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List of abbreviations
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MRI magnetic resonance imaging
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RA rheumatoid arthritis
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TNF tumor necrosis factor

US ultrasonography 
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1.1 Background

1.1.1 Rheumatoid arthritis
Rheumatoid arthritis (RA) is a chronic inflammatory disease, affecting predominantly 
small joints of hands and feet [1, 2]. The occurrence of RA is relatively constant over adult 
populations of the developed regions, with a prevalence of 0.5-1.0% in Northern European 
and North American countries [3, 4]. This means that 1 out of every 100-200 people is 
affected in these areas. Among the population affected by RA, about 67-75% are females [3]. 
Although RA may develop at any age, the onset of the disease is commonly in the middle 
age and reaches a peak in the fifth decade [3]. RA may lead to joint destruction, deformity 
and eventual functional limitation [5, 6]. RA may also cause pain, fatigue and mental 
distress which negatively affect personal lives [7]. The economic impact of RA in terms 
of cost is reported to be substantial, including productivity loss and increased healthcare 
utilization [8–10]. 

1.1.2 Pathogenesis of joint damage in rheumatoid arthritis
RA is characterized by synovial inflammation. The synovial tissue in RA contains increased 
numbers of fibroblast like synoviocytes (FLS), the synovial resident cells, and macrophages. 
These are activated in RA and produce pro-inflammatory cytokines and proteases, such 
as tumor necrosis factor (TNF), interleukin (IL)-1, IL-6, and matrix metalloproteinases 
(MMPs) [11]. Chondrocytes (the only cellular component in cartilage) in their turn 
also produce matrix-degrading enzymes and pro-inflammatory cytokines [12]. By the 
production of pro-inflammatory cytokines and matrix-degrading enzymes cartilage 
is degraded. Moreover, osteoclasts are activated and induce bone destruction [13, 14]. 
Together this results in narrowing of the joint space and in bone erosions (BEs). Figure 1.1 
shows a schematic of a healthy joint and a joint affected by RA. Compared with the healthy 
joint, three key pathological changes can be observed in the joint affected by RA: (i) the 
synovial membrane (synovium) is inflamed and swollen; (ii) the joint space is narrowed; 
and (iii) (peri-)articular bone tissue is eroded, shown as disruptions in the cortical bone 
surface and loss of the adjacent trabecular bone [15].

1.2 Role of joint imaging in rheumatoid arthritis

Joint imaging is used to record joint damage, such as bone or cartilage destruction. Studies 
on joint imaging can be used to assess joint damage and its progression in clinical studies 
of RA.
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Figure 1.1: Schematic of a healthy joint (left) and a joint affected by rheumatoid arthritis (right).

1.2.1 Imaging modality comparison
Mainly three imaging modalities are used to monitor progression of joint damage. These 
modalities include conventional radiography (X-ray), magnetic resonance imaging (MRI), 
and ultrasonography (US). Computed tomography (CT) is very rarely used in clinical 
practice, because of its high ionizing radiation[16, 17]. In terms of the three main imaging 
modalities of RA, X-ray provides two-dimensional (2D) visualization while MRI and US 
offer three-dimensional (3D) visualization of joints. 
 Regarding the visualization of joint damage in RA, each of the three modalities has its 
inherent advantages and disadvantages. 
 Conventional radiography is the current gold standard for assessment of joint damage 
and damage progression in RA [18–20]. X-rays can reveal joint damage, such as BEs and joint 
space narrowing (JSN), as a surrogate for cartilage loss. Compared with the other imaging 
modalities, an intrinsic advantage of conventional radiography is the superb capacity of 
imaging bones. Owing to the significant difference in the X-ray absorbing ability between 
bones and soft tissues, conventional radiography can generate images with extremely clear 
bone structures. To this end, conventional radiography is a major tool to evaluate joint space 
width (JSW) between two joint parts. Other advantages of conventional radiography include 
short exposure time (typically 0.1 second) and superior spatial resolution (e.g., 0.1 mm2/
pixel) [21]. Moreover, X-ray equipment is relatively cheap and commonly available, even in 
non-western countries and sparsely populated regions. The most apparent disadvantages 
of X-ray imaging are the ionizing radiation involved during acquisition and potential over 
projection of 3D structures in the 2D radiograph. MRI and US are relatively new imaging 
techniques to assess presence of synovitis and joint damage in RA. These two techniques do 
not involve ionizing radiation and are hence suitable for frequent imaging. Furthermore, 
MRI and US enable 3D visualization of structures and provide information about soft tissue 
in addition to bone. For this reason, MRI and US can be used to e.g. quantify the volume 
of BEs [22, 23] or provide information on the severity of synovial inflammation (synovitis)
[24, 25]. These are the two great advantages of MRI and US compared with conventional 
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radiography. Furthermore, MRI allows visualization of bone marrow edema, that is 
considered a predictor for the development of BEs [26]. Despite these great merits, there 
are several disadvantages of MRI and US. In the last decade, 1.5 Tesla whole body MRI is 
mostly used for MRI studies of RA [27–30], which is costly and requires a relatively long 
scan time [31, 32]. Recently, MRI acquisition devices to image the extremities have been 
introduced, which are less expensive [33], but have an inherent diminished image quality 
than conventional MR units and have limited capability for the detection of bone edema 
and synovitis [34]. In addition, extremity MRI has a much smaller field of view (FOV), e.g. 
covering the metacarpophalangeal joints (MCPs) and the wrist joints [34, 35], but not the 
proximal interphalangeal joints (PIPs) of a human hand. Other striking disadvantages of 
MRI include the limited availability, relatively high financial burden, possible exposure to 
contrast agents, and poor patient comfort factors [32]. The main disadvantages of US are 
the limited resolution and the poor inter-operator repeatability [36]. Furthermore, there 
is still lack of consensus on systems for assessing joint damage and testing of the available 
systems in longitudinal studies [37, 38]. 
 Table 1.1 shows several examples of RA clinical studies, which demonstrates the main 
focus of the three modalities of joint imaging.

Table 1.1: Typical RA clinical studies in joint imaging. Selection is based on the focus of the three 
imaging modalities.

Modality Publication
Research focus

Joint space 
narrowing Bone erosions Synovitis Bone mar-

row edema
X-rays Kellgren1957 [39] 

Sharp1989 [40]  

vanderHeijde2000 [18]  

Cohen2007 [41]  

Theodora2011 [42]  

MRI McQueen1998 [22]   

Ostergaard1999 [43] 

Goupille2001 [44] 

Boutry2003 [45]  

Jimenez-Boj2007 [46]  

US Wakefield2000 [23] 

Østergaard2004 [47]  

Möller2009 [48] 

Cheung2010 [49] 

Wells2011 [38]  
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1.2.2 Radiography as the gold standard
Because of the above-mentioned limitations of MRI and US, radiography is currently still 
the gold standard of joint damage assessment. Several radiographic scoring methods can be 
used to assess joint damage in RA and have proved to be reliable and relevant for clinical 
studies. These methods include Genant and its variants [50, 51], Sharp and its variants 
[52–54], Larsen and its variants [55–57], and Simple Erosion Narrowing Score (SENS) [53]. 
However, among all the scoring methods used in clinical studies, the Sharp/van der Heijde 
(SvdH) method is the current gold standard and has shown the best reliability in assessing 
radiographic progression in individual patients in early RA [58]. 
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Figure 1.2: Joints included in the assessments of joint space narrowing (JSN) and bone erosions (BEs) 
in the SvdH scoring method. (a) Areas evaluated for JSN (| |); (b) Areas evaluated for BEs (+); (c) 
Typical examples of scoring BEs according to the joint surface involved. The numbers in the boxes 
give the total score for that joint. Images are based on van der Heijde et al. [59]
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 The SvdH scoring method scores BEs and JSN in the joints of hands and feet [59]. In 
each hand, 16 joints for BEs and 15 joints for JSN are included. In each foot, 6 joints for BEs 
and 6 joints for JSN are included. The scores of BE and JSN for each evaluated site range 
from 0 to 5 (most severe level) and from 0 to 4, respectively. Note that the maximum score 
of BEs for a foot joint is 10, with each site of the joint independently scored from 0 to 5. 
The BEs are scored 1 if they are discrete and 2 to 5 according to the eroded area involved. 
Similarly, JSN is scored as: 0 = normal; 1 = focal or doubtful; 2 = generalized, > 50% of the 
original joint space left; 3 = generalized, <50% of the original joint space left or subluxation; 
4 = bony ankylosis or complete luxation. Figure 1.2 shows the joints included in the SvdH 
scoring method regarding BEs and JSN for each hand and foot, respectively. Figure 1.3 
illustrates a typical scoring table used for SvdH scoring by readers.

Figure 1.3: A typical SvdH scoring table used by readers. Image courtesy of Prof. dr. D. van der Heijde.

1.2.3 Assessment of joint damage progression in early rheumatoid arthritis
The last decades, treatment of RA has significantly improved by implementation of ‘tight 
control’ and ‘treat to target’ strategies [60–62] as well as the introduction of biological 
treatment regimens [63, 64] early in the disease. As a result, joint damage progression has 



8 | Chapter 1

notably decreased [64, 65]. Changes over time in radiographic damage in early RA may 
often be too small to be detectable by conventional assessment methods. Therefore, more 
sensitive methods are needed than the current gold standard for studies in the early phase 
of RA. 
 The requirement of enhanced sensitivity challenges the current radiographic scoring 
systems and puts automated joint damage analysis in the spotlight. Automated analysis 
uses continuous rather than ordinal scales for radiographic joint damage quantification, an 
inherent advantage over conventional scoring methods. Furthermore, automated analysis 
is less-and may be not-rater dependent and is likely more time efficient. These potential 
benefits make automated methods preferred tools for more sensitive quantification of joint 
damage progression compared with the current radiographic scoring systems.

1.3 Overview of automated methods for joint damage quantification of 
hand radiographs in rheumatoid arthritis

So far, automated methods for radiographic joint damage quantification mainly 
concentrate on the early stage of RA. Owing to frequently overlapping bone structures in 
foot radiographs, the research community is mainly focused on (fully) automated joint 
damage quantification of hand radiographs. The sections below present a brief overview 
of the existing automated methods for joint damage quantification of hand radiographs in 
RA, including joint location and joint margin detection, JSW measurement, and volume 
measurement of BEs.

1.3.1 Joint location detection
A healthy joint is a movable body part in which adjacent bones are joined by ligaments 
and other fibrous tissues [66]. On radiographs the logical mid-part of the entire joint can 
be considered as the location of the joint. Location detection of the joint is the first step of 
automated measurement of JSW or BE volume. Automating location detection is important 
as to reduce the labor cost and avoid the subjectivity of operator interventions. 
 Over the past decades, automated joint location detection of hand radiographs has 
received much attention and most studies focus on the finger joints. Langs et al. [67] 
approximated the metacarpophalangeal (MCP) locations on fingers 2-5 (index to small 
fingers). Duryea et al. [68] and Van’t Klooster et al. [69] detected all the joints on fingers 
2-5, including the distal interphalangeal (DIP), PIP and MCP joints. Duryea et al. [68] 
detected the joint locations on fingers 2-5 using the following steps: finger identification, 
finger bone segmentation and joint location detection. Klooster et al. [69] applied Gabor 
filters and an anatomical model to detect the joint locations on four fingers. The MCP joints 
were located in the first step, followed by an analysis of the intensity profiles to detect the 
DIP and PIP joints. Bielecki et al [70] were the first to detect all the PIP and the MCP joint 
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locations of the five fingers, based on the intensity change analysis along the profile of the 
phalangeal branch. Although the location detection rate of 94% was high, the detection 
rates for the interphalangeal (IP) and MCP joints of the thumb were still below 90% (with 
detection rates of 80.3% and 85.5%, respectively). Zielinski et al. [71] improved the method 
of Bielecki et al., resulting in the location detection rates of 96.2% and 93.7%, for the thumb 
IP and MCP joints, respectively. However, the ensuing method still has limitations. In that 
method, the profiles of the phalangeal branches were detected directly on binary finger 
masks. If fingers stay close to each other, the finger mask cannot be well separated, leading 
to a potential failure of the profile detection. Furthermore, because the metacarpal bones 
cannot be “seen” in the hand mask, the MCP joints could be falsely located, especially for 
the MCP joint of the thumb. 
 Compared with the finger joints, research of automated joint location detection of 
wrist joints is still rare and the locations of the wrist joints involved in JSN assessment 
cannot be detected fully automatically. In total, 6 joints are involved in the scoring of JSN 
using the SvdH scoring method: the 3rd through 5th carpometacarpal joints (CMC3-5), 
the multangular-navicular joint (MNA), the capitate-navicular-lunate joint (CNL), and the 
radiocarpal joints (RC). To the best of our knowledge, only Duryea et al. were able to fully 
automatically detect the locations of a number of wrist joints in hand radiographs of early 
RA patients [72]. These joints include CMC, CNL and RC joints. There is still no automated 
system to detect the MNA joint—the most frequently affected hand joint at disease onset 
[19].

1.3.2 Joint margin detection
In the last decade, several research groups have proposed automated methods for finger 
JSW measurement. To estimate JSW properly, at first both lower and upper joint margins 
need to be determined. So far, there is consensus on using gradient information to detect 
the lower margin of finger joints, but the feature used for detecting the upper margin 
varies. The gradient and intensity are two commonly used features [69, 70, 73, 74]. The 
straightforward gradient margin search may be affected by the underneath false edge 
with a similar gradient, while intensity margin search is susceptible to overexposure and 
subchondral sclerosis (thickening of the bone layer below the cartilage) (see Figure 1.4b). 
To overcome this problem, Langs et al. [67] and Peloschek et al. [75] suggested using the 
concave highest gray-level gradient in the base of the proximal phalanx as a reproducible 
substitute for the upper margin of the MCP jonts. This definition introduces a location 
offset approximately equal to the thickness of subchondral bone. Although the anatomy 
of the subchondral bone is similar in intra-individual radiographs, bone density decrease 
may occur in the course of RA in individual patients, resulting in a potential risk of location 
variation of the highest gray-level gradient.
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 Compared with automated margin detection of finger joints, automated margin 
detection of wrist joints is even more challenging because of the sensitivity of X-ray 
projection for wrist positioning and the overlap of wrist bones. This is especially the case 
for the CMC3-5 joints. So far, no study is able to detect the margins of the CMC3-5 joints 
accurately. The margin detection of the other wrist joints is feasible, but the procedure still 
involves significant intervention by an operator. In a representative study the margins were 
detected using the NIH Image automated edge finding program [76]. An operator manually 
indicated 11 or more points on each of the joint margins, and indicated 5 points inside 
the joint space. The program then automatically fitted a curve for each joint margin based 
on the points indicated by the operator. As such, this margin detection method is highly 
operator dependent and may easily result in variations of the detected margin.

true margin

false margin

(a) (b)
Figure 1.4: Typical MCP joint affected by the X-ray projection angle. (a) Original joint; (b) 3D 
illustration of the projected joint structure. The solid curve indicates the true upper margin and the 
dotted curve indicates the false upper margin.

1.3.3 Joint space width measurement
After detection of the joint margins, the JSW needs to be measured. Most methods 
measure the mean JSW (over a span) for each joint, rather than measuring the JSW at a 
single location. Measuring the mean JSW can be done in different ways. Duryea et al. [73] 
measured the JSW of the PIP or the MCP joint along parallel lines in the direction of the 
proximal phalanx midline. The measurement span was proportional to the maximum joint 
width Jmax (see Figure 1.5a).  Angwin et al. [74] measured the JSW of the MCP joint along 
±0.5 radian lines from the estimated center of the metacarpal head. The estimated center was 
derived from three operator-indicated points (see Figure 1.5b). Sharp et al. [76] calculated 
the average shortest distance from each point on the distal margin to the proximal margin 
for the MCP and the wrist joints. The measurement span was derived from two operator-
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indicated points on the radial and ulnar sides of each joint (see Figure 1.5c). Kauffman et 
al. [77] calculated the average shortest distance from each point on the distal margin to the 
proximal margin and vice versa, and then averaged the results. The measurement span was 
fixed to 6 mm, centered at an operator-indicated point (see Figure 1.5d).

Jmax

(a) (b)

(c) (d)

Figure 1.5: Four different ways to measure the mean JSW. The black dots demonstrate the operater-
indicated points used to aid JSW measurement. (a) Along parallel lines in the direction of the proximal 
phalanx midline; (b) Along radial lines from the estimated center of the metacarpal head; (c) From 
each point on the distal margin to the proximal margin; (d) From each point on the distal margin to 
the proximal margin and vice versa.

  Although the JSW is measured in different ways by different research groups, mean 
JSW measurement is in general more robust to hand positioning than measuring the JSW 
at a single location. The main difference among research groups is the span used for JSW 
measurements, both in range and location. The measurement span may be determined 
as a fixed number of millimeters or a percentage of the joint span, and its identification 
procedure in many studies is operator involved [73, 74, 78–80]. Automatically determining 
a proper span for JSW measurement is not trivial, and needs to be investigated.
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1.3.4 Erosion volume measurement
Volume measurement of BEs is used to assess the extent of bone loss caused by RA. 
Although several ordinal scoring systems have been proposed to semi-quantify the volume 
of BEs [59, 81, 82], the automated volumetric measurement is still underdeveloped.
 MRI and US are inherently appropriate to be used to evaluate the volume of BEs owing 
to their 3D character. However, because of the comparatively lower spatial resolution 
and lower image contrast of MRI and US, it is difficult for a human being or computer to 
accurately outline the BE regions in the related images [83–86]. Compared with MRI or 
US, it might be even more challenging to measure the volume of BEs in 2D conventional 
radiographs. Few studies have been conducted for automated volume estimation of BEs in 
hand radiographs. Sharp et al. made the first attempt to measure the volume of BEs [76]. 
The eroded areas were identified with freehand drawing. The estimation of BE volume was 
based on the log of absorption of X-rays by bone minerals, which was presumable linear to 
the quantity of bone mineral. The total bone loss was derived from the density differences 
(per mm3) between the eroded regions and the reference normal bone regions of the same 
hand radiograph. Kauffman proposed an automated method to detect the development of 
BEs between two follow-up hand radiographs [87]. An intensity transformation function 
was used to compensate brightness difference of the two radiographs. A region of interest 
(viz. individual bones) of two follow-up radiographs was aligned via image registration and 
the difference between the pixel intensities was calculated. Although Kauffman’s method is 
highly automated, the accuracy of bone registration in projection radiographs is strongly 
influenced by hand positioning. For this reason, standardization of hand positioning during 
radiograph acquisition is required, preferably with a hand positioning device.

1.3.5 Issues of automated analysis
In order to improve the sensitivity of measuring joint damage progression in hand 
radiographs, researchers are focusing on automated analysis and have achieved several 
promising results. Yet, several issues of automated analysis still need to be noticed. 
 Firstly, there are methodological differences between the conventional scoring methods 
and the automated methods. The first difference is the number and type of hand joints 
assessed by automated and conventional scoring methods. So far, no automated method is 
able to assess JSW of the CMC joints accurately, due to bone overlapping in the 2D plane. 
Excluding the CMC3-5 joints in the automated assessment could be a compromise, if the 
JSN incidence rates of the CMC3-5 joints is low [19, 88]. However, the actual influence of 
excluding the CMC3-5 joints on total JSN scores still needs to be established. The second 
difference is the reading strategies of the automated and the conventional scoring method. 
In clinical studies with conventional methods (e.g. SvdH), radiographic progression is 
scored for each joint while taking into account the surrounding joints of the same hand as 
well as radiographs of surrounding time points [20, 54]. In contrast, automated assessment 
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of joint destruction is purely mathematical and so far based on an individual joint at a single 
time point only, making it a different assessing procedure. It is important to investigate 
the agreement of the two reading strategies, so as to examine the feasibility of using single 
time point individual joint-based reading for automated methods to quantify radiographic 
progression. 
 Secondly, automated joint location detection has room for improvement. The success 
rate of location detection of the thumb joints is still relatively low compared to the joints 
of the other four fingers. Furthermore, the multangular-navicular (MNA) joint—the most 
critical joint in hand JSN assessment [19] has not yet been automatically located.
 Thirdly, automated joint margin delineation can be enhanced. In particular, the feature 
used for the concave upper margin of finger joints varies among research groups. Owing 
to the projection problem of X-rays, a straightforward gradient margin search may be 
affected by the underneath false edge with a similar gradient, while intensity margin search 
is susceptible to overexposure and subchondral sclerosis [69]. In this respect, upper margin 
detection of finger joints needs to be refined. Regarding the wrist joints, a highly automated 
joint margin delineation—with no or only limited operator intervention—is required. 
 Fourthly, a proper span of JSW measurement needs to be investigated, both for the finger 
joints and the wrist joints. The measurement span should be representative for the joint space 
and robust for JSW measurement. The procedure of the span identification is preferably also 
automated, so as to eliminate the influence of operator subjectivity on the measured JSW.
 Fifthly, measurement of BE volumes in radiographs is still debatable. Owing to the 2D 
characteristic of X-ray images, a true measurement of BE volume is not practical. Although 
some efforts have been made for the estimation of BE volumes, there is still a long way to go 
to obtain reliable and reproducible measurement results. The measurement of BE volume 
in radiographs is not part of this thesis, but remains a topic of discussion in research areas.
 Last but not least, acquisition variability of hand radiographs has impacts on the 
accuracy of the automated measurement. With (unintended) changes in hand positioning, 
the projected content in the radiograph may change and likely causes variation in the 
automated measurement results. This is especially the case if hand flexion or adduction 
occurs during radiograph acquisition. For this reason, hospitals are increasingly trying to 
standardize the image acquisition procedure so as to obtain a reproducible assessment. 
Recently, a positioning aid device “ZGT FingerFix” has been developed by Segerink et al. 
[89]. It would be worthwhile to compare the use of the ZGT FingerFix during radiograph 
acquisition with conventional radiograph acquisition, so as to investigate what the additional 
value is of using the ZGT FingerFix in terms of reliability and repeatability of the automated 
measurements.
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1.4 Aim of the research

We aim to develop an automated system for radiographic hand JSW measurement in early 
RA, while addressing the limitations of the current automated methods. The system is to be 
applied in clinical studies, for an objective and potentially more sensitive JSN assessment 
compared to the conventional scoring methods. 

To achieve our aim, we addressed to the following research questions:

1. Is the performance of JSN assessment influenced by methodological differences between 
conventional and automated methods?

2. To what extent can we improve automated measurement of radiographic finger JSW in 
early RA?

3. To what extent is automated measurement of radiographic wrist JSW in early RA 
feasible?

4. What is the benefit of using a hand mould during radiograph acquisition?
5. Can we prove the value of our automated method on the quantification of hand JSN in 

early RA?

