeft over deze
bevindingen op rontgenfoto’s en MRI in de detectie van (kleine) corticale interrupties en
in het onderscheidt tussen patiénten met RA en gezonde proefpersonen.

In hoofdstuk 6 hebben we daarom het aantal, oppervlak en volume van corticale
interrupties in patiénten met RA vergeleken met gezonde proefpersonen door middel
van ons semiautomatische HR-pQCT algoritme. Daarnaast hebben we de associatie
tussen structurele schade op rontgenfoto’s of MRI en ontstekingsindicatoren op MRI
vergeleken met corticale interrupties op HR-pQCT. De toegevoegde waarde van de HR-
pQCT ten opzichte van de bevindingen op rontgenfoto’s en MRI scans werd ook
onderzocht. We hebben hiervoor gebruik gemaakt van het MOSA-Hand cohort dat
bestaat uit 38 gezonde vrouwen en 39 vrouwen gediagnostiseerd met RA (gemiddelde
leeftijd (SD) respectievelijk 51.2 (10.3) en 54.8 (7.0) jaar).*

Significant meer corticale interrupties en zowel een significant groter oppervilak als
volume van corticale interrupties werden gedetecteerd in MCP gewrichten van
patiénten met RA ten opzichte van gezonde proefpersonen. Bevindingen op
rontgenfoto’s en MRI scans waren significant geassocieerd met het aantal, oppervlak en
volume van corticale interrupties op HR-pQCT (prevalentie ratio’s (PRs) variérend van
1.03 tot 7.48, allen p<0.01). Het hebben van RA was significant geassocieerd met het
aantal, oppervlak en volume van corticale interrupties op HR-pQCT (PRs variérend van
2.26 tot 5.39, allen p<0.01), ook na correctie voor bevindingen op rontgenfoto’s en MRI
scans. We concludeerden daarom dat HR-pQCT beeldvorming met het
semiautomatische algoritme van waarde kan zijn naast de rontgenfoto’s en MRI scans in
de evaluatie van structurele botschade in patiénten met RA.

Cross-sectioneel discriminerend vermogen tussen patiénten met RA en gezonde
proefpersonen is nu dus aangetoond met HR-pQCT, maar het longitudinale
discriminerend vermogen was nog onbekend. Daarom hebben we in hoofdstuk 7 de
longitudinale verandering na 1 jaar follow-up vergeleken tussen patiénten met RA en
gezonde proefpersonen (MOSA-Hand cohort™) in het aantal, oppervlak en volume van
corticale interrupties, botdichtheid en bot microstructuur parameters. EIf van de
77 proefpersonen weigerden deelname aan de tweede visite en de gegevens van twee
proefpersonen werden uitgesloten omdat ze geen HR-pQCT scans van voldoende
kwaliteit hadden. In totaal konden 32 gezonde proefpersonen en 32 patiénten met RA
worden onderzocht.

Het aantal, oppervlak en volume van interrupties was na 1 jaar niet veranderd op
groepsniveau in zowel patiénten met RA als in gezonde proefpersonen, met uitzondering
van een significante toename in het aantal interrupties in PIP gewrichten van patiénten
met RA. De afname in botdichtheid was significant groter in MCP en PIP gewrichten van
patiénten met RA ten opzichte van gezonde proefpersonen (respectievelijk -4.4 en -5.8
mgHA/cm® versus -1.1 en -2.6 mgHA/cm®). De trabeculaire dikte nam ook significant
meer af in PIP gewrichten van patiénten met RA ten opzichte van gezonde
proefpersonen.
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Het toepassen van de MSVsy waardes liet zien dat de proportie van gewrichten die
reparatie van het bot lieten zien hoger was in patiénten met RA ten opzichte van
gezonde proefpersonen (respectievelijk 4.1%, 3.6% en 6.6% versus 0%, 0% en 1.7%) en
het was significant voor het volume van interrupties (odds ratio (OR) (95%
betrouwbaarheidsinterval (Bl) 1.08-39.9), p=0.041). De proportie van gewrichten die
progressie in corticale interrupties toonden was niet significant verschillend tussen de
groepen (respectievelijk 4.1%, 2.7% en 5.9% versus 0.9%, 0% en 2.6%).