1.5 Thesis outline

In Chapter 2, two methodological differences between conventional and automated 
methods in JSN assessment are investigated, viz. the difference in the joints to be assessed 
and the difference in the reading strategies. The investigations provide considerations for 
further development of automated methods of JSW quantification. Chapter 3 and Chapter 
4 address the limitations of the current automated methods. An automated method for 
quantification of radiographic finger JSW is presented in Chapter 3, including finger joint 
location detection, margin delineation and JSW measurement. Similarly, an automated 
method for quantification of radiographic wrist JSW in early RA is presented in Chapter 4. 
Based on the proposed method for finger and wrist JSW quantification a software package 
‘Joint Space Width Quantification’ (JSQ) is developed, and is used for the subsequent 
studies. The benefit of using a hand mould during radiograph acquisition is investigated 
in Chapter 5, both for the conventional SvdH scoring method and for the automated hand 
JSW measurement by JSQ. In Chapter 6, the automated hand JSW measurement software 
JSQ is applied in an early RA trial. Its value for the quantification of hand JSN in early RA is 
investigated. In Chapter 7, a summary and discussion of this research is presented. 
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Abstract

Objective: To compare computerized and conventional methodology of radiographic joint 
destruction assessment in early rheumatoid arthritis (RA).

Methods: We investigated the contribution of the 3rd-to-5th carpometacarpal joints 
(CMC3-5, which are excluded in computerized assessment so far owing to bone overlapping) 
to total joint space narrowing (JSN) scores in two cohorts of early RA patients (n=392). 
Next, we investigated agreement between JSN scoring using single time point individual 
joint-based method (IJSTP, reflecting computerized reading) and conventional JSN scoring 
using the Sharp-van der Heijde (SvdH) method in a cohort of early RA patients (n=59). We 
used intra-class correlation coefficients (ICC), Bland and Altman plots and linear mixed 
modeling to analyze differences in progression between two methods. Radiographs were 
available at baseline, and at 1 and 2 years follow-up.

Results: Of all joints affected by JSN at baseline or JSN progression during 2 years follow-
up, 3.9% and 6.6% concerned CMC3-5. Exclusion of CMC3-5 resulted in a decrease of 
1.9-4.6% in JSN progression scores during 2 years follow-up. The ICCs for JSN progression 
scores using IJSTP with or without CMC3-5 compared with SvdH were 0.71-0.81 and 0.69-
0.78 at 1 and 2-year follow-up. Signal-to-noise ratios for IJSTP based and SvdH scoring 
were 0.51 and 0.58. The progression rate for each year was not statistically significantly 
different between two scoring methods (p = 0.59 and 0.89).

Conclusion: This study showed that excluding CMC3-5 has limited influence on 
JSN (progression) scores and showed the feasibility of using IJSTP-based reading for 
computerized scoring of JSN (progression) in RA.
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2.1 Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease that affects the joints of 
predominantly hands and feet. The Sharp-van der Heijde (SvdH) scoring method is currently 
the gold standard for assessment of radiographic progression in RA clinical trials, consisting 
of assessments of both erosions and joint space narrowing (JSN) [1, 2]. However, over the past 
years, treatment of RA has been significantly improved by ‘tight control’ and ‘treat to target’ 
strategies [3–5] as well as the introduction of biological treatment regimens [6, 7]. As a result 
radiographic progression has significantly decreased and it is important that scoring methods 
are sensitive to be able to detect small changes, particularly in the early stage [6, 8].
 In order to try to improve the discriminative power of radiographic progression 
assessment, researchers are focusing on computerized analysis. Computerized analysis uses 
continuous rather than ordinal scales for radiographic joint destruction quantification, an 
inherent advantage over conventional scoring methods. Besides, computerized analysis is less 
rater dependent and possibly more time efficient. So far, the computerized joint destruction 
assessment mainly focuses on the early stage of RA, with subtle to mild joint destruction. 
Predominant attention has been paid to JSN via joint space width (JSW) quantification. 
Research on erosions, on the other hand, is still limited since reconstructing an accurate 
original bone contour is difficult for computers owing to large shape variation of hand 
bones; estimating erosion volumes from the projected images is even more challenging. 
As for computerized quantification of JSW, several promising results have been achieved. 
For instance, fully automatic JSW quantification can be conducted on finger joints and 
semi-automatic JSW quantification (manual involvement required) can be performed on 
foot joints and some wrist joints [9–11]. In spite of these encouraging achievements, there 
are some issues to be addressed, which are related to methodological differences with the 
conventional scoring methods. In this chapter, we will focus on two issues.
 The first issue concerns the difference in the joints to be assessed between the 
computerized and the conventional scoring methods. So far, no computerized method 
is able to assess JSW of the third through the fifth carpometacarpal joints (CMC3-5) 
accurately, owing to bone overlapping in the 2D plane (see supplementary figure S2.1 for 
an image of the wrist joints used for JSN assessment). Excluding the CMC3-5 joints in the 
computerized assessment could be a compromise, but the influence on total JSN needs to be 
established. Several studies support low JSN incidence rates of the CMC3-5 joints [12, 13]. 
However, since with the modern effective treatments the progression per year in total Sharp 
score is small, Landewé et al. concluded that every joint that shows progression contributes 
to the individual total Sharp progression score [13]. Still, the percentage of patients having 
JSN or progression of JSN in CMC3-5 joints was below 4 and 2%, respectively.  Here, we aim 
to explore the contribution of the CMC3-5 joints to JSN in a cohort of early RA patients, to 
examine to what extent excluding the CMC3-5 joints from the conventional SvdH scores 
influences joint destruction assessment.
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 The second issue concerns the difference between the reading strategies of the 
computerized method and the conventional SvdH scoring method. To assess joint 
radiographic progression in clinical trials with the conventional SvdH method, surrounding 
joints of the same hand (or foot) as well as radiographs of both the previous and the follow-
up time points are taken into account [14, 15]. In contrast, computerized assessment of 
joint destruction is purely mathematical and so far based on an individual joint at a single 
time point only, making it a different assessing procedure. This may result in different scores 
between the two methods. An advantage of the conventional SvdH scoring method is that 
image acquisition errors due to possible hand rotation can be reduced by observing the 
surrounding joints. However, this advantage may become less pronounced now because 
hospitals increasingly standardize the image acquisition procedure so as to obtain a 
reproducible assessment. Therefore, in this study, we investigated the agreement between 
individual joint-based scoring making use of a single time point only (to simulate the 
computerized assessment method) and the conventional SvdH scoring method under the 
current radiograph acquisition conditions, as to examine the feasibility of using individual 
joint-based computerized methods for assessment of radiographic progression. In addition, 
we investigated the influence of excluding the CMC3-5 joints from the individual joint-
based scoring method.

2.2 Materials and methods

2.2.1 Patients
For the first analysis radiographs of all patients included in the 2-year double-blind 
randomized placebo-controlled Computer-Assisted Management of Early RA (CAMERA) 
I and II trials were used. These studies have been extensively described previously [4, 16]. In 
short, patients fulfilled the 1987 revised American College of Rheumatology (ACR) criteria 
for RA [17], were disease modifying antirheumatic drug (DMARD) naive and had disease 
duration of less than 1 year. Radiographs of baseline, 1 year and 2 years follow-up were 
available of 392 patients (219 of CAMERA I and 173 of CAMERA II). 
 For the second analysis 59 out of 70 pre-selected early DMARD naive RA patients were 
included, with annual radiographs available at three consecutive time points. The exclusion 
reasons for the 11 patients were wrist incompleteness and unreadable low quality images. 
All patients included have given informed consent according to Dutch medical ethical 
regulations.

2.2.2 Scoring of radiographic joint damage
In the first group of patients radiographs were scored according to the conventional SvdH 
method by two blinded rheumatologists, of which the consensus score was used as described 
in the original publications [4, 16].
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 In the second group of patients two raters scored using two different reading methods 
with the assistance of a newly developed software package (Imaging Sciences Institute, 
UMC Utrecht). Scorings using two reading methods were conducted with a four weeks 
interval. In the first reading method, a pre-located (by the operator) individual joint of a 
single time point (IJSTP) could be observed. In the second reading method, all joints of one 
region (e.g. metacarpophalangeal (MCP) joints of the right hand) and the follow-up images 
displaying the same region were visible. Scale rulers were attached to the interface of both 
reading methods to aid scoring (see supplementary figure S2.2). For clarity, only manual 
scoring was performed, but we simulated computerized scoring (purely mathematical based 
on an individual joint at a single time point only) by scoring IJSTP, which is an important 
characteristic of computerized JSN assessment. We compared this with conventional manual 
scoring, by scoring joints while taking into account surrounding joints and multiple time 
points, which is an important characteristic of conventional manual scoring according to 
the SvdH method.

2.2.3 The contribution of the CMC3-5 joints to the incidences of JSN and JSN 
progression

The first aim is to investigate to what extent excluding the CMC3-5 joints influences 
joint destruction assessment. The incidence of JSN at baseline and the incidence of JSN 
progression during the 2-year trial period for each type of joint were investigated. JSN was 
defined as a score ≥ 1 and JSN progression was defined by a change in JSN score. The 
incidence was calculated by dividing the number of each type of joint affected by JSN (or 
JSN progression) by the total number of joints with the same type in the cohort (twice the 
number of patients because both left and right sided joints were included). Additionally, 
to provide the relative contribution of each joint type to the total incidence of JSN (or JSN 
progression), the percentage of each type of joint affected by JSN (or JSN progression) 
relative to the total number of joints affected by JSN (or JSN progression) was calculated. 
Since measuring JSW of the CMC3-5 joints is a specific challenge for computerized JSN 
assessment in RA, we also calculated the score percentages of the affected CMC3-5 joints 
relative to the JSN and the total SvdH scores and progression scores.

2.2.4 Agreement between IJSTP scoring and conventional SvdH scoring 
methods for assessment of progression

Since progression scores rather than status scores are most critical for monitoring RA activity 
and assessment of effectiveness of drug treatment, the agreement between the progression 
scores of the IJSTP and the conventional SvdH scoring method were investigated. The 
influence of the exclusion of the CMC3-5 joints from the IJSTP method on radiographic 
progression was evaluated via agreement analysis with the conventional SvdH scoring 
method. In the study, the average of the two independent raters was used. Bland and Altman 
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plots were created for both JSN and erosion progression scores to visualize the agreement 
between the two scoring methods for individual subjects. In addition, two-way random 
absolute agreement intra-class correlation coefficients (ICCs) analyses were determined, 
along with 95% confidence intervals. ANOVA were used to estimate the variance 
components corresponding to all sources of variation. For this simple design in which 
patients were crossed with time, variance components can be estimated by the random 
effects model for the three sources of variations: patient (σ 2p ), time (σ 2t ), and residual (
σ 2pt,e ). To examine the efficiency of the two reading methods on progression assessment, 
signal-to-noise ratios of the progression scores were calculated. This was done by dividing 
the square root of signal variance σ 2t  by the square root of noise variance σ 2pt,e  [18, 19]. 
 To determine statistically significant differences in progression between the two scoring 
methods a linear mixed model was fitted to the data, making use of a random intercept. 
Scoring method (using conventional SvdH scoring as reference), follow-up time (linear) 
and the interaction between scoring method and follow-up time were included in the 
model as independent variables. A p-value <0.05 was considered statistically significant. 
IBM SPSS Statistics, version 21, was used for all statistical analyzes.

2.3 Results

2.3.1 The contribution of the CMC3-5 joints to the incidences of JSN and JSN 
progression

Of the 392 patients, 72 patients (18%) had at least 1 joint with a JSN score ≥ 1 at baseline and 
103 (26%) patients had progression of JSN during the 2 year trial period.
 Figure 2.1 shows the JSN incidence of each type of joint at baseline (left y-axis). At the 
right y-axis the percentage of individual joints relative to the total number of joints affected 
by JSN (relative contribution to JSN damage) is shown. The most frequently affected joint 
was MTP-1, with a JSN incidence of 4.5%. The most frequently affected hand joint was 
present in the wrist (MNA, 3.1%). The JSN incidence of the finger joints was not as high as 
the MTP-1 or MNA joints, but the total contribution of the finger joints to the number of 
joints affected by JSN was still considerable (24.2%).
 Figure 2.2 provides the percentage of the joints that showed JSN progression in the first 
two years. The MTP-1 and MNA joints were most frequently affected by JSN progression 
and contributed the most to the total number of joints affected by JSN progression.
 Next, we focused on the CMC3-5 joints because of the difficulty in obtaining an 
automatic JSN assessment of these joints. Overall, the CMC3-5 contributions to JSN 
assessment were limited. The incidence of the CMC 3-5 joints at baseline was relatively low, 
with a sum of less than 1%.  The percentage of the CMC3-5 joints affected by JSN was 3.9% 
relative to all the joints affected by JSN at baseline, and 6.6% of all the joints showed JSN 
progression during the 2-year period.
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Figure 2.1: JSN incidence of individual joints (left axis) and percentage of individual joints relative 
to the total number of joints affected by JSN (right axis) at baseline. PIP2-5: 2nd to 5th proximal 
interphalangeal joints; MCP1-5: 1st to 5th metacarpophalangeal joints; CMC3-5: 3rd to 5th 
carpometacarpal joints; MNA: the multi-navicular joint; CNL: carpo-navicular-lunate joint; RC: 
radiocarpal joint; IP: 1st interphalangeal joint of the foot; MTP1-5: 1st to 5th metatarsophalangeal 
joints.
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Figure 2.2: JSN progression incidence of individual joints and the percentage of individual joints 
relative to the total number of joints with JSN progression in the first two years. PIP2-5: 2nd to 5th 
proximal interphalangeal joints; MCP1-5: 1st to 5th metacarpophalangeal joints; CMC3-5: 3rd to 
5th carpometacarpal joints; MNA: multi-navicular joint; CNL: carpo-navicular-lunate joint; RC: 
radiocarpal joint; IP: 1st interphalangeal joint of the foot; MTP1-5: 1st to 5th metatarsophalangeal 
joints.
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 Exclusion of the CMC3-5  joints resulted in a decrease of 2.8-4.2% and 1.3-2.0% 
compared with the original scores, respectively, for the JSN and the total SvdH score at the 
three time points (Figure 2.3ab). The JSN and total SvdH progression scores for the first 
year and the two-year period decreased with 1.9-4.6% and 0.8-2.1%, respectively (Figure 
2.3cd). The raw data are shown in supplementary table S2.1. 
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Figure 2.3: JSN and SvdH damage and progression scores with and without the CMC3-5 joints. The 
mean score of all patients with and without the CMC3-5 joints at each time point included: (a) JSN 
score; (b) Total SvdH score; The mean progression score of all patients with and without the CMC3-
5 joints included at each time point from baseline: (c) JSN (d) Total SvdH; The percentage in the 
figure depicts the extent of decrease in the score when excluding the CMC joints (compared with the 
original score).

2.3.2 Agreement between IJSTP scoring and conventional SvdH scoring 
methods for assessment of progression

Next we investigated the agreement between the IJSTP and conventional SvdH scoring 
methods for JSN progression scores. Bland and Altman plots are shown in Figure 2.4.  The 
score differences concern the scores of the IJSTP scoring method (with and without the 
CMC3-5 joints) minus the scores of the conventional SvdH scoring method. Compared 
with the conventional scoring method, IJSTP scoring with and without the CMC3-5 
joints both systematically underscored JSN progression (difference -0.3 to -0.2 and -0.5 to 
-0.4, respectively). However, compared with the total progression scores, these systematic 
differences were relatively small (see supplementary table S2.2 for the mean status and 
progression scores). 
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(a)

(c)

(b)

(d)

Figure 2.4: Bland and Altman plots showing the JSN progression score difference (y-axis) against the 
mean JSN progression scores (x-axis) of the two reading methods. (a) 1-year JSN progression score 
(IJSTP vs. SvdH); (b) 2-year JSN progression score (IJSTP vs. SvdH). (c) 1-year JSN progression score 
(IJSTP without CMC3-5 vs. SvdH); (d) 2-year JSN progression score (IJSTP without CMC3-5 vs. 
SvdH).

 The two-way random absolute agreement ICCs for the JSN progression scores were 
high for both follow-up time points using the IJSTP method with and without the CMC3-5 
joints, with values 0.71 to 0.81 and 0.69 to 0.78, respectively.
 The signal-to-noise ratios for JSN progression as derived from the conventional SvdH 
scoring method and the IJSTP scoring methods with and without the CMC3-5 joints were 
0.58, 0.51 and 0.57, respectively. 
 Compared with the conventional SvdH scoring method, IJSTP with and without the 
CMC3-5 joints both detected somewhat less JSN progression. However, confidence intervals 
were largely overlapping and these differences are therefore not statistically significant (see 
Table 2.1). 
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Table 2.1: JSN progression rate for year 1 and 2, based on linear mixed modelling, using conventional 
SvdH scoring and individual joint single time point based scoring with and without CMC3-5.

Assessment method of JSN Progression rate
year 1 (95% CI) P-value Progression rate

year 2 (95% CI) P-value

Conventional SvdH scoring (reference) 1.70 (0.92-2.49) - 1.47 (0.65-2.29) -

IJSTP 1.40 (0.58-2.22) 0.59 1.56 (0.55-2.56) 0.89

IJSTP without CMC3-5 1.33 (0.55-2.11) 0.50 1.36 (0.63-2.10) 0.85

CI: confidence interval; JSN: joint space narrowing; SvdH: Sharp/van der Heijde scoring; IJSTP: individual joint 
single time point based method; CMC3-5: 3rd to 5th carpometacarpal joints.

For all data regarding erosion results see the supplementary results section.  

2.4 Discussion

In this study, we evaluated two methodological differences between computerized scoring 
and conventional SvdH scoring of JSN (progression): 1) so far no computer based method 
is able to evaluate CMC3-5 joints (owing to bone overlapping) which are included in the 
SvdH scoring method; 2) computer based assessment of JSN (progression) is individual 
joint and single time point based, while the conventional SvdH scoring method takes into 
account the surrounding joints and may take the previous and the follow-up time points 
into account. The aim of the study was to explore to what extent excluding the CMC3-5 
joints influenced JSN (progression) scores as well as the feasibility of using an IJSTP based 
method for assessment of JSN (progression) in the early stage of RA.
 We showed low incidence rates of affected CMC3-5 joints, and small contributions 
of the CMC3-5 joints to the JSN and the total SvdH (progression) scores. Excluding the 
CMC3-5 joints has a limited influence on JSN assessment on group level, with a progression 
score decrease of 1.9-4.6% for the first year and the two-year period. Our observation was 
in line with that of Hulsmans et al. [12], but differed slightly from what Landewé et al. 
have shown [13], in terms of individual PIP and MCP joint incidences (a lower incidence 
of the affected PIP joints and a higher incidence of the affected MCP joints were shown 
in their study). The most likely explanation is the difference in the study cohorts because 
Landewé et al. only included early methotrexate (MTX) naive RA patients and established 
RA patients failing successful MTX treatment and our cohort consisted of early MTX naive 
RA patients with either prednisone or placebo. Although excluding the CMC3-5 joints has 
a limited influence on JSN assessment on group level, we admit that it has a potential risk of 
JSN misdetection for a single patient with predominant CMC3-5 joint destructions. This is 
the inevitable downside of the joint exclusion, but on a group level this would have minor 
relevance.
 The feasibility of using individual joint-based computerized methods for RA assessment 
in the early stage was investigated by evaluating the agreement in progression score 
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between the IJSTP scoring method (simulating computerized assessment methods) and 
the conventional SvdH scoring method. To the best of our knowledge, there is no literature 
available to compare our results with. Our study shows that the mean score difference 
between the two scoring methods was relatively small and there was no statistically 
significant difference between the progression scores of the two reading methods on the 
group level. These results suggest that individual joint-based computerized methods might 
assess joint damage progression in a reliable manner in the early stage of RA. As expected, 
exclusion of the CMC3-5 joints from IJSTP scoring resulted in only a slight decrease in 
progression scores. These small differences may not relevantly affect the comparison of 
treatment arms in clinical trials. Despite good statistical agreement of the results using the 
two scoring methods, we should notice the limited power of the study due to the small 
number of patients involved. While both IJSTP and conventional SvdH scoring detected 
yearly joint damage progression, the mean JSN progression score and signal-to-noise ratio 
were somewhat lower for the IJSTP scoring method than for the conventional SvdH scoring 
method. The assessment procedure of the current computerized method therefore still has 
room for improvement, e.g. using the radiograph longitudinal information for abnormal 
JSW change detection and rectification. In addition, computerized radiographic progression 
assessment may benefit from standardized procedures in acquisition conditions, such as 
using a hand mold. 
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Supplementary Methodology

RC
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Supplementary figure S2.1: Wrist joints used for JSN assessment of the SvdH scoring method. 
CMC3-5: 3rd to 5th carpometacarpal joints; MNA: multi-navicular joint; CNL: carpo-navicular-
lunate joint; RC: radiocarpal joint.

(a)

(b)

Supplementary figure S2.2: Visualization of the individual joint single time point (IJSTP) and 
conventional scoring methods. (a) The user-interface of the individual joint-based scoring method. 
A small hand image (right panel) could optionally be used to re-define the joint region if the rater 
considered the joint region not appropriate (e.g. not completely in view); (b) The user-interface of the 
conventional scoring method, making use of the surrounding joints and follow-up images.



34 | Chapter 2

Supplementary Results
Supplementary table S2.1: JSN and SvdH damage and progression scores with and without the 
CMC3-5 joints

With CMC3-5 Without CMC3-5

JSN score Baseline 0.9 (2.3) 0.8 (2.2)

Year 1 1.6 (3.7) 1.5 (3.6)

Year 2 2.3 (5.5) 2.2 (5.2)
SvdH score Baseline 1.6 (4.1) 1.6 (4.1)

Year 1 3.3 (7.6) 3.2 (7.4)

Year 2 4.7 (10.0) 4.6 (9.7)
JSN progression score 1-year from baseline 0.7 (2.3) 0.7 (2.2)

2-year from baseline 1.4 (4.5) 1.4 (4.1)
SvdH progression score 1-year from baseline 1.7 (4.8) 1.7 (4.7)

2-year from baseline 3.1 (7.7) 3.1 (7.5)

Results are depicted as mean (standard deviation, SD). JSN: joint space narrowing; SvdH: Sharp/van der Heijde 
scoring; CMC3-5: 3rd to 5th carpometacarpal joints.

(a) (b)

Supplementary figure S2.3: Bland and Altman plots showing the erosion progression score difference 
(y-axis) against the mean erosion progression scores (x-axis) of the two reading methods. (a) 1-year 
erosion progression score (IJSTP vs. SvdH); (b) 2-year erosion progression score (IJSTP vs. SvdH).
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Supplementary table S2.2: JSN and erosion scores of the conventional SvdH scoring method and the 
IJSTP scoring method (with and without CMC3-5 joints).

Conventional 
SvdH scoring IJSTP scoring

IJSTP scoring 
without the 

CMC3-5 joints
JSN score Baseline 4.6 (8.7) 5.3 (8.5) 5.0 (7.7)

Year 1 6.3 (9.8) 6.7 (9.5) 6.4 (8.7)

Year 2 7.7 (10.8) 8.3 (10.0) 7.7 (9.2)
erosion score Baseline 5.2 (9.6) 5.7 (9.7) NA

Year 1 7.0 (11.2) 7.1 (11.2) NA

Year 2 8.6 (12.4) 8.5 (12.1) NA
JSN progression score 1-year from baseline 1.7 (3.0) 1.4 (3.2) 1.3 (3.0)

2-year from baseline 3.2 (4.9) 3.0 (4.7) 2.7 (3.9)
erosion progression score 1-year from baseline 1.8 (3.5) 1.4 (3.2) NA

2-year from baseline 3.4 (5.5) 2.9 (4.9) NA

Results are depicted as mean (standard deviation, SD). JSN: joint space narrowing; SvdH: Sharp/van der Heijde 
scoring; IJSTP: individual joint single time point based method; CMC3-5: 3rd to 5th carpometacarpal joints.

Supplementary table S2.3: Intraclass correlation coefficients (ICCs) and 95% confidence intervals 
(CIs) for erosion progression using the conventional SvdH scoring method and the individual joint 
single time point based scoring method.

Erosion progression ICC (95% CI)

1-year from baseline 0.79 (0.67, 0.87)

2-year from baseline 0.84 (0.74, 0.90)

Signal-to-noise ratios for erosion progression using the conventional SvdH scoring method 
and the individual joint single time point based scoring method were 0.56 and 0.49, 
respectively; note: the CMC3-5 joints are not part of the erosion score.

Supplementary table S2.4: Erosion progression rate for year 1 and 2, based on linear mixed modelling, 
using conventional SvdH scoring and individual joint single time point based scoring.

Assessment method 
of erosion

Progression rate 
year 1 (95% CI) P-value Progression rate 

year 2 (95% CI) P-value

Conventional SvdH scoring (reference) 1.81 (0.91-2.72) - 1.55 (0.75,2.36) -

IJSTP 1.45 (0.62-2.28) 0.55 1.43 (0.42,2.44) 0.85

CI: confidence interval; SvdH: Sharp/van der Heijde scoring; IJSTP: individual joint single time point based 
method.
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Abstract

Objective: The assessment of joint space width (JSW) on hand X-ray images of patients 
suffering from rheumatoid arthritis (RA) is a time-consuming task. Manual assessment is 
semi-quantitative and is observer-dependent which hinders an accurate evaluation of joint 
damage, particularly in the early stages. Automated analysis of the JSW is an important 
step forward since it is observer-independent and might improve the assessment sensitivity 
in the early RA stage. This study aims to propose a fully automatic method for both joint 
location and margin detection in RA hand radiographs. 

Methods: The location detection procedure is based on image features of the joint region 
and is aided by geometric relationship of finger joints. The joint margins are detected by 
combining intensity values and spatially constrained intensity derivatives, refined by an 
active contour model. The JSW is calculated over the middle 60% of a landmark-defined 
joint span.

Results: More than 99% of joint locations are detected with an error smaller than 3 mm 
with respect to the manually indicated gold standard. More than 96% of the joints are 
successfully delineated. The overall JSW error compared with the ground truth is 6.8%. 

Conclusion: The proposed method is able to automatically locate the finger joints in RA 
hand radiographs, and to quantify the JSW of these joints. 
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3.1 Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disease that principally attacks 
peripheral joints and is a main cause of physical disabilities. The occurrence of RA is 
relatively constant with a prevalence of 0.5-1.0% in North-American and several European 
populations [1]. To assess the level of structural damage, hand and foot radiographs are taken 
to evaluate the amount of joint space narrowing (JSN), as a surrogate for cartilage loss, and 
bone erosions. In clinical studies, several semi-quantitative scoring methods for the hand 
[2, 3] or the hand and foot [4] are used to assess radiographic RA progression. Rather than 
true quantitative measurements, these scoring methods are estimates of the extent of joint 
damage (e.g., a 0-4 ordinal scale for JSN [4]). The last decade, treatment of RA has been 
significantly improved by ‘tight control’ and ‘treat to target’ strategies [5–7] as well as the 
introduction of biological treatment regimens [8, 9]. As a result radiographic progression 
has notably decreased and small damage changes need to be detected, in particularly in the 
early stage of RA [8, 10]. Automatic joint analysis could be a step forward inasmuch as it is 
observer-independent and might improve assessment sensitivity of the disease.
 Over the past decade, automatic measurement of the joint space width (JSW) in 
radiographs has received much attention.
 For the detection of finger joint locations, most methods exclude the joints on the 
thumb [11–14]. Bielecki’s method [15] is the first to detect all joints on all five fingers, which 
identifies finger midlines and extracts joint locations based on gradient analysis. Although 
the overall detection rate 94% is high, the detection rates for the interphalangeal (IP) and 
the metacarpophalangeal (MCP) joints of the thumb are not satisfactory (with error rates of 
19.7% and 14.5%, respectively). Zielinski et al. [16] improve Bielecki’s method by including 
more profiles parallel to the finger midline to increase the detection rate. The updated 
error rates are 3.8% and 6.3% for the thumb IP and MCP joints, respectively. However, the 
ensuing method still has the limitation that the fingers cannot adjoin each other owing to 
the skeletonized method used to obtain the finger midlines. Besides, this method needs 
extending the midline segment with a certain proportion to cover the MCP joints. Global 
thresholding hampers the visibility of the metacarpal bones, which results in potential risk 
in joint location detection, especially for the thumb MCP joints. To prevent the limitations of 
Zielinski’s method, in our conference paper, we use peak analysis to detect the midline that 
covers both the finger and the metacarpal bone [17]. Our method, however, is tested only 
on 5 radiographs in a proof-of-principle. In this chapter, our previous method is enhanced. 
Length constraints of finger midlines and outlier handling are added to the procedure to 
increase the robustness of finger midline detection.
 For the delineation of the joint margins, both supervised and unsupervised methods 
have been developed in different cohorts [13–15, 17–20]. There is consensus on using 
gradient information to detect the lower joint margin, but the feature used for detecting 
the upper margin varies. The gradient and intensity are two commonly used features. 
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The straightforward gradient margin search may be affected by the underneath false edge 
with a similar gradient, while intensity margin search is susceptible to overexposure and 
subchondral sclerosis (thickening of the bone layer below the cartilage) [13, 19]. In our 
conference paper, a maximum intensity margin search is applied on a multi-scale mask 
that is used to limit the search region of the upper margin [17]. The proposed method, 
however, may be hampered by two problems. Firstly, overlap of the upper and lower bones 
may result in a (partly) bright lower margin and thus affect the upper margin detection (see 
Figure 3.1a). Secondly, margin density decrease affects the intensity based margin search, 
particularly for the distal interphalangeal (DIP) and proximal interphalangeal (PIP) joints 
that have thin margins (see Figure 3.1b). In this chapter, we extend the conference paper 
previous method to copy with the aforementioned two problems. The spatial constraint 
of the upper and lower margins is used to deal with the bone overlapping problem, while 
the combination of the intensity and gradient features is used to enhance upper margin 
detection. The upper margin of the MCP joint, however, is further refined by the intensity 
feature because an intensity (virtually) homogenous region might occur between the actual 
and the underneath false margin (see Figure 3.1c). 

(a) (b) (c)
Figure 3.1: Difficult cases of joint margin delineation. (a) Bone overlapping; (b) Margin density 
decrease; (c) intensity homogenous region between actual and underneath false margin.

 After the detection of joint locations and margins, the JSW needs to be quantified. Most 
studies have used the mean JSW, which removes potential distance bumps over the joint 
span and reflects the actual state of the joint space[13, 14, 17–24]. The main discrepancies 
among research groups are the spans used for JSW quantification. Duryea et al.[18] define 
the measurement span as a proportion of the maximum joint width Jmax. This definition 
relies on symmetry of the finger joints, which is not always guaranteed (see Figure 3.2a). 
Angwin et al. [19] define the measurement span of the MCP based on a fitted circle, in 
which ± 0.5 radian is drawn from an estimated center of the metacarpal head (see Figure 
3.2b). The geometry of circle depends on the manual selection of three points and thus 
has an inherent subjective component. Böttcher et al. [22] and Kauffman et al. [21] both 
measure JSW within a fixed span derived from a user-indicated point or region of interest 
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(see Figure 3.2c). Sharp et al. [23] require an operator to identify the joint span by placing 
markers on the radial and ulnar sides of each joint, of which 60% is set as the measurement 
span of the JSW (see Figure 3.2d). Although these methods have shown the potential to 
detect changes in an early RA cohort, most methods are operator involved. 
 In this chapter, we propose a new two-feature criterion for upper margin detection, 
combining intensity values and spatially constrained intensity derivatives. The joint location 
detection procedure is enhanced by outlier handling, and a landmark-based measurement 
span and a distance metric for JSW quantification are defined.

± 0.5 radian 

(a) (b)

Fixed span

60%

Joint span

(c) (d)
Figure 3.2: Four different definitions for the measurement span of the JSW. (a) A proportion of the 
maximum joint width; (b) ±0.5 radian drawn from the metacarpal head center; (c) A fixed span; (d) 
60% of the joint span.

3.2 Materials and methods

3.2.1 Materials
For this study, we used 104 hand radiographs of 52 early RA patients who visited the 
hospital in Twente, the Netherlands (Ziekenhuisgroep Twente). All patients had the 
diagnosis of RA according to the rheumatologist. Clinical details of the complete patient 
cohort have been described in [25, 26]. According to local regulations and within the rules 
of the Declaration of Helsinki, no ethical approval was required for the use of anonymized 
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images. All radiographs were taken in a posterior-anterior view using a Canon CXDI 
digital radiography system so that they have the same resolution (0.1 mm × 0.1 mm pixels) 
and the intensity range (0-4095). The joint locations and margins annotated by a trained 
rheumatologist are used for ground truth. All finger joints were manually located and 
margin contours from 30 randomly selected radiographs were indicated. The IP joint on 
the thumb is excluded from margin delineation since it is only used for erosion assessment. 
A proper comparison between the automatic and manual margin delineations requires 
accurate annotation of the joint margins. To this end, we indicate the margins in a 20-
fold zoom ratio interface, with manual adjustment of the image contrast and brightness 
(see Figure 3.3). To make an indication of the space narrowing level of the joints in the 
randomly selected 30 radiographs, the JSN of all joints are scored using the current clinical 
gold standard (SvdH method, extended to DIPs). Table 3.1 shows the corresponding joint 
counts and ratios. We excluded the joints with score 4 from the margin evaluation, since 
these joints are completely collapsed and thus cannot be accurately delineated.

(a) (b)

Figure 3.3: Manual annotation for the joint margin. (a) Original joint image (b) Joint image after severe 
brightness and contrast adjustment. The margin contour is interpolated by the annotated green dots.

Table 3.1: Joint counts and ratios according to JSN scores

Score 0 Score 1 Score 2 Score 3 Score 4 Total

DIP 84 10 14 10 2 120

PIP 99 3 13 5 0 120

MCP 141 1 7 0 1 150

Total 324 
(83.1%)

14 
(3.6%)

34 
(8.7%)

15 
(3.8%)

3 
(0.8%)

390
(100%)

score 0: normal; score 1: minimal narrowing; score 2: JSN < 50%; score 3: JSN > 50% or subluxation; score 4: 
absence of the joint space.
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 The methods proposed in this chapter were developed using Mevislab (MeVis Medical 
Solutions AG, Bremen, Germany [27]) and ran on a conventional workstation (CPU 2.83 
GHz).

3.2.2 Joint location detection method
The joint location detection method proposed below comprises three steps: The extraction 
of the hand region, the detection of the midlines of the fingers, and the actual detection of 
the joint locations.

A. Hand region extraction
The hand can be separated from the background based on the intensity variation in each 
radiograph. Local entropy, which reflects the intensity randomness of a local region, is used 
as a texture feature. For a pixel in the image, the local entropy is defined as:
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Here, n is the number of bins in the histogram of a pixel local neighborhood, and p(xi)
the normalized histogram value for bin xi. In this study, n is set to 256. The size of the 
local neighborhood is not critical, and is empirically set to 5 mm × 5 mm. The underlying 
assumption is that the local entropy is higher inside the hand and at the hand border, 
whereas the value is lower in the homogeneous background. We compute the entropy value 
for each image pixel, and apply a global threshold to acquire a binary image Ebin. In order 
to obtain the hand region, we search for the left and right borders of Ebin, and set the hand 
region between these two borders (see Figure 3.4).

B. Finger midline detection
We apply multi-scale Gaussian blurring to detect peaks and valleys along horizontal 
profiles in the hand region (see Figure 3.4). Depending on the scale size, the location and 
the number of peaks per profile may vary. To find the optimal midline of each finger, a 
range of smoothing scales is applied to the gray image (scale 2-5 mm, step size 0.5) and 
the minimum peak-valley distance is tested in a range of 2-5 mm (step size 0.5). For each 
scale, the first horizontal profiles with five peaks from top to bottom and from bottom to 
top are detected, indicated by L1 and L2 respectively (see Figure 3.5a). If such lines cannot 
be found, the scale is set to be invalid. In the region between L1 and L2, appropriate scales 
lead to five peak segments, which give us the initial curved midlines of the four fingers 
and the thumb. This procedure fails if the bone density is decreased during the course 
of RA to an extent that the segments are no longer continuous (see Figure 3.5b). In that 
case, we choose the scale with the smallest number of segments, and connect the segments 
that start from L1 and those start from L2 using B-spline approximation (see Figure 3.5c). 
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Figure 3.4: The hand region with an example horizontal profile for peak and valley detection. The 
contour is the outline of the hand region.

L1

L2

L3
L4

Distal
phalanx

Middle
phalanx

Proximal
phalanx

DIP

PIP

MCP

IP
Metacarpal
bone

P1

P0

(a)

(b) (c)
Figure 3.5: Illustration of the finger midline detection. (a) L1 - L4 are the key profiles for finger midline 
detection. The star is the endpoint of the initial midline of the middle finger. The circles indicate 
the startpoints (P0) and endpoints (P1) of the finger midlines; (b) Broken segments; (c) Connected 
segments using B-spline approximation.
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Next, the midlines of four fingers are extended upwards by adding the corresponding peaks 
until the finger tips (This is not necessary for the thumb). In order to extend midlines 
downwards, we search peaks along the lines perpendicular to the metacarpal bone of 
the middle finger. The search starts from L3 (the line crossing the endpoint of the initial 
midline of the middle finger), and ends at L4 (the first line with the number of peaks smaller 
than five). The actual endpoint of each segment is the peak point on either line L2 or L4, 
whichever is lowest. To check whether the detected midlines are correct, we use the midline 
of the thumb, of which the length should be larger than 50 mm. This constraint is derived 
from Garn et al.’s investigation on the thumb bone lengths of adults (age > 18), in which 
the sums of the distal and proximal phalangeal lengths (approximately the length from the 
fingertip to the MCP joint) are 60.2 mm and 53.5 mm for males and females, respectively 
[28]. For the final midline of each finger, among all the appropriate scale(s), we choose the 
midline that has the maximum vertical length.

C. Finger ring detection
Finger rings are assumed to present high intensity structures in hand radiographs, and cover 
the finger span.  In order to locate finger rings, no manual indication is required except that 
the algorithm needs to know in advance whether one or more rings occur in the hand 
radiograph. To detect a finger ring, the region around each pixel on the finger midlines is 
examined. If a midline pixel is in a rectangle Wring × Hring with all pixel intensities larger than 
a predefined ring intensity threshold (90% of the image intensity scale), that midline pixel is 
set as a ring pixel. The width and the height of the rectangle Wring and  Hring  are empirically 
set to 10 mm and 0.5 mm, respectively, which reflect the smallest diameter and thickness 
of a regular ring. To eliminate the influence of the ring on joint location detection, the ring 
region is marked as a non-joint region.

D. Joint location detection
The detection of the joint locations starts by considering the second order derivatives along 
the finger midlines. These derivatives give strong positive responses at the (dark) joint space 
and strong negative responses at the (bright) joint sclerosis and margins, even for joints 
with severe space narrowing (see Figure 3.6).

Figure 3.6: Absolute second order derivatives along the finger midline (contrast enhanced). The 
white curve is the detected midline.
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 We use prior knowledge of ratios of finger bone lengths to facilitate the searching 
process of joint locations. These ratios (see Table 3.2) are derived from finger bone lengths 
investigated by Garn et al. on 78 male and female adults [28]. The sum of the three separate 
phalanx lengths is larger than the metacarpal bone length; the distal phalanx length is 
smaller than 1/3 of this sum.

Table 3.2: Ratios of finger bone lengths

Finger Complete phalanxes vs. Metacarpal bone Distal phalanx vs. Complete phalanxes

Male Female Male Female

Index 1.22 1.17 0.21 0.21

Middle 1.44 1.44 0.20 0.20

Ring 1.56 1.50 0.21 0.21

Small 1.33 1.33 0.24 0.24

Since the JSW is negligible with respect to the finger bone length, the following geometric 
relationships of finger joints are valid:
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    Here, P0 and P1 are the start and end points of the finger midline (see Figure 3.5), Pdip 
and Pmcp are the points indicating the DIP and MCP locations, and L is the curve length 
between two points. For the thumbs, owing to the lack of a middle phalanx, IP and MCP 
are assumed to be present in the first and second half of the finger midline, respectively. 
 To determine the actual joint locations, a 10 mm × 5 mm block, which is adequate to 
cover the joint region, is shifted along each midline curve. For each point on a midline 
curve, the sum of the absolute directional second order derivatives within the block is 
calculated. The joint locations of DIP, PIP, MCP and IP are set as the locations where the 
responses in the indicated intervals are maximum.

3.2.3 Joint margin detection method
A. Region of interest
The region of interest (ROI) of a finger joint must comprise the possibly narrowed joint 
part. As a starting point, a rectangle with size W × H is created. W is the width of the 
rectangle with a value twice the width of the proximal phalanx (see Figure 3.7). H is the 



3

Automatic quantification of radiographic finger JSW | 47

height of the rectangle, and is set to 10 mm. In case fingers close together, the joint ROI 
should not cross the valley locations between fingers (see Figure 3.5).

Wprox
50% L 50% L

A B

20% L

Figure 3.7: Proximal phalanx width Wprox. The average bone width over the middle 20% of the 
proximal phalanx. A and B are the detected joint locations of MCP and PIP, L is the distance between 
A and B.

 The direction and the center of a joint ROI are determined separately for the hinge 
joints DIP/PIP and the condyloid joints MCP. For the DIP/PIP joints, the ROI direction is 
approximated by the detected finger midline curve, and the ROI center is set to the joint 
location point (see Figure 3.8a). For the MCP joints, the ROI direction is approximated 
by the fitted midline of the proximal phalanx, for which the middle 20% of the proximal 
bone is used. To find the ROI center, a line is drawn through the joint location point, 
perpendicularly to the ROI direction. The intersection with the fitted midline of the 
proximal phalanx is set as the center of the ROI (see Figure 3.8b).

C
A

B

2 • Wprox

10 m
m

2 •Wprox

10 m
m

C

(a) (b)

Figure 3.8: Joint ROIs. The curve is the detected bone midline and C is the point representing the 
joint location. Frame (a) ROI for DIP/PIP. A and B are the points used to calculate the direction of the 
ROI, with a curve distance of 10 mm and centered in C; Frame (b) ROI for MCP.
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B. Upper margin detection
The upper margin of the finger joint is the lower edge of the subchondral bone. A schematic 
of a typical joint profile is shown in Figure 3.9. The upper margin region can be defined by the 
signs of the first and second order derivatives of pixel intensities along the finger direction. 
Let mi,j

u  be the binary mask of the upper margin region at location (i,j), then mi,j
u  is set to 

1 only if the values of the first and the second order derivatives (f 'i,j, f "i,j) are both negative.
 However, radiographs are 2D projections of 3D objects, of which the content may be 
affected by the projection angle. The false margin may appear beneath or above the actual 
upper margin (see Figure 3.10) and bone overlapping may cause a (partly) bright lower 
margin (see Figure 3.1). 

Upper margin 
region

Lower margin 
region

Joint space

Intensity
1st derivative
2nd derivative

+

0

-

Figure 3.9: Schematic of the midline profile of a typical finger joint.

true margin

false margin

(a) (b)

Figure 3.10: A typical MCP joint affected by the X-ray projection angle. (a) Original joint; (b) 3D 
illustration of the projected joint structure. The solid curve indicates the true upper margin and the 
dotted curve indicates the false upper margin.
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In addition, a density decrease of the upper margin hampers proper margin detection, 
which particularly affects the DIP/PIP joints that have thin margins. Defining the margin 
with either gradient (paradigm of Figure 3.9) or intensity information may give an 
erroneous result. Both intensity and gradient information are needed to detect the actual 
upper margin.
 A two-feature criterion is thus formulated to detect the actual upper margin within the 
ROI. This is done via straightforward multiplication of second order derivatives and pixel 
intensities. Based on the two-feature criterion, dynamic programming (DP) −aided by the 
spatial relationship of the upper and the lower margins− is performed to detect the upper 
margin. Let Pδ be the δ-th path, the index corresponding to the joint upper margin is then 
given by:
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Here, vi,j is the pixel intensity on the path, and f "i,j+ is a function related to the second order 
derivative by
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with α and (1-α) the weights of the upper and lower margins, f "i,j(t0) the second order 
derivative at scale t0 for a point at location (i, j), d the maximum JSW, mi,j (t0)l  the mask of the 
lower margin region at scale t0 for a point (i, k), mi,j

u  the mask of the upper margin region at 
location (i, j), and c the penalty value for the non-upper margin regions.
 In our experiments, we assign the same weight for the features of the upper and the 
lower margins, with α the value of 0.5. The second order derivative is calculated along the 
first eigenvector of the Hessian matrix, which indicates the principal direction of the second 
order derivative. Because the margin of the MCP joint is more apparent than the DIP/PIP 
joint, the scale t0 is set to 0.2 mm and 0.1 mm, respectively. Regarding to mi,j

u , since the MCP 
upper margin might be affected by X-ray projection angle (see Figure 3.10), a small scale may 
result in a mask covers both the actual and false margins while a large scale may widen the 
actual margin region. To this end, mi,j

u  of the MCP joint is defined in a multi-scale manner:
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Here, t Є [0.2 mm, 0.5 mm], step size 0.1 mm (see Figure 3.11 for an illustration of the MCP 
upper margin mask). The parameter d is set to 2 mm for DIP/PIP and to 3 mm for MCP, 
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based on the fact that the average JSWs for DIP/PIP and MCP are approximately 1 and 2 
mm for adults [29, 30]. The constant value c is empirically set to the maximum absolute 
value of the second order derivatives within the ROI, which is used to suppress noise and 
keep the path continuity.

(a) (b) (c) (d)

Figure 3.11: (a) Original image; (b) Feature image of upper margin region (scale = 0.2 mm); (c) 
Feature image of upper margin region (scale = 0.5 mm); (d) Multi-scale mask of the upper margin 
region.