De proportie van gewrichten die progressie in corticale interrupties toonden was hoger
in patiénten met ‘synthetische disease modifying anti reuma drugs’ (sDMARDs)
vergeleken met patiénten behandeld met biologische DMARDs (bDMARDs)
(respectievelijk 6.1%, 3.0% en 4.0% versus 1.8%, 1.8% en 7.9%). Dit was significant voor
het aantal interrupties (OR: 6.6 (95% Bl 1.0-41.7), p=0.048). De proportie van gewrichten
met verlies van botdichtheid voorbij de MSVsy was significant hoger in patiénten
behandeld met sDMARDs vergeleken met bDMARDs (respectievelijk 31.3% versus
17.2%, OR 2.7 (95%BI 1.4-5.3), p=0.004).

We concludeerden dat HR-pQCT in staat is om botreparatie en botverlies te
kwantificeren in vingergewrichten in patiénten met RA en gezonde proefpersonen.
Corticale interruptie-, botdichtheid- en bot microstructuur parameters zijn aangedaan in
patiénten met RA in vergelijking met gezonde proefpersonen, waarvan botdichtheid en
bot microstructuur parameters verder verslechterde. Patiénten behandeld met
sDMARD:s lieten significant meer verlies in botdichtheid zien dat patiénten behandeld
met bDMARDs. HR-pQCT met ons semiautomatisch algoritme liet veelbelovende
resultaten zien in het monitoren van de effecten van behandeling in patiénten met RA.

Tot slot werden in hoofdstuk 9 de hoofdbevindingen van dit proefschrift samengevat en
bediscussieerd in het kader van de door OMERACT vastgestelde termen “validiteit”,
“betrouwbaarheid”, “discriminerend vermogen” en “toepasbaarheid” voor de detectie
van corticale interrupties met het semiautomatische algoritme en de bepaling van de
botdichtheid en bot microstructuur parameters.

Ten aanzien van “validiteit” bleek dat HR-pQCT sensitief was in de detectie van corticale
interrupties in vergelijking met uCT (hoofdstuk 2). In hoofdstuk 3 zagen we dat het
algoritme significant meer interrupties detecteerde dan met visuele scoring. Verschillen
tussen visuele scoring en het semiautomatische algoritme waren voornamelijk gevonden
door in regio’s van lage corticale dichtheid, waar het lastig is om interrupties visueel te
detecteren, terwijl het algoritme deze interrupties makkelijker kan detecteren op binaire
beelden. Aan de andere kant wordt mogelijk de interruptie grootte overschat, door het
partieel volume effect (PVE). In hoofdstuk 4, bleek dat de fout positieve detectie van
corticale interrupties vermeden kon worden door de minimale diameter van interrupties
te vergroten. In hoofdstuk 6, werd de validiteit van het semiautomatische algoritme
getest ten opzichte van klinische beeldvormende methoden (rontgenfoto en MRI) en
zagen we dat structurele schade op zowel rontgenfoto’s als MRI scans geassocieerd
waren met het aantal en de grootte van corticale interrupties op HR-pQCT.