C. Upper margin refinement
Since the upper margin of the MCP joint should be refined by the intensity feature, above 
P' δ of the MCP joint, the path with the maximum intensity is determined. Next, an active 
contour model (snake) is applied to the DP determined upper margin. Because the upper 
margin has a wider span than the lower margin, only part of the upper margin is necessary 
for the snake refinement. For the DIP/PIP joints, in which the upper and lower margins 
are almost parallel to each other, we use the upper margin within the span of the lower 
bone. A profile analysis is carried out to determine this span. For each pixel on the detected 
upper margin, a profile with a length of 4 mm from top to bottom in the same direction 
as the finger is determined. Otsu’s thresholding on these profile lines is used to determine 
the span of the lower bone. For the MCP joints, the arched shape of the sclerosis is a robust 
feature for span definition. After having smoothed the path of the upper margin, the lowest 
points at two sides are identified and set as the endpoints of the upper margin for snake 
refinement. 
 Following Sharp’s suggestion [31], we then refine the upper margin within the newly 
detected span using a greedy snake active contour model [32]. Let the snake be defined 
parametrically by v(s) = [x(s), y(s)], where x(s), y(s) are x, y coordinates along the contour 
and s ∈ [0, 1] [33]. The energy function to be minimized is then defined as:
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    Here, Eint represents the internal energy of the curve due to bending, and Eext denotes 
external force indicated by the two-feature response (see Eq. (3.4)) and image intensity for 
the DIP/PIP and the MCP joints, respectively.
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 The snake is then evolved to find the path of lowest energy. However, owing to the 
influence of the X-ray exposure amount and the bone intensity variability, the joint 
margin may be vague, giving the final path a bumpy appearance (see Figure 3.12a). This 
has minimum influence on the mean JSW (in which abnormal distances are evened out), 
but it may affect the asymmetry analysis of the JSW and result in difficulties for margin 
examination. To make a global correction, similar to Sharp’s method [31], high order 
polynomials are fitted to the margins of the DIP/PIP and the MCP joints (6-th and 4-th 
order are used, respectively). We use even orders since this reflects the symmetry of the 
joint margin. In Figure 3.12b, the final upper margin fitted by a polynomial is shown.

(a) (b)

Figure 3.12: Upper margin polynomial fitting. (a) Snake contour with B-spline approximation; (b) 
Upper margin fitted by a 4-th order polynomial.

D. Lower margin detection
The lower margin is detected based on gradient information. Similar to the upper margin 
detection, we add the maximum JSW d (see Eq. (3.5)) to limit the search region of the lower 
margin, and apply the constraint to the middle 60% of the upper margin span.
 To detect the lower margin of DIP/PIP joints, the path with the largest gradient 
is determined. Since MCP joints have a rounded surface, straightforward dynamic 
programming cannot be used to search a path from left to right. To solve this problem, two 
new search regions (R1, R2) are added that deviate -45° and 45° from the initial rectangle 
orientation, respectively (see Figure 3.13). Starting from Q1 and Q2 (see Figure 3.13), 
dynamic programming is re-operated within the -45°/45° rectangle, to ensure that the 
curved lower bone margin is entirely determined.
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60%

R1

R245°

45°

Q2
Q1

Figure 3.13: Lower margin detection in MCP joints. The shaded regions R1 and R2 are used to extend 
the lower margin. The long edges of the regions R1 and R2 deviate -45º and 45º from the finger midline. 
The figure illustrates the definition of the points Q1 and Q2.

3.2.4 JSW measurement
Once the margins have been delineated, the JSW needs to be measured. A modified 
Hausdorff distance is used for JSW calculation [34]. The JSW is defined as the average 
Euclidean distance from all points on the upper margin to the lower margin and vice versa, 
within the middle 60% of the joint span. Compared with Sharp’s method, our contribution 
has two new elements: We propose a definition for the landmarks of the joint span, and we 
automate the procedure of landmark identification. 
 For DIP/PIP joints, we propose that P1 and P2 (see Figure 3.14a), indicating the convex 
corners on the lower margin, be used as the joint span landmarks. If no corner is found, the 
endpoints of the lower margin should be used.

P1 P2

60% 60%

P1 P2

(a) (b)

Figure 3.14: Measurement span of the JSW. (a) DIP/PIP; (b) MCP.
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 To identify the corners, we use Chetverikov’s method [35], in which three constraints 
are formulated for a corner point p 
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    Here, p-, p, p+ are the three vertices of a triangle (see Figure 3.15), |p - p+| is the distance 
between p and p+, |p - p-| the distance between p and p-, and α the opening angle of the 
triangle. In practice, dmax is often set to dmin+ 2, so only parameters dmin and αmax need to be 
determined.
 To extract the corners, we divide the lower margin into a left and a right half. For each 
half, the sharpest corner is detected using a multi-scale approach, in which the dmin range 
is set to [0.5 mm, 2 mm], step size 0.5. The parameter αmax that determines the curvature 
sensitivity is set to 150º.
 The MCP joint span is identified based on the arced joint sclerosis. We propose that P1 
and P2 (see Figure 3.14b), which are the lowest points of the sclerosis, be used as the joint 
span landmarks.

α

p
p-

p+

Figure 3.15: Parameters of the corner detection algorithm.

3.3 Results

In total, 104 hand radiographs have been analyzed. The running time for one hand 
radiograph is less than half a minute on average. Broken finger midlines were only present 
in four radiographs. Three were due to bone density decrease (the broken parts were 
rectified by the B-spline approximation) and one to finger overlapping (the faulty midlines 
resulted in incorrect locations of the MCP joints of the index finger and the thumb). The 
center of the joint ROI was used as the final joint location (see Figure 3.8). For the 1456 
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joints, 99.8% of the DIP, PIP, 99.6% of the MCP and 99.0% of the IP joint locations were 
automatically detected, within a radius of 3 mm around the true locations (even for the 
joints with collapsed spaces). Figure 3.16 shows the 95% confidence interval for the distance 
to the true joint position for each type of joint (the failure cases due to finger overlapping 
are excluded).

Figure 3.16: 95% confidence intervals of the distance of the detected joint locations to the true joint 
positions (Mean ± 1.96 × standard error). The horizontal (H), vertical (V) and absolute displacements 
(D) are shown for each joint type in the coordinate system of the joint ROI (see Figure 3.8).

 The correctness of the automatically delineated margins was determined by a 
rheumatologist with the help of a user interface that visually overlays the delineated margins 
over the joints. Table 3.3 shows the counts (ratios) of joints with incorrectly delineated 
margins (aggregated for each joint type; joints with incorrect locations were excluded).

Table 3.3: Counts (ratios) of joints with incorrectly delineated margins

Score 0 Score 1 Score 2 Score 3 Total

DIP 1 0 2 8 11 (9.2%)

PIP 0 1 0 0   1 (0.8%)

MCP 2 0 1 -   3 (2.0%)

Total 3 1 3 8 15 (3.9%)

 There are several reasons that may explain the failures of certain margin delineations. 
Firstly, finger flexion and rotation may cause the upper margins to be (partly) invisible, 
which typically occurs in thumbs (see Figure 3.17a). Secondly, the severe asymmetry of the 
joint space introduced by an improper joint positioning may cause the lateral sides of the 
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upper and lower margins to touch each other (see Figure 3.17b). This typically occurs in the 
MCP of the little finger that has a large positioning variation. Thirdly, bone density decrease 
and bone erosion at the lateral side of the joint margin may lead to an incorrectly delineated 
margin at the side part (see Figure 3.17c). Fourthly, serious joint damage, e.g. subluxation, 
may increase the difficulty of margin delineation (see Figure 3.17d).

(a) (b)

(c) (d)

Figure 3.17: Joints with an incorrect margin delineation. (a) No visible upper margin; (b) Touching 
lateral parts of the upper and lower margins; (c) Bone density decrease and bone erosion at the lateral 
side of the margin; (d) Serious joint damage.

 The ground truth of the JSW is calculated using the manually indicated joint margins. 
The value equals the average Euclidean distance from all points on the upper margin to the 
lower margin, and vice versa, within the middle 60% of the manually indicated joint span. 
The comparison of the automatically detected JSW and the joint span with the ground truth 
is shown in Table 3.4.
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Table 3.4: Evaluation of the automatically detected JSWs and joint spans (Mean ± Standard deviation)

JSW error
(percentage of ground truth value) Joint span similarity index

DIP 5.8% ± 4.8% 91.8% ± 4.7%

PIP 7.2% ± 5.3% 91.5% ± 4.8%

MCP 7.1% ± 4.4% 93.4% ± 4.6%

Overall 6.8% ± 4.8% 92.4% ± 4.7%

3.4 Discussion

The proposed method shows the feasibility of automatic joint location detection and JSW 
quantification for finger joints in early RA patients. 
 For location detection, we detect all 14 joints on 5 fingers with a high success rate. By 
virtue of the block-based region search procedure and the restricted joint location search 
intervals, our method is not sensitive to joint space narrowing and still performs well for 
joints with suboptimal view. The error rates for both the IP and MCP joints on the thumb 
are 1%, less than the error rates in the method of Zielinski et al. [16] (3.8% and 6.3% for 
the thumb IP and MCP joints, respectively). For joint margin delineation, all the DIP, PIP 
and MCP joints on 5 fingers are delineated with a success rate of 96%. Compared with the 
prior work in literature, a two-feature criterion combining intensity values and intensity 
derivatives is proposed, which enhances upper margin detection particularly for the DIP/
PIP joints that have thin margins. The multi-scale mask is used to limit the upper margin 
search region of the MCP joints and to effectively remove the false margins that negatively 
affected the upper margin detection (e.g. Angwin et al [19], Bielecki et al [15], and Van’t 
Klooster et al. [13]). Besides, the spatial constraint of the upper and lower margins aids the 
detection of the margins affected by bone overlapping, further strengthening our method. 
Regarding to JSW quantification, a landmark-based joint span definition is added (inspired 
by Sharp et al. [23]), and the span identification procedure is automated for use in large 
cohorts. The overall JSW error compared with the ground truth is 6.8%, showing the 
feasibility of the presented automatic method for JSW measurement in the early RA stage. 
 Despite the promising results, some issues still need to be addressed. Firstly, no analysis 
of hand orientation is conducted in the stage of midline detection, which could introduce 
an error if the hand is rotated in a large angle. A preprocessing step of automatic hand 
rotation (e.g. via principle component analysis) might increase the robustness of the 
method. Secondly, in JSW quantification the middle 60% of the joint span is used, but 
whether 60% is the best proportion in terms of robustness and clinical relevance remains 
to be investigated. Thirdly, JSW uncertainty can be caused by hand rotation or variation of 
X-ray projection angle. The JSW difference between rotations of -5 and +5 degrees can be 
up to 0.5 mm (rotation in and out the film plane, perpendicular to the finger direction) [36, 
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37]. Pfeil et al. [38] studied the hand rotation along the finger direction and reported that 
15 degree was recommended to be the threshold of the acquisition error. In order to achieve 
reproducible JSW measurements, the hand is advised to be positioned flat with a fixed 
angle of the X-ray source. We prefer the X-ray source to be standardized located around 
the center of the hand or slightly towards the palm. In this way, the entirely hand including 
wrist can be well captured, and the underneath fake margin is likely to be hidden by the 
lower bone. In addition, overexposure should be avoided in order to obtain unambiguous 
joint margins. Compared with the aforementioned parameters, the distance of X-ray source 
to the detector has limited influence on JSW quantification. If the source-detector distance 
is set to 90 cm instead of 100 cm, the JSW difference in magnification is 0.17% (for typical 
JSWs of 1.5 mm) [37]. Nevertheless, a fixed distance of X-ray source to the detector is still 
preferred inasmuch as the acquisition procedure is maximum standardized.

3.5 Conclusion

In this study, we presented a fully automatic method for both joint location and margin 
detection in RA hand radiographs. The proposed method is suitable for JSW quantification 
in the early stage of RA and for use in large cohorts. It may be expected that JSN can be 
detected more timely with our quantitative measurements than by ordinal scores. Our 
future research will notably include applying the automatic approach to large-scale cohorts, 
so as to examine whether the approach has an increased sensitivity to change compared 
with the conventional SvdH scoring method.
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Abstract

Objective: Wrist joint space narrowing is a main radiographic outcome of rheumatoid 
arthritis (RA). Yet, automatic radiographic wrist joint space width (JSW) quantification 
for patients with RA has not been widely investigated. The aim of this chapter is to present 
an automatic method to quantify the JSW of three wrist joints that are least affected by 
bone overlapping and are frequently involved in RA. These joints are located around the 
scaphoid bone, viz. the multangular-navicular (MNA), capitate-navicular-lunate (CNL), 
and radiocarpal (RC) joints. 

Methods: The joint space around the scaphoid bone is detected by using consecutive 
searches of separate path segments, where each segment location aids in constraining the 
subsequent one. For joint margin delineation, first the boundary not affected by X-ray 
projection is extracted, followed by a backtrace process to obtain the actual joint margin. 
The accuracy of the quantified JSW is evaluated by comparison with the manually obtained 
ground truth. 

Results: Two of the 50 radiographs used for evaluation of the method did not yield a 
correct path through all three wrist joints. The delineated joint margins of the remaining 
48 radiographs were used for JSW quantification. It was found that 90% of the joints had a 
JSW deviating less than 20% from the mean JSW of manual indications (MNA: 0.26 mm; 
CNL: 0.33 mm; RC: 0.41 mm). 

Conclusion: The proposed method is able to automatically quantify the JSW of radiographic 
wrist joints reliably and may aid clinical researchers to study the progression of wrist joint 
damage in RA.
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4.1 Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease that affects the joints of 
predominantly hands and feet. The occurrence of RA is relatively constant over many 
populations, with a prevalence of 0.5-1.0% in North-America and several European 
countries [1]. A major disease characteristic is destruction of joints, which may lead to 
impaired function and disability on the long term. Several imaging modalities are used 
to monitor progression of joint destruction, including notably conventional radiography 
(X-ray), magnetic resonance imaging (MRI), and ultrasonography (US). X-ray is the 
conventional way to monitor joint destruction by visualizing cartilage loss or bone erosion 
(BE). MRI and US have less capability in imaging bones but they provide 3D visualization 
and thus may be more sensitive than X-ray in demonstrating joint destruction. However, 
MRI is costly, requires relatively long scan time and is complicated for destruction 
assessment, whereas US is known to have poor inter-operator repeatability, which impacts 
consensus on the degree of joint destruction. Consequently, X-ray is still the main tool for 
the assessment of joint destruction and its progression. The Sharp-van der Heijde (SvdH) 
scoring method is currently the gold standard for assessment of radiographic progression 
in RA clinical trials. Bone erosions (BE) and joint space narrowing (JSN) are assessed in the 
SvdH scoring method, with score levels 0 to 5 (most severe level) and 0 to 4, respectively [2, 
3]. The last decade, treatment of RA has significantly improved by ‘tight control’ and ‘treat 
to target’ strategies [4–6] as well as by the introduction of biological treatment regimens [7] 
As a result, radiographic progression in RA patients has notably decreased. Accordingly, 
detection of small radiographic damage changes, particularly in the early stage of RA, is 
called for [8, 9].
 In order to address this call, researchers are focusing on automatic assessment of JSN. 
Automatic analysis results in a continuous rather than an ordinal score for radiographic 
joint destruction, an inherent advantage over conventional scoring methods such as the 
SvdH method. Over the past decades, automatic quantification of the joint space width 
(JSW) in hand radiographs has received much attention. Most studies have focused on the 
finger joints, possibly because of the sensitivity of X-ray projection for wrist positioning 
and the overlap of wrist bones [10–16]. However, wrist joints may be even earlier affected 
by JSN than finger joints. The most often affected hand joint at baseline is a wrist joint 
— the multangular-navicular (MNA) joint. Moreover, the top three hand joints that were 
unaffected by JSN at onset of the disease but developed JSN in the first year, are also wrist 
joints [17]. To the best of our knowledge, only Duryea et al. [18] was able to automatically 
detect the locations of a number of wrist joints involved in the SvdH scoring method in 
adults. These joints include carpometacarpal (CMC), radiocarpal (RC), and capitate-
navicular-lunate (CNL) joints. Other studies did not investigate automatic methods or 
focused on immature wrists [19–22]. In total, 6 joints are included in the JSN assessment of 
the SvdH scoring method: the 3rd through 5th CMC joints (CMC3-5), and the MNA, CNL, 
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and RC joints (see Figure 4.1). Compared with the MNA, CNL, and RC joints, the CMC3-5 
joints are easily affected by bone overlapping, which hampers proper identification of the 
locations and margins of these joints. In addition, the JSN prevalence of the CMC3-5 joints 
is small. In a study involving 502 RA patients, the total JSN prevalence of the CMC3-5 
joints at baseline was 1.8%, while that of the MNA, CNL and RC joints was 16.3% [17]. 
Similar low JSN prevalence of the CMC3-5 joints was also observed in other studies [23, 
24]. In keeping with this, the aim of the present study is to automatically delineate the 
joints that are relatively unaffected by bone overlapping and have dominant contributions 
to radiographic joint damage in RA. These are the MNA, CNL and RC joints, which are 
located around the scaphoid bone (S).

RC

CNL

S

MNA

CMC5
CMC4

CMC3
CMC2

Figure 4.1: Wrist joints used for JSN assessment of the SvdH scoring method. CMC3-5 (CMC2 is 
excluded), MNA, CNL, and RC. The last three joints are located around the scaphoid bone S.

4.2 Materials and methods

4.2.1 Materials
The training set of the study contains 100 hands from 50 bilateral radiographs of 25 patients, 
who visited the outpatient rheumatology clinic at the University Medical Center Utrecht, 
The Netherlands and had two acquisitions with a time interval around 3 months in the 
period of 4 August 2014 to 16 January 2015. All patients were diagnosed with RA, with 
6% of the wrist joints (MNA, CNL and RC) affected by JSN (JSN score > 0). The test set of 
the study contains 50 hands of 25 randomly selected patients from the second Computer-
Assisted Management of Early RA (CAMERA) trial [5]. All patients had RA duration 
of 2 years from baseline, with 5% of the wrist joints affected by JSN. All radiographs in 
the training and test sets were taken in posterior-anterior view and were resampled to a 
resolution of 0.1 mm × 0.1 mm pixels.
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 The study was approved by the ethics committees of the UMC Utrecht and all patients 
signed written informed consent.

4.2.2 Methods
For each of the MNA, CNL and RC joints, two margins used for assessing JSN were indicated 
by a trained rheumatologist and were used as ground truth. The proposed method for 
automatic JSW quantification comprises of three main steps: joint space path search, joint 
margin delineation, and JSW quantification.

A. Joint space path search
The first step is to establish the path that defines the joint space around the scaphoid 
bone S (see Figure 4.1). To extract the relevant joint space features, the grayscale image 
is convolved with a Laplacian of Gaussian (LoG) filter. A multi-scale approach [25] seems 
obvious for feature extraction, but owing to intensity variation and overlap of the wrist 
bones it produces structure artifacts that may lead to false detection particularly of the 
joints with space narrowing. For this reason, a LoG filter with a kernel size of 0.2 mm is 
used in this work, which is a trade-off between smoothing and extracting (narrowed) joint 
space structures (see Figure 4.2b). Furthermore, a penalty value C is given to pixels with 
non-positive feature values, which are normally in the regions of bones and background. 
This precludes that detected joint space paths cross bones or pass through background. The 
penalty value C is set to the inverse of the maximum absolute LoG response of the pixels in 
the path search blocks.

(a) (b)

Figure 4.2: Joint space features extracted by LoG filters. (a) original image; (b) non-negative responses 
of a LoG filter with scale 0.2 mm.
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 In analogy with Duryea’s work [18], we implemented a stepwise procedure for the path 
search of the joint space around the scaphoid bone, consisting of consecutive searches of 
separate (but connected) path segments, where each segment location helps in constraining 
the location of the subsequent one.
 Finger midline information provided by our earlier work [16], as well as prior 
knowledge on wrist anatomy are used to determine the wrist region of interest and to aid the 
identification of the joint space path. Firstly, the extension of the pre-extracted midline of 
the index metacarpal bone is a good start for wrist region identification since it crosses the 
CMC2 and the RC joints, with the joint MNA in between. Secondly, the “V” shaped path −
that connects the centers of CMC2 and CMC3− is a noticeable characteristic of the wrist (see 
the path between P1 and P2, Figure 4.3); and thirdly, the radius bone has a thick and dense 
subchondral cortical plate, resulting in a high intensity bone margin in each hand radiograph.

P0

P1

P4

P3
P2

Figure 4.3: The initial search block (solid rectangle). Three midlines of the metacarpal bones are 
indicated with the continuous-and-thin lines. P0 is the endpoint of the fitted midline of the index 
metacarpal bone. P1 and P2 are the start and end points of the V-shaped path. P3 is the intersection of 
fitted midline of the fourth metacarpal bone with the line that starts from P1 perpendicular to the left 
border of the block. P4 is located downwards from P1, with a distance equal to (P1, P3).

 An initial search block — starting from the metacarpal bone midline of the index finger 
— is defined for each patient (see the solid rectangle in Figure 4.3). The origin of the initial 
search block is set to P0. The block width equals the distance from P0 to the midline of the 
third metacarpal bone. The block length is 1.5-fold that of the proximal bone of the index 
finger which is identified by the locations of the proximal interphalangeal (PIP) and the 
metacarpophalangeal (MCP) joints [16].
 Four sub-blocks are derived from the initial search block and are used to determine the 
sub-paths around the scaphoid bone (see Figure. 4.4a-d). 
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 The first sub-block is the upper half of the initial search block (see Figure 4.4a). This 
block is used to detect the V-shaped path that connects the CMC2 and CMC3 joints from 
left to right (the path P1, P5, P2). The V-shaped path has two characteristics: (i) The start and 
end points of the path have a similar height; and (ii) The middle is lower than the lateral side 
of the path. According to these two characteristics, we constrain that the height difference 
between the start and end points of the path smaller than 5 mm (considering a normal hand 
joint space width is around 2 mm [14, 26]), and the average height of the middle half of the 
path lower than that of the left and the right part of the path. Dynamic programming (DP) 
is used for the V-shaped path detection, where maximization of the (aforementioned) joint 
space feature serves as cost function. The start and end points of the path are set as P1 and 
P2, and the lowest point on the path is set as P5. The pseudo code to detect the V-shaped 
path is shown in Table 4.1.

(a)

P0

P1 P2

P5

P4
P8
P6 P9

P7

(b)

P5

P9

P1
P2

P10
P8

(c)

P11 P12

P5

P8
P9

P1
P2

(d)

Figure 4.4: (a-d) The four sub-blocks derived from the initial search block (dotted rectangles).

Table 4.1: Pseudo code to detect the V-shaped path

𝑛𝑛: number of columns of the first sub-block 
𝑣𝑣#: feature value of the 𝑖𝑖-th point from left to right on a path 

For each pair of points on the left and right borders of the first sub-block: 
If  satisfying characteristics (i): 
    Set the points as the start and end points of the path 

        Conduct dynamic programming from left to right to detect the path 
        that maximizes 𝑣𝑣#%

#&'  
        If the path satisfies characteristics (ii): 
            Set the path as a candidate of the V-shaped path 
        End    
    End 
End 
 
For all candidates, the one with the maximum feature value is set as the V-shaped path. 

	

	

	

For each point 𝑃𝑃 on the path: 
    Given 𝑃𝑃),+ , 𝑃𝑃,,+  the path points on the left and right sides  
    and with equal distance d to 𝑃𝑃 
    dist 𝑃𝑃  = 0  
    For 𝑑𝑑 = 1 to 5 mm, step size 1: 
        dist 𝑃𝑃, 𝑑𝑑  = distance	from 𝑃𝑃 to line (𝑃𝑃),+, 𝑃𝑃,,+)  
        If dist 𝑃𝑃, 𝑑𝑑  > dist P : 
            dist 𝑃𝑃  = dist 𝑃𝑃, 𝑑𝑑  
        End 
    End  
End 
 
For all 𝑃𝑃 on the path, the point with the largest dist 𝑃𝑃  is set as the corner point P9. 
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 The second sub-block starts from P4 (see Figure 4.4b).The radius bone has a thick and 
dense subchondral cortical plate, in which the path (P6, P7) with maximum intensity in the 
block is determined. On top of the cortical plate, the path with the maximum negative gra-
dient in the y-direction is obtained, with P8 the path intersection with the left block border 
and P9 the concave corner point (curving inwards). The pseudo code to detect the corner 
point P9 is shown in Table 4.2. 
 The third sub-block is derived from P5, P9 and the left border of the initial search block 
(see Figure 4.4c). The LoG response serves as the feature of each pixel in this block, and DP 
searching is conducted to search for the path (P5, P9). Because (P5, P9) is curved towards 
the scaphoid bone, a vertical “barrier bar” is set to limit the search region. This barrier 
bar starts from P5 with a length equal to the distance (P1, P2), and ends at P10. The region 
between the barrier bar and the right border of the block is excluded (see the shaded region 
in Figure 4.4c), which potentially reduces the path false detection caused by the overlap of 
the capitate and scaphoid bones.
 The fourth sub-block is derived from P5 and P8 (see Figure 4.4d). The left vertical line 
of this block is defined by shifting the left border of the initial search block of Figure 4.3 to 
the left over half the width of the metacarpal bone of the index finger. This ensures P11 can 
be detected properly. The point P11 is the intersection between the LoG feature based MNA 
space path and the border of the initial search block in the upper half of the fourth sub-
block. The point P12 is the intersection between the MNA space path and the path (P5, P9). 
The final sub-path is determined between P8 and P11.
 The complete joint space path around the scaphoid bone is composed by (P11, P12), 
(P12, P9), (P9, P8), and (P8, P11). A Gradient Vector Flow (GVF) snake — initialized by the 
complete joint space path — is applied for a final path refinement [27].

Table 4.2: Pseudo code to detect the corner point P9 on the path
 

𝑛𝑛: number of columns of the first sub-block 
𝑣𝑣#: feature value of the 𝑖𝑖-th point from left to right on a path 

For each pair of points on the left and right borders of the first sub-block: 
If  satisfying characteristics (i): 
    Set the points as the start and end points of the path 

        Conduct dynamic programming from left to right to detect the path 
        that maximizes 𝑣𝑣#%

#&'  
        If the path satisfies characteristics (ii): 
            Set the path as a candidate of the V-shaped path 
        End    
    End 
End 
 
For all candidates, the one with the maximum feature value is set as the V-shaped path. 

	

	

	

For each point 𝑃𝑃 on the path: 
    Given 𝑃𝑃),+ , 𝑃𝑃,,+  the path points on the left and right sides  
    and with equal distance d to 𝑃𝑃 
    dist 𝑃𝑃  = 0  
    For 𝑑𝑑 = 1 to 5 mm, step size 1: 
        dist 𝑃𝑃, 𝑑𝑑  = distance	from 𝑃𝑃 to line (𝑃𝑃),+, 𝑃𝑃,,+)  
        If dist 𝑃𝑃, 𝑑𝑑  > dist P : 
            dist 𝑃𝑃  = dist 𝑃𝑃, 𝑑𝑑  
        End 
    End  
End 
 
For all 𝑃𝑃 on the path, the point with the largest dist 𝑃𝑃  is set as the corner point P9. 
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B. Joint margin delineation
After having defined the path around the scaphoid bone, we turn to the definition of the 
actual joint margins. Since radiographs are 2D projections of 3D objects, both the anterior 
and the posterior bone plates might be visible in the joint space regions (see Figure 4.5). 
For the outer margin, the projection problem mainly affects the MNA and RC joints; the 
overlap of the trapezium and trapezoid bones further complicates the outer margin region. 
For the inner margin, the projection problem mainly affects the CNL joint. Based on these 
margin characteristics, we define the outer margins of the MNA and RC joints and the 
inner margin of the CNL using the bright bone ridges, and the opposite margins of these 
three joints using image gradients.

MNA

RC

CNL

Trapezoid

Trapezium Scaphoid Lunate

C
apitate

Radius
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am
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e

(a) (b)
Figure 4.5: Typical projection problem of the wrist radiograph. Both the anterior and the posterior 
bone plates might be visible in the joint space regions. MNA: multangular-navicular joint; CNL: 
capitate-navicular-lunate joint; RC: radiocarpal joint.

 Since the delineation methods of the outer and the inner margins are similar, we focus 
on the description of outer margin delineation. Three main steps are involved:

• Extraction of the outer margin region
• Extraction of the non-projection-affected side boundary (within the outer margin 

region) 
• Backtrace search to extract the actual margin

1) Extraction of the outer margin region
Because of the described overprojection and bone overlapping, we opted for a multi-
scale LoG method to extract the features of the outer margin region (see Figure 
4.6a). Three criteria are set to the pixels in the outer margin region: the LoG value 
is negative; the gradient direction is orientated away from the scaphoid bone; and 
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the pixel is outside the joint space path with a maximum distance 3 mm (given that 
normal wrist JSWs are around 2 mm). Multiscale LoG method is used to extract 
features of the outer margin region. The image feature value at (x, y) is defined as:
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Here, LoGσ,norm(x,y) is the scale-normalized LoG at (x, y) which equals σ2LoG(x,y). 
We let scale σ range from 0.2 to 0.5 mm (step size 0.1) for the MNA and RC joints. 
The σ for the CNL joint, of which the outer margin region is not affected by the 
projection problem, is set to 0.2 mm.

2) Extraction of the non-projection-affected side boundary (within the outer margin 
region)
The non-projection-affected side boundary of the MNA and the RC joints is the 
outmost location of the outer margin region. For the CNL joint, we simply extract 
the boundary on the joint space side. A straightforward gradient analysis is used 
to extract the boundary features. For the reasons of the MNA and the RC joints, 
the feature value at location (x, y) is set to the absolute value of the pixel gradient if 
the gradient is orientated towards the scaphoid bone. As for the CNL joint region, 
the feature value at location (x, y) is set to the absolute value of the pixel gradient 
if the gradient is orientated away from the scaphoid bone. Based on this feature 
image, a GVF snake — initialized by the joint space path around the scaphoid 
bone — is applied to find the non-projection-affected side boundary of the outer 
margin (see Figure 4.6b). A GVF snake is used for the boundary search because of 
its initialization insensitivity and the ability to attract the contour into concavity.

3) Backtrace search to extract the actual margin
Starting from the GVF snake-obtained boundary, a follow-up greedy snake-based 
backtrace search is conducted on the region image to obtain the most probable 
location of the outer joint margin (see Figure 4.6c). Next, the margin locations of the 
MNA and RC joints are kept unchanged, while the CNL margin location is refined 
via a gradient search. The final outer margin after the location refinement is shown 
in Figure 4.6d.
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(a)

(c)

(b)

(d)

Figure 4.6: Outer margin delineation. (a) Feature image of the outer margin region, the arrow 
indicates the largest gap (see text); (b) Feature image of the non-projection-affected side boundary of 
the outer margin, overlaid by the gradient vector flow (GVF) field; (c) Backtrace search to obtain the 
joint margin. The solid white line is the non-projection-affected side boundary detected by the GVF 
snake. The dotted line is the location detected by the backtrace search; (d) The final outer margin 
(dotted line). The solid line is the joint space path.

C. JSW Quantification
Once the margins have been delineated, the JSW needs to be quantified. To this end, the 
three joint spans are determined from the closed margin contours. In total, six landmarks 
on the inner margins are used for span definition. As seen in Figure 4.7b, the spans of the 
MNA, CNL and RC joints are indicated by (L1, L2), (L3, L4) and (L5, L6), respectively. The 
landmarks L1 and L6 may be two distinct points, or coincide to one point. In the vicinity 
of P12 (see Figure 4.4d), the cornerness — defined by angular change at every control point 
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along the inner margin — is calculated. The values are clustered by k-means into high 
and low cornerness classes (k = 2, cluster centers were initialized with k-mean++). The 
landmarks L1 and L6 coincide if there is only one maximum cornerness point. If there are 
multiple cornerness maxima, due to bone overlapping, L1 is the maximum on the L2 side, 
and L6 that on the L5 side, respectively. The locations of the landmarks L2 and L3 are based on 
the feature image of the outer margin region (see Figure 4.6a). The non-zero LoG features 
are binarized by Otsu thresholding to minimize intra-class variances. At the left side of the 
initial search block, the largest gap (see arrow) on the feature image is determined, and 
the boundary points are set as L2 and L3. The landmark L4 is the lowest point on the inner 
margin (in the coordinate system determined by the midline of the index metacarpal bone), 
and L5 is the point on the inner margin nearest to the intersection between the path (P5, P9) 
and the joint space path of the capitate and lunate bones.

L1,6

L5

L4

L3

L2

(a) (b)

Figure 4.7: Illustration of the span landmarks for the wrist joints. (a) Scaphoid region of a right hand; 
(b) Six landmarks of the three wrist joint spans, indicated by L1-L2, L3-L4, and L5-L6.

 Because of variations in hand positioning and patient anatomy, it is generally not 
appropriate to use the entire joint span for robust JSW quantification. Moreover, deriving 
a proper span portion for JSW quantification from the manually indicated margins may be 
difficult. Although the manually indicated margins are normally around the middle of the 
joints, the size and location of the indicated margins may still vary for different patients 
(see Figure 4.8). In the training dataset, we obtain the optimal span portion for automatic 
JSW quantification based on correlation analysis between the automatically measured 
JSW over a certain span portion and the JSW ground truth, measured using the entire 
manually indicated margins (see Figure 4.8). The joint middle span portions (10% - 100%) 
were tested, with an optional span shift of maximum 10% from the joint center (see Figure 
4.9). The span portion of which the JSW had the best correlation with the ground truth 
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was acquired and was set as the optimal span portion for automated JSW quantification. 
To clarify, the joint center is the point on the inner margin that has equal distance to the 
joint span landmarks, and the shift is called positive if the span is moving in the direction 
from L1 to L2 (and also from L3 to L4, and L5 to L6, see Figure 4.7). A modified Hausdorff 
distance is used for the JSW calculation [28]. The JSW is defined by the average Euclidean 
distance from all points on the inner margin to the outer margin and vice versa, within the 
measurement span.

(a) (b)

Figure 4.8: Illustration of the manually indicated spans for three joint types of different patients.

span shift
CA B

    

Figure 4.9: Illustration of the span shift (joint space indicated with A – B, center C). The shaded 
region indicates the span for JSW quantification.

4.3 Results

In eight of the 100 training radiographs used in this study, the above described procedure 
did not yield a correct path (visually checked) through all the three wrist joints. The 
automatically quantified JSWs using different span portions were compared with JSW 
ground truth in the remaining 92 training radiographs. The outliers of the automatically 
quantified JSWs were detected and removed via boxplot analysis, in which the outliers were 
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defined as having a JSW value above 1.5-fold of interquartile range from the third quartile 
or below the first quartile. In total, we excluded 7 MNA, 11 CNL and 8 RC joints of the 276 
joints in the remaining 92 radiographs. Figure 4.10 shows the plot of the consistency two-
way random intra-class correlation coefficients (ICCs) between the automatically quantified 
JSWs using the different middle span portions (no shift applied) and the manually obtained 
ground truth. Table 4.3 shows the corresponding 95% confidence interval (CI) of each ICC.

Figure 4.10: Plot of the consistency two-way random intra-class coefficients (ICCs) between the 
automatically quantified JSWs using different middle span portions (10% - 100%) and the ground 
truth (no shift applied). MNA: multangular-navicular joint; CNL: capitate-navicular-lunate joint; RC: 
radiocarpal joint.

Table 4.3: Consistency two-way random effect Intra-class correlation coefficient (ICC) and 95% con-
fidence interval (CI) for the automatically quantified JSWs using the middle portions of the joint 
spans with the ground truth.

Middle portion
ICC (95% CI)

MNA CNL RC

10% 0.90 (0.86, 0.94) 0.85 (0.77, 0.90) 0.69 (0.56, 0.79)

20% 0.91 (0.86, 0.94) 0.86 (0.78, 0.91) 0.71 (0.58, 0.80)

30% 0.92 (0.87, 0.94) 0.86 (0.79, 0.91) 0.73 (0.61, 0.81)

40% 0.92 (0.88, 0.95) 0.86 (0.79, 0.91) 0.75 (0.63, 0.83)

50% 0.92 (0.88, 0.95) 0.86 (0.79, 0.90) 0.76 (0.65, 0.84)

60% 0.92 (0.88, 0.95) 0.85 (0.78, 0.90) 0.77 (0.67, 0.84)

70% 0.92 (0.88, 0.95) 0.84 (0.76, 0.89) 0.78 (0.68, 0.85)

80% 0.92 (0.87, 0.94) 0.81 (0.72, 0.88) 0.78 (0.68, 0.85)

90% 0.91 (0.87, 0.94) 0.80 (0.70, 0.87) 0.78 (0.68, 0.85)

100% 0.91 (0.86, 0.94) 0.79 (0.69, 0.86) 0.78 (0.68, 0.85)

MNA: multangular-navicular joint; CNL: capitate-navicular-lunate joint; RC: radiocarpal joint.
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 If the span shift is taken into account, the optimal span portions for automatic JSW 
quantification were 60%, 40%, 70% for MNA, CNL and RC joints, respectively, with a span 
shift 0%, -5%, +10% from the middle. The corresponding ICCs (95% CIs) using these span 
portions were 0.92 (0.88, 0.95), 0.86 (0.80, 0.91) and 0.81 (0.71, 0.87).
 The above derived optimal span portions for automatic JSW quantification were 
evaluated on 48 (out of 50) test radiographs, which yielded a correct path through all the 
three wrist joints. Figure 4.11 shows Bland & Altman plots of the automatically quantified 
JSWs vs. the manually obtained ground truth JSWs, for the MNA, CNL and RC joints, 
respectively. The mean (SD) of the JSW differences in mm for three types of joints were 0.00 
(0.20), 0.13 (0.18) and 0.10 (0.25), respectively. The JSW ground truth was derived from the 
manually delineated margins of each joint, with the mean JSWs of the MNA, CNL and RC 
joints being 1.7 mm, 1.8 mm, and 2.2 mm, respectively.

(a) (b)

(c)

Figure 4.11: Bland & Altman plots showing difference against mean of the automatically quantified 
JSW and the manually obtained ground truth JSW (unit in millimeter), for (a) the MNA joints; (b) the 
CNL joints; and (c) the RC joints. MNA: multangular-navicular joint; CNL: capitate-navicular-lunate 
joint; RC: radiocarpal joint.
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 The cumulative probability plots of the JSW errors were shown in Figure 4.12 for all 
the 144 wrist joints in the 48 testing radiographs. The figures show clearly that 90% of the 
MNA, CNL and RC joints have a maximum JSW error of 0.26 mm, 0.33 mm and 0.41 mm, 
respectively. These are equal to 15.3%, 18.3% and 18.6% of the corresponding mean JSWs 
of the manual indications of the three types of joints. 

(a) (b)

(c)

Figure 4.12: Cumulative probability plots of the JSW errors for (a) the MNA joints; (b) the CNL 
joints; and (c) the RC joints. 90% of the MNA, CNL and RC joints have a maximum JSW error of 
0.26 mm, 0.33 mm and 0.41 mm, respectively. MNA: multangular-navicular joint; CNL: capitate-
navicular-lunate joint; RC: radiocarpal joint.
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4.4 Discussion

The proposed method shows the feasibility of automatic quantification of radiographic 
wrist JSW of patients with RA.
 The joint space around the scaphoid bone is detected by using consecutive searches of 
separate path segments, where each segment location aids in constraining the subsequent 
one. Based on this strategy, 92% radiographs in the training set and 96% radiographs in the 
test set are able to yield a correct path through all the three wrist joints. The path-searching 
procedure of the wrist joints starts from an initial search block, which is derived from the 
finger midline information provided by our previous work [16]. This dependency seems a 
potential risk of our proposed method. However, for the 150 radiographs considered in this 
study, only one initial search block was not generated correctly. This shows the robustness 
of our previous work and the feasibility of using its relevant information to aid wrist joint 
identification.
 One earlier study described automatic detection of wrist joint locations of RA patients. 
Duryea et al. [18] used a trainable algorithm based on an artificial neural network for ROI 
selection and joint location identification, whereas in our work prior knowledge on the 
wrist anatomy guides ROI selection and joint space path searching. Both methods show the 
feasibility of automatic detection of wrist joints by achieving success rates of >90% on wrist 
location detection.
 Our work is continued with the joint margin delineation. First the boundary not affected 
by X-ray projection is extracted, followed by a backtrace process to obtain the actual joint 
margin. The optimal span portions for JSW quantification were determined as 60%, 40%, 
70% for the MNA, CNL and RC joints, respectively, with a span shift of 0%, -5%, +10% from 
the joint center. Quantified with these span portions, 90% of all three types of joints have a 
JSW that deviates less than 20% of the mean JSW of the manual indications. Note that the 
manual scoring by the SvdH scoring method uses 50% of space narrowing as the threshold 
of score levels, indicating that the measured error remains within these limits.
 Span shifts (-5% and +10%) of the CNL and the RC joints are necessary to copy with 
hand rotations (both in-plane and out-plane) and variations in bone morphology. Owing 
to hand rotations and bone morphology variations, the upper side of the CNL joints may 
have a widened JSW (see Figures. 4.13a, b) while the outer lateral side of the RC joints may 
have “touched” margins (see Figure 4.13c). By shifting a certain portion, the span definition 
can focus on the stable region of JSW quantification. In contrast, the MNA joint seems 
to be least affected by the above problems, which requires no span shift for a proper JSW 
quantification and shows the best JSW correlation with the ground truth among all three 
types of joints (ICC > 0.9).
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(a) (b) (c)

Figure 4.13: Typical reasons to shift the measurement span. (a) and (b) Widened JSW at the CNL 
upper side; (c) Margin touching at the outer lateral side of the RC joint.

 The proposed method still has some limitations. Firstly, the method does not work well 
on wrists affected by sclerosis (see Figure 4.14a). Sclerosis is characterized by abnormal 
hardening or increased density of bone, which particularly affects the proposed method 
for the detection of the cortical plate of the radius bone. In addition, subchondral sclerosis 
is normally accompanied with severe cartilage degradation. This may cause closure of the 
joint space and affect the proposed method for the detection of the path around the scaphoid 
bone. Accordingly, the proposed method is most suitable to be used in the early stage of RA, 
in which severe bone sclerosis in the joints is less frequently present. Secondly, the method 
is affected by suboptimal wrist positioning (see Figure 4.14b), which may cause a large 
portion of faint or ambiguous margin and thus affect the correctness and the reliability of the 
measured JSW. For this reason, wrist positioning should be well standardized in radiograph 
acquisition procedures. The hand should be positioned flat, with hardly any in-plane and 
out-plane hand rotations, and any hand flexion and adduction. Particularly, acquisition of 
hand radiographs with a rotation error of more than 15 degrees should be avoided [29]. If 
wrist positioning has not been standardized, which holds for most radiographs to date, it 
is recommended that the automatically indicated measurement margins are checked by a 
medical expert.
 In future studies, the proposed method will be applied on a longitudinal dataset of 
radiographs that have been assessed according to the SvdH scoring method, so as to check 
whether the proposed method shows a similar progression trend as SvdH. Additionally, the 
sensitivity to JSW change can be measured using the standardized response mean, and is 
compared with that of the SvdH scoring method.
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(a) (b)

Figure 4.14: Typical joints not handled correctly by the proposed method (see arrow). (a) A joint 
with severe sclerosis; (b) A joint with a large portion of ambiguous margin caused by improper wrist 
positioning.

4.5 Conclusion

In this study, we developed and evaluated an automatic method for quantification of 
radiographic joint space width in wrists of patients with rheumatoid arthritis. The method 
is particularly suitable for JSW quantification in the early stage of RA. Together with our 
recently published method on JSW quantification of finger joints [16], an automatic image 
analysis tool for hand radiographs is available, which may aid clinical researchers to study 
the progression of hand joint damage in RA.
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Abstract

Objective: To assess whether using a mould during acquisition of hand radiographs, leads 
to increased reliability and repeatability of assessment of joint damage in rheumatoid 
arthritis (RA). 

Methods: Of 50 RA patients (mainly established disease) right hand radiographs were 
acquired twice within 3 months both with and without using the ZGT FingerFix hand 
mould. Radiographs were randomized for patient and time point, Sharp/van der Heijde 
scoring (SHS) was performed, and joint space width (JSW) was quantified using “JSQ” 
software. Reliability and repeatability were assessed using the intra-class correlation 
coefficient (ICC), Bland and Altman limits of agreement, paired t-test, and standard error 
of measurement (SEM).

Results: ICCs were similar for radiograph acquisition with and without the mould, both 
for SHS (range 0.966-0.994) and for JSQ (range 0.840-0.972). For SHS ranges between the 
limits of agreement, the difference between the two measurements and SEMagreement were 
smaller when using the mould than without, whereas for JSQ these ranges were larger when 
using the mould.

Conclusion: Using the mould resulted in similar reliability and better repeatability of 
joint damage assessment for SHS, but not for automated JSW assessment by JSQ. Further 
evaluation is needed of an added value of using the mould for JSQ in early RA, for which 
JSQ was designed.
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5.1 Introduction

Joint damage in rheumatoid arthritis (RA) is characterized by erosions and joint space 
width (JSW) changes, which are traditionally monitored by radiographic imaging. The 
gold standard for quantification of joint damage is the Sharp/van der Heijde scoring (SHS) 
method [1], performed by individual readers assessing the severity of erosions and joint 
space narrowing (JSN) in hands and feet, which are combined into a total SHS score [2]. 
An alternative for the relative subjective SHS method might be automated quantification 
of radiographic damage, performed without involvement of individual readers. We have 
recently, developed an automated tool ‘Joint Space Width Quantification’ (JSQ) for objective 
JSW quantification of hand joints specifically of value in case of early RA [3, 4]. 
 As is known, assessment of radiographic progression is prone to variation due to 
differences in positioning during radiograph acquisition [5]. Quantification of radiographic 
progression may become more precise by improved standardization of hand and foot 
positioning. 
 In this study we investigated whether use of a hand mould, the Ziekenhuisgroep 
Twente (ZGT) FingerFix [6], during hand radiograph acquisition, increases the reliability 
and repeatability of hand joint damage assessment. We investigated this both for the SHS 
method and for automated JSW assessment using the software package JSQ. 

5.2 Materials and methods

Patients
Fifty RA patients consecutively visiting the outpatient clinic of the department of 
Rheumatology & Clinical Immunology of the University Medical Center (UMC) Utrecht, 
the Netherlands, were included in August 2014. Patients of >18 years were included if they 
had a clinical diagnosis of RA, if hand radiography was scheduled in clinical care, and if a 
follow-up visit in clinical care was scheduled 3 months later. Patients were excluded if they 
could not position their hands flat on a surface during radiograph acquisition (required 
for use of the hand mould) and if they had a rheumatic disease other than RA. The study 
was approved by the medical ethical committee of the UMC Utrecht and all patients gave 
written informed consent. 