Nederlandse samenvatting

Ten aanzien van “betrouwbaarheid” bleek dat de betrouwbaarheid van het visueel
scoren van corticale interrupties tussen 2 beoordelaars matig was. In hoofdstuk 3 was de
betrouwbaarheid van het algoritme (zowel semiautomatisch als volautomatisch) in de
detectie van corticale interrupties verbeterd was ten opzichte van visueel scoren
(hoofdstuk 2). Echter de toepassing van het volautomatische algoritme resulteerden
soms in fouten, voornamelijk in het geval van bewegingsartefacten en bij grote corticale
interrupties. In hoofdstuk 5, vonden we dat de reproduceerbaarheid van het
semiautomatische algoritme op herhaalde scans uitstekend was maar dat de precisie
fouten toch nog substantieel waren. Over het algemeen vonden we een hogere
betrouwbaarheid met het semiautomatische algoritme vergeleken met het visueel
scoren van interrupties. De precisie fouten in onze studie waren vergelijkbaar met die
van andere, alhoewel wij ook naar kleine corticale interrupties hebben gekeken in
tegenstelling tot de andere studies. We hebben ook gekeken naar de betrouwbaarheid
in de bepaling van de botdichtheid- en bot microstructuur parameters. We vonden een
uitstekende intra- en inter-operator betrouwbaarheid evenals een uitstekende intra-
operator reproduceerbaarheid, en deze waren vergelijkbaar met eerdere studies.
Samenvattend konden we betrouwbaar corticale interrupties detecteren met het
semiautomatische algoritme met een betrouwbare bepaling van de botdichtheid en bot
microstructuur op HR-pQCT beelden van vingergewrichten.

Ten aanzien van het “discriminerend vermogen” vonden we meer en grotere corticale
interrupties bij vroege RA patiénten (diagnose <2 jaar geleden) in vergelijking met
gezonde proefpersonen (hoofdstuk 6). De aanwezigheid van RA was geassocieerd met
meer en grotere interrupties ook na correctie voor structurele schade op réntgenfoto’s
en MRI scans en ontstekingsindicatoren op MRI scans. Na 1 jaar follow-up zagen we
geen veranderingen in het aantal en grootte van interrupties in zowel patiénten met RA
als in gezonde proefpersonen. Echter, op gewrichtsniveau zagen we zowel reparatie als
progressie van botschade (interrupties) op HR-pQCT beelden, beide vooral in patiénten
met RA. Verder hebben we het discriminerend vermogen van de botdichtheid en bot
microstructuur onderzocht. We vonden een verminderde botdichtheid en bot
microstructuur in patiénten met RA ten opzichte van gezonde proefpersonen. De
botdichtheid en bot microstructuur verslechterden meer in patiénten met RA ten
opzichte van gezonde proefpersonen na 1 jaar follow-up. De afname van botdichtheid
was groter in patiénten behandeld met sDMARDs ten opzichte van bDMARDs.

Als laatste hebben we de “toepasbaarheid” van de HR-pQCT onderzocht. In eerder
onderzoek rapporteerden we al dat visuele scoring niet uitvoerbaar is in een klinische
setting omdat het erg tijdrovend is. Het toepassen van ons semiautomatisch algoritme
kan mogelijk de evaluatie tijd verminderen. Correctie van de buitenste corticale contour
bleek echter nog wel nodig, vooral in geval van bewegingsartefacten en grote corticale
interrupties. Deze contour correctie is ook een standaard procedure voor HR-pQCT
metingen van de distale radius en tibia. Waardoor na correctie van de buitencontour
niet alleen het aantal en grootte van corticale interrupties, maar ook de botdichtheid en
bot microstructuur automatisch kan worden bepaald.
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Concluderend, dit proefschrift laat zien dat semiautomatische analyse van HR-pQCT
beelden een valide, betrouwbaar en toepasbaar instrument is voor detectie van corticale
interrupties. Door toepassing van deze methode kan onderscheidt gemaakt worden
tussen patiénten met RA en gezonde proefpersonen ten aanzien van de detectie van
corticale interrupties (diameter >0.41 mm), en bij bepaling van de botdichtheid en bot
microstructuur in vingergewrichten. Daardoor kan HR-pQCT beeldvorming met ons
algoritme bijdragen aan de evaluatie van peri-articulaire bot in vingergewrichten van
patiénten met RA.
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