Joint damage assessment
Hand radiographs were obtained at 2 measurements (baseline=Measurement 1; month 
3=Measurement 2; assuming absence of radiographic progression during 3 months). At 
each measurement one radiograph of both hands was acquired according to standard 
protocol in clinical care. An additional radiograph of the right hand was acquired using the 
ZGT FingerFix (Hemabo B.V.) hand mould (see Supplementary figure S5.1).
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 The conventional images of both left and right hands were scored according to SHS [2] 
by an experienced observer (MvE) immediately after all images were obtained, blinded to 
time point and in random order. These scores were only used to test the assumption that no 
radiographic changes had occurred over 3 months.
 Two years later (to prevent recall bias) images were split into right and left hand images, 
and all right hand images were blinded to time point and scored in random order according 
to SHS by the same observer (MvE).
 Quantification of the absolute JSW was performed using the software ‘JSQ’ [3],[4]. First, 
image pre-processing was performed, and checked by an operator (splitting of images into 
left and right, and centring of the hand on the image, if not performed automatically). Next, 
hand JSW was quantified in millimetres as the average of proximal interphalangeal (PIP) 
2-5, metacarpophalangeal (MCP) 1-5 and wrist joints (trapezium-trapezoides-navicular 
(TTN), carpo-navicular-lunate (CNL) and radiocarpal (RC) joints).
 We collected from medical charts: gender, age, RA duration, rheumatoid factor status, 
disease activity score assessing 28 joints (DAS28), and use of disease modifying anti-
rheumatic drugs (DMARDs).

Statistics
We tested the assumption that no radiographic changes had occurred over 3 months by 
performing a linear mixed model analysis in which ‘Total SHS’ was modelled as dependent 
variable, using ‘Measurement number’ as factor.
 Reliability between Measurement 1 and 2 was assessed using the intra-class correlation 
coefficient (ICC) using a two-way mixed-effect model for absolute agreement.
 Repeatability was graphically depicted using Bland and Altman plots. The difference in 
joint damage between Measurement 1 and 2 was plotted against the average joint damage 
of both measurements. The mean difference and 95% limits of agreement were calculated.  
 The difference in the mean difference between Measurement 1 and 2 between acquisition 
with and without ZGT FingerFix was tested using paired t-tests. The standard error of 
measurement (SEM) was calculated as indication of measurement error [7]. 
 All analyses were performed both for the SHS method (total SHS, erosion, and JSN) and 
for the JSQ method, comparing the results for X-ray acquisition with ZGT FingerFix with 
those without using the ZGT FingerFix. For the JSQ method these analyses were done for 
the total hand and for specific joint types (PIP, MCP and wrists).
 For data analysis IBM SPSS Statistics for Windows, Version 21.0 (Armonk, NY: IBM 
Corp.) was used.
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5.3 Results

The 50 patients were predominantly female (68%), with a mean age of 60 years (SD 11), a 
median disease duration of 12 years (range 1-43), a median DAS28 of 2.5 (range 1.3-5.9; in 
27 patients DAS28 could not be collected from medical charts) and 76% was rheumatoid 
factor positive. Eighty-nine percent used conventional synthetic and 33% used biological 
DMARDs. Mean total SHS of the hands at baseline was 15 (SD 35; range 0-190; IQR 0-13).
We did not observe a change in total SHS of both hands between Measurement 1 and 2 
(Measurement 2 - Measurement 1: mean = -0.56 units, 95% CI (-2.37, 1.25), p=0.537), 
supporting our assumption that there is no radiographic progression during 3 months.  

Reliability
ICC values of right hand joint damage assessments were similar for conventional radiograph 
acquisition and radiograph acquisition using the ZGT FingerFix, as is shown in Table 5.1. 
This was the case for both the SHS method, including its sub scores (ICC range 0.966-
0.994), and for JSW quantification using the automated JSQ method, including individual 
joint types (ICC range 0.840-0.972).

Table 5.1a: Intra-class correlation between the SHS scores of Measurement 1 and 2, using the 
conventional acquisition procedure and using the ZGT FingerFix

JSN Erosion Total SHS

Conventional 0.966 0.966 0.977

ZGT FingerFix 0.984 0.991 0.994

Table 5.1b: Intra-class correlation between the JSW quantified by JSQ of Measurement 1 and 2, using 
the conventional acquisition procedure and using the ZGT FingerFix

Hand JSW PIP JSW MCP JSW Wrist JSW

Conventional 0.969 0.966 0.928 0.848

ZGT FingerFix 0.947 0.972 0.898 0.840

Two-way random intra-class correlation coefficients (ICCs) are shown. SHS: Sharp/van der Heijde scoring; 
JSN: Joint space narrowing; JSQ: joint space width quantification software package; JSW: joint space width; PIP: 
proximal interphalangeal joint; MCP: metacarpophalangeal joint; Wrist: wrist joints assessed by JSQ, including the 
trapezium-trapezoides-navicular (TTN), carpo-navicular-lunate (CNL) and radiocarpal (RC) joints.

Repeatability
Bland and Altman plots are depicted in Figure 5.1. Using the ZGT FingerFix during the 
acquisition procedure demonstrated smaller ranges between the limits of agreement 
compared to the conventional procedure, for total SHS and for the individual JSN 
and erosion scores. For JSW quantification using JSQ the ranges between the limits of 
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agreement were larger for the acquisition procedure using the ZGT FingerFix than the 
conventional procedure, both for hand and wrist JSW. However, the range between the 
limits of agreement was smaller for PIP JSW when using the ZGT FingerFix compared to 
the conventional acquisition procedure.

(a)
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(b)

Figure 5.1: Bland and Altman plots for the conventional acquisition procedure and the acquisition 
procedure using the ZGT FingerFix, both for SHS and JSQ. On the x-axis the average of Measurement 
1 and 2 is shown. On the y-axis the difference between Measurement 1 and 2 is shown. Figure (a) shows 
the results for total SHS, JSN and erosion scoring, respectively. Data are shown in units. Figure (b) 
shows the results for JSW quantified by JSQ for the hand, PIP, MCP and wrist joints. Data are shown 
in millimeters. For both SHS and JSQ results are shown for the conventional acquisition procedure 
(left) as well as the acquisition procedure using the ZGT FingerFix (right). The dotted lines indicate 
the mean difference between Measurement 1 and 2 and the 95% upper and lower limits of agreement.
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 For SHS the difference between Measurement 1 and 2 as well as SEM agreement were smaller 
when using the ZGT FingerFix than the conventional acquisition procedure. The difference 
was statistically significant for total SHS. For JSQ the difference between Measurement 1 
and 2 and SEM agreement was larger for the acquisition procedure using the ZGT FingerFix 
than the conventional acquisition procedure, except for the PIP joints. This difference was 
statistically significant for the JSW of the MCP joints. These results are shown in Table 5.2 
and Supplementary table S5.1.

Table 5.2a: Difference in SHS scores between Measurement 1 and 2 (M2-M1) using the conventional 
acquisition procedure and using the ZGT FingerFix

Conventional ZGT FingerFix P-value

Total SHS 1.54 (3.56) 0.16 (1.96) 0.022

JSN 0.90 (2.65) 0.22 (1.78) 0.140

Erosion 0.64 (1.94) -0.06 (1.20) 0.073

Table 5.2b: Difference in JSW quantified by JSQ between Measurement 1 and 2 (M2-M1) using the 
conventional acquisition procedure and using the ZGT FingerFix

Conventional ZGT FingerFix P-value

Hand JSW -0.00 (0.05) -0.01 (0.07) 0.590

PIP JSW 0.01 (0.06) 0.01 (0.05) 0.648

MCP JSW 0.00 (0.10) -0.03 (0.10) 0.045

Wrist JSW -0.02 (0.16) -0.01 (0.20) 0.952

M1: Measurement 1, M2: Measurement 2; data shown as mean (SD); p-value obtained from paired t-test for 
the differences between Measurement 1 and 2, between conventional acquisition and acquisition using ZGT 
FingerFix; SHS: Sharp/van der Heijde scoring; JSN: Joint space narrowing; JSQ: joint space width quantification 
software package; JSW: joint space width; PIP: proximal interphalangeal joint; MCP: metacarpophalangeal joint; 
Wrist: trapezium-trapezoides-navicular (TTN), carpo-navicular-lunate (CNL) and radiocarpal (RC) joints. Table 
5.2a: data are shown in units. Table 5.2b: data are shown in millimeters.

5.4 Discussion

Use of the ZGT FingerFix hand mould resulted in similar reliability and better repeatability 
of joint damage assessment for all scores of the SHS method (JSN, erosion and total SHS). 
This was not the case for automated JSW assessment by the software ‘JSQ’. 
 SHS scoring is performed by individual readers, who subjectively take into account 
positioning of joints. This subjectivity is reduced by standardized positioning of the hands 
using the hand mould. As with the automated JSW quantification method JSQ no readers 
are involved, purely the use of the hand mould regarding reducing the variation in actual 
positioning of the hand with the JSQ assessment was investigated. The hand mould did not 
improve this variation in general, although a slight improvement was observed for the PIP 
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joints. Also note that JSQ was developed for JSW quantification in early RA with limited 
damage, whereas our study population mainly included patients with longstanding disease, 
up to 43 years duration (there were only 2 patients with disease duration of max 2 years). In 
early RA using the hand mould might be favourable, which needs to be examined in future 
studies.
 It was anticipated that no radiographic changes would occur over a period of 3 months 
as demonstrated in our cohort on the group level. Previously it has been shown that 
radiographic progression can be detected over a 3 month period in RA patients by SHS, 
however this has only been shown for patients with active RA who were untreated [8]. In 
comparison, in our patient group 92% was treated with conventional synthetic or biological 
DMARDs.
 This study has some limitations. Because of its exploratory nature and to limit 
X-ray exposure we only studied right hand images. Future studies should address the 
reproducibility of using the hand mould in longitudinal studies in which radiographic 
progression is apparent and in which SHS scoring is performed by two independent readers 
and in chronological order, which is considered the most precise scoring condition [9]. 
 Regardless of these considerations, these findings suggest that use of the ZGT FingerFix 
hand mould might potentially improve sensitivity of SHS scoring, which is important as 
nowadays radiographic progression is limited. Further evaluation of the added value of 
using the hand mould in clinical studies is needed. For its potential added value in case of 
JSQ, early RA patients need to be evaluated. 
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Supplementary information

Supplementary figure S5.1: Overview of X-rays obtained during this study. For each patient hand 
radiographs were taken at 2 measurements 3 months apart. At each measurement one radiograph of 
both hands was acquired without hand mould (in white), and one radiograph of the right hand was 
acquired using the hand mould (in blue).

Supplementary table S5.1a: SEMagreement of the SHS quantified scores in Measurement 1 and 2 using 
the conventional acquisition procedure and using the ZGT FingerFix

Conventional ZGT FingerFix

Total SHS 2.72 1.38

JSN 1.96 1.25

Erosion 1.43 0.84

Supplementary table S5.1b: SEMagreement of the JSW quantified by JSQ in Measurement 1 and 2 using 
the conventional acquisition procedure and using the ZGT FingerFix

Conventional ZGT FingerFix

Hand JSW 0.038 0.052

PIP JSW 0.041 0.036

MCP JSW 0.067 0.075

Wrist JSW 0.115 0.140

SEM: Standard error of measurement; SHS: Sharp/van der Heijde scoring; JSN: Joint space narrowing; JSQ: joint 
space width quantification software package; JSW: joint space width; PIP: proximal interphalangeal joint; MCP: 
metacarpophalangeal joint; Wrist: trapezium-trapezoides-navicular (TTN), carpo-navicular-lunate (CNL) and 
radiocarpal (RC) joints.
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Abstract

Objective: To compare as proof of concept the sensitivity to change of automated 
quantification of radiographic wrist and hand joint space width (JSW) with scoring JSW 
according to the Sharp/van der Heijde scoring method (SHS) in two strategy groups of a 
treat-to-target and tight-control early rheumatoid arthritis (RA) study.

Methods: Digital radiographs were assessed for JSW changes of 134 patients of the 236 
patients participating in the second Computer Assisted Management in Early Rheumatoid 
Arthritis trial, of whom both baseline and year 2 radiographs were available (year 1 
radiographs n = 125). Of those 134 patients, 70 started with methotrexate and prednisone 
(MTX+Pred) and 64 with MTX and placebo (MTX+Plac). JSW change over 1 and 2 years of 
the hands and wrists was assessed, applying both the joint space narrowing (JSN) subscore 
of the SHS by 2 readers and the automated assessment with the JSW quantification software 
‘JSQ’. For both methods, progression of JSW change of the hand and wrist was analysed 
using linear mixed modelling (dependent variable ‘JSW’, factor ‘strategy group’, covariate 
‘follow-up time in years’, interaction term ‘strategy group*follow-up time’; radiographs of 
baseline, year 1 and year 2 were used). For each method the standardized mean difference 
(SMD) for the change in JSW from baseline to year 2 between the treatment strategies was 
obtained using a non-parametric method.

Results: Patient characteristics of the current subpopulation were similar to those of the 
whole study population. JSN of the hand and wrist according to SHS at 2 years was present 
in 16 vs 23% in the MTX+Pred group vs the MTX+Plac group. The mean yearly progression 
rates of JSW change of the hands and wrists using JSQ were -0.00mm (95% confidence 
interval (CI) -0.01; 0.01) for MTX+Pred vs -0.02mm (95%CI -0.03; -0.01) for MTX+Plac, 
p=0.045, and using SHS JSN they were 0.19 units (95%CI 0.09; 0.30) vs 0.30 units (95%CI 
0.14; 0.45) for MTX+Pred vs MTX+Plac, p=0.271. The SMD for the change from baseline 
to year 2 between the treatment strategies was 0.37 for JSQ and 0.13 for SHS JSN.

Conclusion: In this proof of concept study the yearly progression rate of JSW change of 
hand and wrist joints, according to the automated JSW quantification software package 
‘JSQ’, was higher in the group initiating MTX+Plac than in the group initiating MTX+Pred. 
A similar trend was seen with the JSN assessment according to the SHS method of the hand 
and wrist. However, JSN of the hand and wrist according to SHS, the current gold standard 
to assess radiographic progression, was seen in only about 20%. Therefore, further studies 
are needed to conclude firmly that JSQ should be incorporated into quantitative scoring of 
radiographs in RA. 
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6.1 Introduction

Effect of treatment of early rheumatoid arthritis (RA) has substantially improved during 
the past decades with the introduction of tight-control and treat-to-target strategies [1–3], 
and with the advent of biological disease modifying anti-rheumatic drugs (DMARDs) [4]. 
As a result, radiographic joint damage progression in early RA is much less prominent than 
in the past. Especially in short duration clinical trials, limited radiographic progression is 
observed [5, 6]. Nevertheless, radiographic joint damage progression is still an important 
clinical outcome. The current gold standard for assessing it is the Sharp/van der Heijde 
scoring (SHS) method [7–9]. With this method, erosions and joint space narrowing (JSN) of 
hands and feet are assessed separately, and combined to a total SHS score. The SHS method 
has a few drawbacks though. First, SHS scoring is observer dependent. It requires scoring 
by (ideally two) individual experts. Another drawback is the ordinal, not continuous, scale 
and generally a highly skewed distribution of scores within a patient cohort [10–12], which 
make it a suboptimal method for statistical analyses. This may specifically be an issue for 
JSN scoring, as frequently the distribution of these scores is even more skewed towards 0. A 
subset of these scores may be falsely scored as ‘no JSN’ and joint space width (JSW) changes 
may be detected when using more sensitive methods. To overcome these disadvantages 
several research groups have been working on the development of computerised or 
automated methods to detect subtle JSW changes, and have achieved some promising 
results. For instance, automated JSW quantification has been conducted on finger joints and 
semi-automated JSW quantification (manual involvement required) has been performed on 
foot joints and some wrist joints [13–19]. (Semi-) automated JSW quantification methods 
have shown to be more sensitive than the SHS JSN scoring method [19], but they do have 
limitations. Fully automated methods cannot be performed on radiographs with poor 
image quality or if the image does not include complete bone structures (the small finger 
joints or wrist, in particular). Semi-automated methods still require operator’s intervention 
and could be labour intensive. In addition, (semi-) automated JSW quantification does not 
include erosion assessment. We have developed an automated in-house software package 
‘Joint Space Width Quantification’ (JSQ) for radiographic hand JSW quantification, based 
on our previously proposed methods on finger and wrist joints [20] (manuscript under 
review). In the current proof of concept study, we primarily compared the sensitivity of 
the JSQ with the SHS JSN method for detecting JSW changes of hand and wrist joints. 
This was done in a treat-to-target and tight-control study in early RA, in which after 2 
years less progression was found regarding erosion scores of hands and feet according to 
SHS in the MTX+Pred strategy group, compared to the MTX+Plac strategy group, but no 
difference between strategy groups was found for JSW [2]. This study was not intended to 
prove superiority of the MTX+Pred strategy regarding JSW as outcome.
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6.2 Materials and methods

In the Computer Assisted Management in Early Rheumatoid Arthritis (CAMERA) II trial, 
236 DMARD naïve early RA patients were treated according to a tight control methotrexate-
based strategy with addition of daily 10mg prednisone (MTX+Pred; n=117) or placebo 
(MTX+Plac; n=119), given for 2 years. Radiographs of the hands and feet were obtained at 
baseline, and at year 1 and year 2. JSW changes were assessed using the SHS JSN method 
by 2 independent observers. More details of the study have been reported previously [2]. 
For the current substudy, digitally acquired hand radiographs and digitized hand films 
(hereinafter referred to as digital images) were collected from the 7 participating centres 
of the CAMERA-II trial and were processed by JSQ [20] (manuscript under review). First, 
two pre-processing steps were performed: bilateral hand radiographs were split, and non-
anatomical objects—such as “L/R” labels, digital imprints, and radiograph frames—were 
masked out. The outcomes of these two pre-processing steps were checked by an operator 
and were manually corrected if necessary. Next, JSW was automatically quantified in 
millimetres (mm), for the proximal interphalangeal (PIP) joints, metacarpophalangeal 
(MCP) joints, and the trapezium-trapezoides-navicular (TTN), carpo-navicular-lunate 
(CNL) and radiocarpal joints (RC) joints. The average JSW of PIP, MCP and wrist joints 
(for the wrist: TTN, CNL and RC) of both left and right hands was computed for each 
time point. Hand and wrist JSW was computed as the average JSW of all joints and also 
separately per joint group. 
 SHS JSN of the hands and wrists are scored on a scale of 0-120 units, and SHS JSN scores 
of the feet on a scale of 0-48 units (0-168 units in total), where higher scores indicate more 
damage. In contrast, JSW values of the hands and wrists assessed by JSQ have a much lower 
range, of 1.1-2.3 mm in our cohort, which represents absolute JSW in mm. Higher values of 
JSW assessed by JSQ indicate larger absolute JSW.

Ethics
Radiographic images and clinical data were collected for the original CAMERA-II trial. 
This study was performed according to the declarations of Helsinki and all patients gave 
written informed consent.

Statistics
Baseline characteristics are shown of both the original CAMERA-II study patient group 
and the population of this substudy, using descriptive analyses. The primary endpoint of 
the original study (SHS for erosions) was compared between both strategies for the original 
study cohort and for the current substudy using Mann-Whitney U tests.
All other analyses were done only for the population of this substudy.
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 JSW of the hand and wrist at baseline and at year 2 was graphically depicted for both 
SHS and JSQ. As JSQ quantifies JSW in mm and the individual joint types of the hand 
differ in their absolute JSW, we additionally depicted Z-scores ((Observation-Meanbaseline)/
standard deviation(SD)baseline) to make the scores of these joint types directly comparable. 
 The primary outcome was the yearly progression rate of JSW changes of the hand and 
wrist. The difference between the strategy groups was analysed using linear mixed modelling 
(LMM). Radiographic data of baseline, year 1 and year 2 were used. ‘JSW’ was modelled as 
dependent variable, using ‘strategy group’ as factor, ‘follow-up time in years’ as covariate, and 
the interaction ‘strategy group*follow-up time’ was included in the model. These analyses 
were done for both the SHS JSN and the JSQ method, and we additionally performed 
these analyses for each joint type separately (PIP joints, MCP joints and the wrists).
 For the SHS JSN method we statistically compared the number of patients who were 
JSN-free at 2 years between the strategy groups using Fisher’s exact test.
 For each method the standardized mean difference (SMD) between the treatment 
strategies was obtained using a non-parametric method, as the SHS data was not normally 
distributed. First, the correlation r was assessed by dividing the z-statistic based on rank 
statistics by the square root of the sample size. Next this correlation was converted to the 
SMD using the formula  

𝑟𝑟
�𝑝𝑝𝑝𝑝𝑝𝑝(𝑝−𝑟𝑟2)

 where p1 and p2 are the proportions of patients in the 
strategy groups [21]. An effect size ≥0.2 was considered as small, ≥0.5 as medium and ≥0.8 
as large [22].
 Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 
21.0. Armonk, NY: IBM Corp.  

6.3 Results

6.3.1 JSQ assessment
For the current substudy digital hand and wrist images were available of 143 patients. Of 
135 patients at least baseline and year 2 images were available. Of 1 patient the digital image 
file was damaged. This resulted in 134 patients of whom digital images of the hands and 
wrist were available of at least baseline and year 2 for JSQ analysis. Of these patients 125 
patients also had digital hand images of year 1 available.
 Pre-processing of the images was performed by an operator (MVB) in 4 hours (±100 
images/hour). Quantification of the JSW using the JSQ program took one minute on 
average per single-hand radiograph (central processing unit 2.83 GHz). The latter was done 
fully automatic without intervention by an operator.

6.3.2 Patient characteristics 
Baseline characteristics of the patient group of this JSQ substudy (MTX+Pred: n=70, 
MTX+Plac: n=64) were similar to those of the patient group of the original study, as is 
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shown in Table 6.1. Also the presence of erosions as well as the median SHS erosion score 
at 2 years, which was the primary endpoint of the original study, was comparable between 
the patient group of this JSQ substudy and of the original study.

Table 6.1: Patient characteristics of the original study compared to those of the current substudy

Baseline variable

ORIGINAL STUDY
Treatment strategy 
(n=236)

SUBSTUDY JSQ
Treatment strategy 
(n=134)

MTX+Pred 
(n=117)

MTX+Plac
(n=119)

MTX+Pred 
(n=70)

MTX+Plac
(n=64)

Female sex, n (%) 70 (60) 72 (61) 41 (59) 38 (59)

Rheumatoid factor positive status, n (%) 64 (55) 73 (61) 33 (47) 41 (64)

Mean (SD) age, y 54 (14) 53 (13) 53 (14) 53 (15)

Mean (SD) morning stiffness, min 87 (53) 87 (60) 88 (51) 81 (56)
Mean (SD) VAS for general well-being, 
mm 58 (22) 56 (22) 59 (21) 56 (24)

Mean (SD) VAS for pain, mm 49 (26) 49 (25) 49 (25) 50 (24)

Mean (SD) tender joint pain 17 (9) 15 (9) 17 (9) 13 (8)

Mean (SD) swollen joint count 15 (9) 14 (8) 15 (8) 13 (8)

Mean (SD) HAQ score 1.0 (0.7) 1.2 (0.6) 1.1 (0.7) 1.1 (0.7)

Mean (SD) DAS28 5.8 (1.3) 5.5 (1.1) 5.8 (1.3) 5.3 (1.1)

Mean (SD) ESR, mm/h 36 (25) 34 (24) 34 (25) 32 (23)

Mean (SD) CRP level, mg/L 31 (35) 24 (27) 30 (32) 22 (22)

Erosions present, n (%) 20 (17) 14 (12) 11 (16) 6 (9)

JSN present, n (%) 25 (21) 21 (18) 11 (16) 9 (14)

Median (IQR, range) total SHS 0 (0-1, 0-53) 0 (0-0, 0-21) 0 (0-0, 0-53) 0 (0-0, 0-15)

Median (IQR, range) SHS for erosions 0 (0-0, 0-35) 0 (0-0, 0-15) 0 (0-0, 0-35) 0 (0-0, 0-15)

Median (IQR, range) SHS for JSN 0 (0-0, 0-18) 0 (0-0, 0-10) 0 (0-0, 0-18) 0 (0-0, 0-6)

Radiography at 2 years

Erosions present, n (%) 22 (19) 34 (29) 16 (23) 21 (33)

JSN present, n (%) 26 (22) 30 (25) 16 (23) 18 (28)

Median (IQR, range) SHS for erosions* 0 (0-0, 0-50) 0 (0-2, 0-23)$ 0 (0-0, 0-50) 0 (0-2, 0-23)#

Median (IQR, range) SHS for JSN 0 (0-2, 0-23) 0 (0-2, 0-51) 0 (0-0, 0-23) 0 (0-2, 0-10)

Median (IQR, range) total SHS 0 (0-3, 0-73) 0 (0-4, 0-67) 0 (0-3, 0-73) 0 (0-4, 0-29)

*Primary endpoint of the original study. $Comparison of difference between MTX+Pred and MTX+Plac in 
original study: p=0.028 (Mann-Whitney U test).  #Comparison of difference between MTX+Pred and MTX+Plac 
in substudy JSQ: p=0.126 (Mann-Whitney U test).
MTX+Pred: methotrexate based tight control strategy initiating methotrexate with prednisone; MTX+Plac: 
methotrexate based tight control strategy initiating methotrexate with placebo; SD: standard deviation; VAS: visual 
analogue scale; HAQ: Health Assessment Questionnaire; DAS28: disease activity score based on 28 joints; ESR: 
erythrocyte sedimentation rate; CRP: C-reactive protein; IQR: interquartile range; SHS: Sharp/van der Heijde 
score; JSN: joint space narrowing.
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6.3.3 Joint space narrowing of the hand and wrist using SHS between the 
treatment strategies

First, we graphically depicted the SHS JSN score for individual patients at baseline and 
at year 2 for each strategy group. In both groups SHS JSN scores were mainly 0 and the 
data were therefore highly skewed, as can be observed in Figure 6.1A. Mean (SD) SHS JSN 
scores of the hand for the MTX+Pred strategy group at baseline, year 1, and year 2 were 0.3 
(1.1), 0.6 (1.6), and 0.7 (1.9), respectively. For the MTX+Plac strategy group these scores 
were 0.4 (1.3), 0.6 (1.7), and 1.0 (2.2), respectively. Median (interquartile range; IQR) SHS 
JSN scores of the hand were 0 (0-0) for both strategy groups at all time points. We compared 
the number of patients who were JSN-free (=SHS JSN score of 0) at 2 years between the two 
treatment strategies. This was done in analogy with the primary endpoint in the original 
study regarding erosions (erosion-free at 2 years) and because of the limitation of the use 
of parametric statistical analyses with these highly skewed data. In the MTX+Pred group 
84% of the patients was JSN-free at 2 years, compared to 77% in the MTX+Plac group 
(p=0.28; Figure 6.1B.). Consequently, 16% vs 23% did demonstrate JSN according to SHS 
of the hand and wrist at 2 years. We did not find a statistically significant difference between 
the treatment strategies in the yearly progression rate of JSW changes of the hand and 
wrist using SHS JSN (p=0.271, linear mixed modelling, Table 6.2a). As the SHS JSN score 
has been developed for assessment of both hand and foot, we performed an additional 
analysis for this combined SHS JSN score. Similarly, we did not find a statistically significant 
difference between the treatment strategies of the yearly JSN progression rate of hand and 
foot (p=0.311; Table 6.2a).
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Figure 6.1: Sharp/van der Heijde joint space narrowing of the hand at baseline and after 2 years in the 
CAMERA-II trial. A. Sharp/van der Heijde (SHS) joint space narrowing (JSN) score distribution at 
baseline (T0) and year 2 (T2). B. Cumulative probability (%) of SHS JSN scores of the hand at year 2.
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Table 6.2a: Mean (95% CI) JSN progression rate per year using SHS 

MTX+Pred MTX+Plac p-value

SHS Hand (units) 0.19 (0.09; 0.30) 0.30 (0.14; 0.45) 0.271

SHS Hand + Foot (units) 0.30 (0.16; 0.44) 0.42 (0.23; 0.61) 0.311

SHS Hand: sum of all hand joints (range in our cohort: 0-7). SHS Hand + Foot: sum of all hand and foot joints 
(range in our cohort: 0-7).

Table 6.2b: Mean (95% CI) JSN progression rate of the hand per year using the automated joint space width 
quantification software ‘JSQ’

MTX+Pred MTX+Plac p-value

JSQ Hand (mm’s) -0.00 (-0.01; 0.01) -0.02 (-0.03; -0.01) 0.045

JSQ PIP (mm’s) -0.00 (-0.01; 0.01) -0.01 (-0.01; -0.00) 0.339

JSQ MCP (mm’s) -0.00 (-0.02; 0.01) -0.02 (-0.03; -0.00) 0.138

JSQ Wrist (mm’s) 0.00 (-0.02; 0.03) -0.03 (-0.05; -0.00) 0.072

JSQ Hand: average of PIP, MCP and wrist joints. mm: millimeter (range in our cohort: -0.19 - 0.30)

6.3.4 Joint space narrowing of the hand and wrist using JSQ between the 
treatment strategies

Next, we compared the change in JSW from baseline up to year 2 between the two treatment 
strategies using JSQ. The JSW data as quantified by JSQ was normally distributed both at 
baseline and at year 2 (see Figure 6.2). The JSW of the hand and wrist assessed using JSQ 
decreased statistically significantly more per year in the MTX+Plac strategy group than in 
the MTX+Pred strategy group (p=0.045; Table 6.2b). Of note, radiographic progression 
scores were larger for the SHS JSN method (units) than for the JSQ method (millimeters). 
 For the individual joint types there was no statistically significant difference between the 
treatment strategy groups. However, the wrist provides most information to the difference 
between the treatment strategy groups seen in the sum score of all joints.
 The SMD for the change from baseline to year 2 between the treatment strategies was 
0.37 for JSQ and 0.13 for SHS JSN (d >0.2 and <0.5 indicates small effect size).
 We performed sensitivity analyses excluding outliers based on absolute JSW at a time 
point, both for the full hand and for individual joint types (up to 3%, data not shown). These 
observations did not change our conclusions.



6

Sensitivity to change study | 103

T0
T2

T0
T2

T0
T2

T0
T2

T0
T2

T0
T2

T0
T2

T0
T2

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

Jointspace(inmm)
A

H
an

d
PI

P
M

C
P

W
ris

t

-1
.0

-0
.8

-0
.6

-0
.4

-0
.20.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Jointspacechangeinmm
(yr2-baseline)

M
TX

 +
 P

re
d

M
TX

 +
 P

la
c

B

H
an

d
PI

P
M

C
P

W
ris

t

T0
T2

T0
T2

T0
T2

T0
T2

T0
T2

T0
T2

T0
T2

T0
T2

-4-3-2-101234

Jointspace,Z-score

C

H
an

d
PI

P
M

C
P

W
ris

t

-3-2-10123

JointspacechangeinZ-score
(yr2-baseline)

M
TX

 +
 P

la
c

M
TX

 +
 P

re
d

D

H
an

d
PI

P
M

C
P

W
ris

t

Fi
gu

re
 6

.2
: J

oi
nt

 sp
ac

e w
id

th
 (c

ha
ng

e)
 q

ua
nt

ifi
ed

 b
y J

SQ
 o

f t
he

 h
an

d 
an

d 
w

ris
t, 

an
d 

of
 in

di
vi

du
al

 jo
in

t t
yp

es
.  A

. J
SW

 at
 b

as
el

in
e (

T0
) a

nd
 ye

ar
 2

 (T
2)

. B
. J

SW
 ch

an
ge

 fr
om

 b
as

el
in

e 
to

 ye
ar

 2
. C

. J
SW

 Z
-s

co
re

 at
 b

as
el

in
e (

T0
) a

nd
 ye

ar
 2

 (T
2)

. D
. J

SW
 Z

-s
co

re
 ch

an
ge

 fr
om

 b
as

el
in

e t
o 

ye
ar

 2
. H

an
d:

 av
er

ag
e o

f p
ro

xi
m

al
 in

te
rp

ha
la

ng
ea

l (
PI

P)
, m

et
ac

ar
po

ph
al

an
ge

al
 

(M
C

P)
 a

nd
 w

ris
t j

oi
nt

s (
w

ris
t: 

av
er

ag
e 

of
 tr

ap
ez

iu
m

-t
ra

pe
zo

id
es

-n
av

ic
ul

ar
, c

ar
po

-n
av

ic
ul

ar
-lu

na
te

 a
nd

 ra
di

oc
ar

pa
l j

oi
nt

s)
. Z

-s
co

re
s a

re
 sh

ow
n 

to
 m

ak
e 

th
e 

sc
or

es
 o

f d
iff

er
en

t 
jo

in
t t

yp
es

 d
ire

ct
ly

 co
m

pa
ra

bl
e.



104 | Chapter 6

6.4 Discussion

As far as we know, this is the first report on automated JSW change assessment in a 
clinical trial in RA including both hand and wrist joints. In this proof of concept study, 
we quantified JSW of the hand and wrist using the automated JSW quantification software 
package ‘JSQ’ and showed that the progression rate of JSW change was lower in the strategy 
group additionally receiving 10mg prednisone daily than in the strategy group additionally 
receiving placebo. A similar trend was observed when using the SHS method for JSN 
progression of the hand and wrist. However, it should be recognised that only a limited 
fraction of patients demonstrated JSN in this cohort. Thus, although the JSQ method may 
seem more sensitive to detect progression of JSW change of the hand and wrist than the 
SHS JSN method of the hand and wrist, no firm conclusions can be drawn and additional 
studies are needed to confirm our findings.
 We were able to detect a difference in JSW change using the JSQ program, even while 
radiographic progression over the total range was limited. This small difference is not 
clinically relevant. However, our finding, although preliminary, is a first indication that the 
JSQ method might be a sensitive method for JSW change assessment of the hand in early 
RA clinical trials in which limited radiographic progression is expected.
 If we compare the JSW change progression rates in the current study with yearly 
progression rates of between -0.03 up to -0.10 shown previously by other groups using 
(semi-)automated assessment methods [13, 15, 23], the progression rates we observed were 
relatively low. This is in line with the lower SHS JSN progression rate observed in our study 
compared to these studies. 
 As can be appreciated from our study, the wrist joints were the main contributors to the 
observed JSW changes of the hand joints. It could thus be argued that for JSQ assessment 
PIP, and perhaps even MCP, joints can be left out of the assessment, although including 
these joint types may lead to higher sensitivity of the method.
 Potentially, automated scoring of JSW changes using JSQ is time-efficient compared 
to SHS  JSN scoring. For the JSQ method some time is invested by an operator for pre-
processing of the images after which JSW quantification is done fully automated without 
intervention by an operator. The latter could, for example, even be performed overnight. 
SHS JSN requires ideally two experts individually scoring the radiographs, which costs 
time. However, the additional time burden of scoring JSN when already scoring erosions 
according to the SHS method may be limited. As we did not collect data on the time that 
was invested to perform SHS JSN scoring of the hand specifically we cannot draw any 
conclusions on this issue. In future studies, this time expenditure issue should be further 
investigated.
 Our study has several limitations. First, we performed this study in a subgroup of the 
original CAMERA-II study group because of limited availability of series of radiographs. 
However, we have shown that patient and disease characteristics, including radiography, of 
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this subgroup were similar to those of the whole study population. We therefore have no 
indication that our results would have been different if the total patient group would have 
been investigated. Second, we did not include the feet and have investigated JSN progression 
of the hand and wrist only. JSW quantification of the foot joints has not yet been developed 
for JSQ. Interestingly, the JSQ method of the hand and wrist appeared more sensitive than 
the SHS JSN method of both hand and wrist, and foot. Because of the similar bone structure 
of toes and fingers, probably a similar assessment method can be applied to the joints of the 
feet. This should be investigated. Third, we have only performed JSW change assessment in 
one study; results should be replicated in other studies. Moreover, our observation has been 
done in an early RA study population. It may be challenging to perform JSQ assessment 
in advanced disease. Our observations therefore cannot be generalised to trials of more 
advanced RA populations. Fourth, we ultimately aim for automated or computerised 
quantification of joint erosions as well, for the same reasoning as for JSW change: automated 
and computerised assessments could be more sensitive to detect change and could be highly 
time-efficient. Finally, JSN was seen in only 20% of patients at all, and was minimal in many 
of these patients, so robust conclusions are not possible.
 Nonetheless, only small differences in radiographic progression between treatment 
groups are to be expected in future clinical trials because of advances in treatments. More 
sensitive methods than the traditional available methods for the detection of all aspects of 
radiographic progression are therefore needed. To date, so far no computerised method 
for accurate detection of joint erosions based on X-rays has been developed [24, 25]. This 
is primarily because of the three dimensional nature of erosions and the two dimensional 
image of X-rays, which renders it difficult to detect the presence and quantify the volume of 
joint erosions accurately and reliably.
 In conclusion, in this proof of concept study we found a difference between the 
treatment strategy groups in the yearly progression rate of JSW change of hand and wrist 
using the JSQ method, and a similar trend for the SHS JSN method of the hand and wrist. 
Only a small fraction of patients demonstrated JSN of the hand and wrist according to 
SHS, the current gold standard to assess radiographic progression, and no firm conclusion 
can be drawn.  However, the current data suggests desirability of further exploration of the 
combined assessment of erosions by the SHS method with the measurement of JSW by the 
JSQ method to attempt to improve quantitative radiographic scoring toward better patient 
outcomes. 
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7.1 Summary

The gold standard for assessment of radiographic progression in rheumatoid arthritis (RA) 
is the Sharp/van der Heijde scoring method (SvdH), scoring both bone erosions (BEs) 
and joint space narrowing (JSN). SvdH scoring is observer-dependent, and thus ideally 
performed by two observers. The SvdH scores are on an ordinal scale with skewing of the 
distribution of scores towards 0, which is not optimal for statistical analysis. These aspects 
limit the sensitivity of SvdH scoring, which is increasingly an issue in the light of limited 
radiographic progression in early RA nowadays. With the introduction of automated 
methods for joint space width (JSW) measurement, in which there is less involvement of 
operators and data are on a continuous scale and normally distributed, potentially more 
sensitive and more objective assessment is to be expected. So far, (fully) automated JSW 
measurement mainly concentrates on hand radiographs. Several research groups have been 
working on this issue and have achieved some promising results. Yet, several aspects of 
automated JSW measurement still can be improved. The aim of the research presented in 
this thesis was to develop an automated system for radiographic hand JSW measurement in 
early RA, while addressing the limitations of the current automated methods. The value of 
the developed system in early RA was to be assessed.
 In the section below, we evaluate our work by answering the questions raised in the 
introduction.

1. Is the performance of JSN assessment influenced by methodological 
differences between conventional and automated methods?

To answer this question, two main methodological differences between conventional 
scoring and automated methods regarding JSN assessment were investigated in Chapter 2: 

·	 The difference in the joints to be assessed
·	 The difference in the reading strategies

Owing to the sensitivity of X-ray projection for wrist positioning and the overlap of wrist 
bones, so far no automated method can accurately measure the JSW of the 3rd through 5th 
carpometacarpal joints (CMC3-5), which are included in the conventional SvdH scoring 
method. The hand joints measured by automated methods are thus different than those 
assessed by the conventional SvdH scoring method. To ensure that excluding CMC3-5 
joints does not compromise quantification of JSN, which is an important prerequisite for 
further development of automated methods of JSN quantification, we have investigated 
the contribution of CMC3-5 joints to the total JSN (progression) scores in two cohorts of 
early RA patients (n=392). We have shown that exclusion of the CMC3-5 joints resulted 
in decrease in JSN score of 2.8-4.2%, and a decrease in JSN progression score of 1.9%-
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4.6%. These results revealed a small contribution of CMC3-5 joints to the JSN (progression) 
scores. Hence, on the group level, excluding the CMC3-5 joints has limited influence on 
JSN (progression) assessment.
 We additionally compared conventional JSN scoring, which is based on assessment of 
a joint while taking into account all other joints of a hand and multiple time points, with 
JSN scoring of individual joints of single time points (IJSTP). The latter reflects the reading 
strategy of automated methods. The difference in JSN (progression) scores between the 
two scoring methods was relatively small. Also similar signal-to-noise ratios were observed 
for IJSTP based and conventional JSN scoring. This shows that in early RA the difference 
between these reading strategies does not largely influence JSN (progression) assessment 
and shows the feasibility of using IJSTP-based reading for automated scoring of JSN 
(progression) in early RA.

2. To what extent can we improve automated measurement of radiographic 
finger JSW in early RA?

As presented in Chapter 3, we have improved several issues limiting automated methods 
on the measurement of radiographic finger JSW in early RA. 
 Firstly, we proposed an automated method to detect locations of all the joints on all 
fingers. The detection procedure was based on image features of the joint region and was 
aided by geometric relationship of finger joints. More than 99% of joint locations were 
detected with an error smaller than 3 mm with respect to the manually indicated gold 
standard. In particular, we have decreased the error rates to 1% for the thumb interphalangeal 
joint (IP) and the metacarpophalangeal joint (MCP), of which the detection rates were not 
satisfactory in the previous studies [1, 2].
 Secondly, we proposed an automated method to detect the margins of all distal 
interphalangeal (DIP), proximal interphalangeal (PIP) and MCP joints. In this method, 
the joint margins were detected by combining intensity values and spatially constrained 
intensity derivatives, refined by an active contour model. Compared with other methods 
published, our proposed multi-scale mask of the upper margin effectively removes the 
false margins that are beneath or above the actual upper margin. In addition, the spatial 
constraint of the upper and lower margins aids the detection of the margins affected by 
bone overlapping, further strengthening our method.
 Thirdly, we defined a landmark-based JSW measurement span and a distance metric 
for JSW measurement. The span identification procedure was automated for use in clinical 
studies. The overall JSW error compared with the ground truth was 6.8%, showing the 
feasibility of the presented automated method for finger JSW measurement in early RA.
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3. To what extent is automated measurement of radiographic wrist JSW in 
early RA feasible?

We have demonstrated in Chapter 4 the feasibility of automated measurement of 
radiographic wrist JSW in early RA.
 Firstly, we proposed an automated method to locate the three wrist joints which are least 
affected by bone overlapping and are frequently affected in RA. These joints are situated 
around the scaphoid bone, viz. the multangular-navicular (MNA), capitate-navicular-
lunate (CNL), and radiocarpal (RC) joints. The joint space around the scaphoid bone was 
detected by using consecutive searches of separate path segments, where each segment 
location aided in constraining the subsequent one. Importantly, localization of the MNA 
joint-the most critical joint in hand JSN assessment-has been automated for the first time. 
 Secondly, we were the first to automate the procedure of wrist margin delineation and the 
subsequent JSW measurement for each joint. With our method, boundaries not affected by 
X-ray projection of the three wrist joints mentioned above were extracted at first, followed 
by a back-trace process to obtain the actual joint margin. The proper JSW measurement 
span was derived from a correlation analysis between the automatically measured JSW over 
a certain span portion and the JSW gold standard, measured using the entire manually 
indicated margins. The joint middle span portions (10% - 100%) were tested, with an 
optional span shift of maximum 10% from the joint center. The span portion of which the 
JSW had the best correlation with the ground truth was acquired and was set as the optimal 
span portion for automated JSW measurement. With our method 90% of the three types 
of joints had a JSW which deviated less than 20% of the JSW of the manual indications. 
Note that SvdH scoring uses 50% of narrowing of a joint space as the threshold for different 
scoring categories. That means the error of our automated measurement method remains 
within these limits.

4. What is the benefit of using a hand mould during radiograph 
acquisition?

In Chapter 5, the potential benefits of using the ZGT FingerFix hand mould were 
investigated. In a group of RA patients consecutively visiting the outpatient clinic, we have 
shown that using the ZGT FingerFix resulted in improved repeatability of joint damage 
assessment for the SvdH method, but not for automated hand JSW measurement using 
our software package ‘Joint Space Width Quantification’ (JSQ). However, we did find a 
slight improvement for the repeatability of the automated PIP JSW measurement. Our 
findings suggest that using the ZGT FingerFix may reduce the subjectivity of readers and 
potentially improve sensitivity of SvdH scoring. Regarding our software package JSQ, it 
may be advisable to use the ZGT FingerFix if a highly sensitive JSW measurement is needed 
for the PIP joint. Moreover, JSQ was developed for JSW measurement in early RA, whereas 
these analyses were done in a group of patients mainly with established RA, which is a 
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limitation of this study. It might still be possible that the use of the ZGT FingerFix during 
radiograph acquisition is favorable in automated JSW measurement in early RA, if only a 
limited number of severely damaged hand joints are present. 

5. Can we prove the value of our automated method on the quantification 
of hand JSN in early RA?

To answer this question, the sensitivity of our automated hand JSW measurement method 
in early RA was investigated in a sub-group of a treatment strategy trial in early RA, in 
which no statistical differences in JSN progression were observed using conventional SvdH 
scoring. Using the automated method, the yearly progression rate of JSW change of the 
hands was higher in the group initiating placebo in addition to conventional treatment than 
in the group initiating prednisone in addition to conventional treatment. A similar trend 
was seen with JSN assessment according to the SvdH scoring method of the hand. However, 
the effect size was larger when using the automated method JSQ than the conventional 
SvdH scoring method. This proof of concept study shows that our automated method is 
sensitive to JSN progression of the hand in an early RA clinical trial, in which only limited 
radiographic progression was present.

7.2 Discussion

7.2.1 General discussion
The last decades, treatment of early RA has substantially improved with the introduction 
of tight-control and treat-to-target strategies, as well as the advent of biological treatment 
regiments. As a result, radiographic progression in early RA is much less prominent than 
in the past. Conventional scoring methods of radiographic progression, performed by 
individual readers, are hardly sensitive enough to detect these limited changes in joint 
damage. More and more research groups are therefore focusing on automated joint damage 
quantification. Automated analysis is less-and may be not-rater dependent. Importantly, 
automated analysis uses continuous rather than ordinal scales for radiographic joint damage 
quantification, an inherent advantage over conventional scoring methods. It may provide a 
potentially more objective and more sensitive method for joint damage assessment.
 In this thesis, we addressed the limitations of the current automated methods and 
developed an automated system for radiographic hand JSW measurement in early RA.
 The development of the systems started with the prerequisite investigation. We showed 
that the CMC3-5 joints, of which the JSW cannot be accurately measured by automated 
methods so far, contributed limitedly to JSN (progression) assessment (Chapter 2). This 
finding is important for the further development of our automated methods. Additionally, 
we showed that the difference in the reading strategies between conventional scoring and 
automated methods did not lead to a significant difference in JSN (progression) scores. This 
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shows the feasibility of using individual joint based method for scoring of JSN (progression) 
in early RA.
 To address the limitations of the current automated methods on radiographic hand JSW 
measurement of patients with early RA, we have proposed several methods. These methods 
focus on the automated detection of locations and margins of the joints of both the fingers 
and wrist (Chapter 3 & Chapter 4). Importantly, we are the first to show the feasibility of 
automated l JSW measurement of the radiographic wrist joints of patient with early RA. The 
automated method for JSW measurement of both fingers and wrist are now available. Based 
on our proposed methods, a software package “JSQ” has been developed, which is a tool 
potentially to be used in clinical studies for objective and reliable assessment of hand JSN.
 In Chapter 5, we have shown that use of the ZGT FingerFix hand mould during 
hand radiograph acquisition resulted in a notable improvement of the repeatability of 
joint damage assessment for the SvdH scoring method, but not for the automated JSW 
measurement by JSQ. It is recommended to use the ZGT FingerFix hand mould for SvdH 
scoring, which eases scoring procedure by setting all hands in the same position and may 
reduce the subjectivity of scoring caused by individual readers. In contrast with the SvdH 
scoring, no noticeable improvement was observed for the automated JSW measurement 
by JSQ, although a slight improvement on the automated JSW measurement of the PIP 
joint was present. Compared with the MCP and wrist joints, the PIP joint contains two 
unsymmetrical space compartments (radial and ulnar sides), making the joint structure 
more complex. A slight rotation along the finger may change the relative span breadth/
size of the two compartments present in the radiograph, and lead to variation in the 
measured JSW. For this reason, using the ZGT FingerFix is recommended if a sensitive 
JSW measurement is needed for the PIP joint.
 In Chapter 6, we showed in a proof of concept study, that our automated JSW 
measurement by JSQ has higher sensitivity to change in JSW than the SvdH JSN scoring 
method. Based on these results, it might be recommended to incorporate our automated 
method in JSN studies of early RA clinical trials, so as to provide an objective and sensitive 
assessment of radiographic hand JSW change.

7.2.2 Future work
The developed automated JSQ system for JSW measurement might be optimized from a 
practical point of view. The system should be robust and user-friendly. Ideally, it can handle 
any errors encountered gracefully: the user interface should be intuitive and the human-
machine interaction should be easier and more efficient.
 More research should also be done on handling the radiographs with more damaged 
joints and with low image quality if the method is used in such cases. In our early RA study 
cohort (Chapter 6), the overall radiographic damage was limited. The value of the JSQ 
system should be investigated in cohorts with more radiographic progression. In addition, 
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the system should be robust to image quality, less sensitive to noise, image resolution, and 
intensity range.  
 Furthermore, automated JSW measurement of the foot joints should be developed and 
incorporated in JSQ. Although JSN assessment using our current automated JSQ method 
appears more sensitive than using the SvdH scoring method, incorporating the automated 
JSW measurement of the foot joints might improve the overall sensitivity of the JSN 
assessment. This is also useful for individual cases, where only JSN of foot joints is present, 
while the hand joints are still free of damage. The measurement method could be similar 
to that of the finger joints, considering the similarity in bone structures and anatomy. As 
mentioned before, the main challenge of automated JSW measurement of the foot joints 
is bone overlapping. Limited user intervention thus may be considered, so as to make the 
JSW measurement of the foot joints feasible and accurate, without penalizing much of the 
measurement objectivity. 
 A complete assessment of joint damage in RA should also include measurement of 
BEs. Automated measurement of BEs is preferably to be implemented as well, for the same 
reasoning as for JSW change: automated measurement could be more sensitive to detect 
change and could be highly time-efficient. However, an accurate and reliable measurement 
of BEs based on X-rays is especially difficult for a computer owing to its 3D nature and the 
2D characteristic of X-ray images. Variation in hand positioning may affect the appearance 
of BEs in radiographs, leading to a potentially low repeatability of measurement of BEs. 
Difference in illumination settings during radiograph acquisition may also negatively 
influence the identification and measurement of BEs. Despite of these challenges, a recent 
exploratory study by Kauffman showed a feasibility of visualizing BEs between two follow-
up hand radiographs [3]. It was achieved with an intensity-calibrated image subtraction 
technique. With the advent of ZGT FingerFix, this method might be expectable for a good 
start of a robust automated measurement of BEs. This needs to be investigated in future.
 In the current stage, in order to achieve the optimal ability on the assessment of joint 
damage progression in early RA, our recommendation is to combine automated JSW 
measurement with manual scoring of BEs. This could be the best tradeoff between automated 
measurement and the scoring, and would provide the most sensitive and practical method 
for assessment of radiographic joint damage progression. Limited operator intervention 
may also be advisable for the automated method if it can improve the success rate and 
reliability of JSW measurement. This especially holds for handling radiographs of which 
the acquisition protocol is not standardized. Such radiographs may be over-/underexposed, 
may contain body parts (e.g. small finger or thumb) that overlap with or even exceed the 
radiograph borders, and may contain overlapping bones or large portion of ambiguous 
joint margins. Although the overall success rate and accuracy of the developed automated 
JSW measurement system are promising, operator interventions, such as separating fingers 
with bright radiograph borders, are advisable, and the verification of the measurement 
results by an operator is recommended. 
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 Finally, it would be interesting to investigate the use of the JSQ method for osteoarthritis, 
in which JSW change is a major disease characteristic. The investigation may start with 
finger joints and then extend to more challenging joints, e.g. the first CMC joint at the 
thumb base [4].
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Nederlandse samenvatting
De Sharp/van der Heijde methode (SvdH) is op dit moment de meest gangbare methode 
voor het beoordelen van radiologische progressie bij reumatoïde artritis (RA). Bij deze 
methode kijkt men naar zowel botafbraak als naar vernauwing van de gewrichtsspleet 
(‘joint space narrowing’, JSN). SvdH is waarnemer-afhankelijk en wordt daarom idealiter 
uitgevoerd door twee waarnemers. De scores worden gegeven op een ordinale schaal, waarbij 
de verdeling van de resultaten een scheefheid naar nul heeft. Voor een goede statistische 
analyse is dit niet gewenst. Deze zaken beperken de sensitiviteit van de SvdH methode, 
wat, vanwege de beperkte radiologische progressie bij vroege RA, in toenemende mate 
een probleem vormt. Met de introductie van geautomatiseerde methoden voor het meten 
van de gewrichtsspleetbreedte (‘joint space width’, JSW), is er minder menselijke interactie 
nodig is en zijn de metingen continu en tevens normaal verdeeld. Er wordt verwacht dat 
de beoordelingen hierdoor sensitiever en objectiever zullen zijn. Tot dusver worden de 
(volledig) geautomatiseerde JSW metingen voornamelijk toegepast op röntgenfoto’s van 
handen. Verscheidene onderzoeksgroepen hebben met succes aan dit onderwerp gewerkt. 
Toch zijn er tal van aspecten aan de geautomatiseerde JSW metingen voor verbetering 
vatbaar. Het doel van het onderzoek in dit proefschrift was het ontwikkelen en evalueren 
van een geautomatiseerd systeem voor hand-JSW metingen in röntgenfoto’s bij vroege RA, 
met inachtneming van de beperkingen van bestaande geautomatiseerde methoden.
 In de volgende paragrafen evalueren we ons werk door de vragen in de inleiding te 
beantwoorden.

1. Wordt de kwaliteit van de JSN metingen beïnvloed door methodologische 
verschillen tussen conventionele en geautomatiseerde methoden?

Om deze vraag te beantwoorden, werden in hoofdstuk 2 de twee belangrijkste 
methodologische verschillen tussen conventionele en geautomatiseerde methoden voor de 
beoordeling van JSN onderzocht:

·	 Het verschil in de te beoordelen gewrichten
·	 Het verschil in de manier van meten

Vanwege het feit dat de röntgenprojectie gevoelig is voor de positionering van de pols en de 
overlap van de polsbeentjes, bestaat er tot op heden nog geen geautomatiseerde methode 
die de JSW van het 3e tot en met het 5e carpometacarpale gewricht (CMC3-5) nauwkeurig 
kan vaststellen. Doordat het vaststellen hiervan onderdeel is van de conventionele SvdH 
methode, verschillen de geautomatiseerde metingen van conventionele metingen aan de 
handgewrichten. Voor de verdere ontwikkeling van de geautomatiseerde JSN meetmethoden 
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is het belangrijk om er zeker van te zijn dat de kwantificatie van de JSN niet in het geding 
komt door uitsluiting van de CMC3-5 gewrichten. Hiertoe onderzochten we de bijdrage 
van de CMC3-5 gewrichten aan de netto JSN (-progressie) scores in twee cohorten met 
vroege RA patiënten (n=392). We vonden dat het uitsluiten van de CMC3-5 gewrichten 
resulteerde in een verlaging van de JSN score met 2,8 tot 4,2%, en een verlaging van de JSN-
progressie score van 1,9 tot 4,6%. Deze resultaten lieten zien dat de bijdrage van de CMC3-5 
gewrichten aan de netto JSN (-progressie) scores relatief klein is. Het uitsluiten van deze 
gewrichten zal daarom, op groepsniveau, slechts een geringe invloed op de beoordeling van 
JSN(-progressie) hebben.
 Aansluitend hebben we conventionele JSN metingen, welke gebaseerd zijn op de 
beoordeling van een gewricht in relatie tot alle andere handgewrichten en tot verschillende 
tijdspunten, vergeleken met JSN metingen van individuele gewrichten op één enkel tijdspunt 
(‘individual joints of single time points’, IJSTP). Dit laatste weerspiegelt de manier waarop 
de geautomatiseerde methoden hun metingen verrichten. Het verschil in JSN (-progressie) 
scores tussen beide methoden was relatief klein. Ook de signaal-ruis-verhoudingen bij 
de IJSTP-gebaseerde en conventionele methoden bleken vergelijkbaar. Deze resultaten 
lieten zien dat het verschil tussen beide meetstrategieën nauwelijks van invloed is op 
de beoordeling van JSN (-progressie) bij vroege RA, en dat IJSTP-gebaseerde metingen 
bruikbaar zijn voor geautomatiseerde beoordeling van JSN (-progressie) bij vroege RA.

2. In hoeverre is de geautomatiseerde meting van vinger-JSW in 
röntgenfoto’s te verbeteren?

Zoals gepresenteerd in hoofdstuk 3, hebben we verscheidene beperkingen van 
geautomatiseerde methoden voor het meten van vinger-JSW in röntgenfoto’s bij vroege RA 
verbeterd.
 Eerst hebben we een methode geïntroduceerd om automatisch de locaties van alle 
gewrichten in alle vingers te detecteren. De detectieprocedure was gebaseerd op beeld-
kenmerken in het gebied rondom het gewricht, en werd ondersteund door de geometrische 
relatie tussen de gewrichten van de vingers. Meer dan 99% van de gedetecteerde locaties 
had een foutmarge van minder dan 3 mm ten opzichte van handmatige intekeningen. Een 
belangrijke kanttekening is dat we de foutratio in de detectie van het interfalangeale gewricht 
van de duim en het vingerbasisgewricht (metacarpofalangeale gewricht, MCP) hebben 
kunnen terugdringen tot 1%. Deze foutratio bleek te hoog in voorgaande onderzoeken.
 Vervolgens hebben we een geautomatiseerde methode voor de detectie van 
de gewrichtsvlakken van alle distale interfalangeale gewrichten (DIP), proximale 
interfalangeale gewrichten (PIP) en MCP gewrichten voorgesteld. In deze methode werden 
de gewrichtsvlakken gedetecteerd aan de hand van de beeld-intensiteiten en hun spatiele 
afgeleiden. De detectie werd verder verfijnd door een ‘active contour model’. Door gebruik 
van ons multi-schaal masker van het bovenste gewrichtsvlak bleek het mogelijk om foutief 
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gedetecteerde vlakken (erboven of eronder) effectief te verwijderen. Dit in tegenstelling 
tot andere gepubliceerde methoden. Daarnaast werd onze methode versterkt door de 
begrenzing van de van bovenste en onderste gewrichtsvlakken, wat helpt bij de detectie van 
de vlakken die wordt bemoeilijkt door overlappend bot. 
 Tot slot hebben we een landmark-gebaseerde methode ontwikkeld om het bereik voor 
de JSW meting vast te stellen, alsmede een afstandsmaat voor JSW. De methode voor het 
bepalen van het bereik is geautomatiseerd voor gebruik in klinisch onderzoek. De netto 
afwijking in JSW was 6,8%, wat laat zien dat onze geautomatiseerde methode voor vinger-
JSW toepasbaar is bij vroege RA.

3. In hoeverre is geautomatiseerde meting van pols-JSW in röntgenfoto’s 
toepasbaar bij vroege RA?

In hoofdstuk 4 hebben we laten zien dat geautomatiseerde meting van pols-JSW in 
röntgenfoto’s toepasbaar is bij vroege RA.
 Allereerst hebben we een geautomatiseerde methode geïntroduceerd voor de lokalisatie 
van de drie gewrichten in de handwortelbeetjes die het minst door bot-overlap belemmerd 
worden en vaak worden aangetast in vroeg RA. Deze drie gewrichtjes liggen rond het os 
scaphoideum; de multangular-navicular (MNA), capitate-navicular-lunate (CNL)  en het 
radiocarpale (RC) gewricht. De gewrichtsspleet rond het os scaphoideum werd gedetecteerd 
door herhaaldelijk te zoeken naar aaneensluitende delen van de spleet, waarbij elk nieuw 
deel bijdroeg aan de lokalisatie van de volgende. Een belangrijke kanttekening hierbij is, dat 
dit de eerste keer is dat de lokalisatie van het MNA-gewricht-het belangrijkste gewricht in 
de beoordeling van hand-JSN-geautomatiseerd is.
 Vervolgens waren wij de eersten die procedure voor de intekening van het gewrichtsvlak 
van de pols en de daaropvolgende JSW-meting voor elk gewricht geautomatiseerd 
hebben. De eerste stap in onze methode was de detectie van duidelijke randen van de 
bovenstaande drie polsgewrichtjes, gevolgd door een ‘backtrace-methode’ om de eigenlijke 
gewrichtsvlakken te vinden. Het uiteindelijke bereik waarover de JSW gemeten werd, werd 
verkregen door middel van correlatieanalyse tussen mogelijke bereiken en een gouden 
standaard voor de JSW. Deze gouden standaard werd verkregen door JSW-meting over het 
gehele bereik van handmatig ingetekende gewrichtsvlakken. De correlatie werd uitgevoerd 
op de middelste stukken van het totale bereik (10% tot 100%), met een verplaatsing van 
maximaal 10% ten opzichte van het middelpunt van het gewricht. Het stuk van het bereik 
waarvoor de correlatie met de gouden standaard het hoogste was, werd gebruikt voor de 
automatische JSW metingen. Met onze methode week 90% van de JSW van de drie types 
gewrichten minder dan 20% af van de handmatige intekeningen. Hierbij valt op te merken 
dat de SvdH-scoring een marge van 50% gewrichtsspeetvernauwing hanteert. De fout op 
onze geautomatiseerde methode ligt dus ruim binnen deze marge.



124 | Nederlandse samenvatting

4. Wat is het voordeel van het gebruik van een hand-mal bij het maken 
van röntgenfoto’s?

In hoofdstuk 5 werden de mogelijke voordelen van het gebruik van de ZGT FingerFix hand-
mal onderzocht. In een opeenvolgende groep van poliklinische RA-patiënten lieten we zien 
dat het gebruik van de ZGT FingerFix de reproduceerbaarheid van de beoordeling van 
gewrichtsbeschadiging middels de SvdH methode verbetert, maar dat het geen verbetering 
oplevert bij JSW metingen met ons software pakket ‘Joint Space Width Quantification’ 
(JSQ). We vonden echter wel een kleine verbetering in de reproduceerbaarheid van de 
geautomatiseerde PIP-JSW metingen. Onze bevindingen suggereren dat het gebruik van de 
ZGT FingerFix de subjectiviteit van de waarnemers beperkt, en daarmee de gevoeligheid 
van de SvdH methode mogelijk doet toenemen. Indien het gewenst is om de JSW van het 
PIP-gewricht nauwkeurig te meten, dan is het ook aan te raden om de ZGT FingerFix te 
gebruiken met ons softwarepakket JSQ. Overigens is JSQ ontwikkeld voor JSW-meting 
bij vroege RA, terwijl de beschreven metingen zijn uitgevoerd in een patiëntengroep met 
vastgestelde RA. Dit is een beperking van dit onderzoek. Daarom zou het nog steeds zo 
kunnen zijn dat het gebruik van de ZGT FingerFix een voordeel geeft bij geautomatiseerde 
JSW-meting in vroege RA, wanneer er slechts een beperkt aantal handgewrichten in 
ernstige mate beschadigd is.

5. Kunnen we de toegevoegde waarde van onze geautomatiseerde methode 
voor de kwantificatie van hand-JSN bij vroege RA verbeteren?

Om deze vraag te beantwoorden, werd de sensitiviteit van onze geautomatiseerde methode 
bij vroege RA onderzocht in een subgroep van een trial naar het behandelplan bij vroege RA, 
waarbij er geen verschillen in JSN-progressie werden bevonden met conventionele SvdH 
scoring. Met de geautomatiseerde methode bleek de jaarlijkse afname in JSW groter in de 
patiëntengroep die naast de conventionele behandeling placebomedicatie kreeg, dan in de 
patiëntengroep die naast de conventionele behandeling prednison kreeg. Eenzelfde trend 
werd vastgesteld bij hand-JSN beoordeling middels SvdH scoring. Het effect was echter 
groter met de geautomatiseerde JSQ methode dan met de conventionele SvdH methode. 
Dit ‘proof of concept’-onderzoek liet zien dat onze geautomatiseerde methode gevoelig is 
voor hand-JSN progressie in een klinische trial naar vroege RA, waarbij erg slechts geringe 
progressie zichtbaar was op de röntgenfoto’s.



P

List of publications | 125

List of publications
Publications in international journals
·	 Y. Huo, M. J. H. de Hair, Y. O. Shaib, D. van der Heijde, N. O. Kuchuk, M. A. Viergever, J. M. 

van Laar, K. L. Vincken, F. P. Lafeber, “Computerised versus conventional methodology 
of radiographic joint destruction assessment in early rheumatoid arthritis,” RMD open, 
vol. 1, no. 1, p. e000148, 2015.

·	 Y. Huo, K. L. Vincken, D. van der Heijde, M. J. H. de Hair, F. P. Lafeber, M. A. Viergever, 
“Automatic quantification of radiographic finger joint space width of patients with early 
rheumatoid arthritis,” IEEE Trans. Biomed. Eng., vol. 63, no. 10, pp. 2177–2186, 2016.

·	 Y. Huo, K. L. Vincken, D. van der Heijde, M. J. H. de Hair, F. P. Lafeber, M. A. Viergever, 
“Automatic quantification of radiographic wrist joint space width of patients with 
rheumatoid arthritis”, submitted.

·	 Y. Huo, N. J. Besselink, R. D. Veldhuizen, S. C. Mastbergen, H. J. Bernelot Moens, J. M. 
van Laar, K. L. Vincken, M. A. Viergever, F. P. Lafeber, M. J. H. de Hair, “Reliability and 
repeatability of joint damage assessment in rheumatoid arthritis using a mould during 
acquisition of hand radiographs”, submitted.

·	 O. Schenk, Y. Huo, K. L. Vincken, M. A. van de Laar, H. H. Kuper, C. H. Slump, F. P. 
Lafeber, H. J. Bernelot Moens, “Validation of automatic joint space width measurements 
in hand radiographs in rheumatoid arthritis,” J. Med. Imag., vol 3, no 4, p044502, 2016.

·	 Y. Huo, R. D. Veldhuizen, D. van der Heijde, N. J. Besselink, J. W. G. Jacobs, J. M. van 
Laar, M. A. Viergever, K. L. Vincken, F. P. Lafeber, M. J. H. de Hair, “Automated joint 
space width quantification of hand and wrist joints: a proof of concept study,” Clin. Exp. 
Rheumatol., vol. 34, no. 5, Suppl. 101, pp. 34–39, 2016.

Publications in international conference proceedings
·	 Y. Huo, K. L. Vincken, M. A. Viergever, F. P. Lafeber, “Automatic joint detection in 

rheumatoid arthritis hand radiographs,” in Proceedings of International Symposium on 
Biomedical Imaging (ISBI), 2013, pp. 125–128.

·	 Y. Huo, K. L. Vincken, D. van der Heijde, M. A. Viergever, F. P. Lafeber, “Automatic wrist 
joint margin delineation in rheumatoid arthritis hand radiographs”, in Proceedings of 
Computer Assisted Radiology and Surgery (CARS), 2014, vol 9, p. S39.



126 | Acknowledgments

Acknowledgments
Accomplishing this PhD is nothing more than a test of perseverance. After so many years, 
all my efforts have eventually paid off. I would like to sincerely thank all the people that 
helped me during my PhD period, without whom I would not be able to complete this 
long-term journey.

I would like to thank my co-supervisors Dr. ir. Koen Vincken and Dr. Marjolein de Hair. 
Koen, thank you for your contributions of time, expertise knowledge and all the guidance 
during my PhD study. You are a great person to work with and your enthusiasm is extremely 
motivating. You can always find time for me, no matter how heavy your workload is. You 
are such a person that is full of responsibility. Marjolein, it is hard to imagine a more 
supportive clinical co-supervisor than you. You helped me so much on data analyses, 
manuscript writing and revisions. With your aids, we can then convert the clinical studies 
into publications promptly and smoothly.

I would like to thank my supervisor Prof. dr. ir. Max Viergever. Max, you are one of the 
most competent professors I have ever met in my life, both as an educator and as a faculty 
manager. As a saying goes, one is influenced by the person he constantly sees and hears. 
Max, thank you for teaching me so much these years, both consciously and unconsciously. 

I would like to express my sincere gratitude toward my supervisor Prof. dr. Floris Lafeber. 
Floris, you are like Santa Claus in my eyes. You are always there for the encouragements 
and never willing to be strict with me. Moreover, thank you for your advices on the clinical 
studies, which are in-depth and usually give me good research inspirations.

I would like to thank Dr. Kenneth Gilhuijs. Kenneth, thank you for your faith in me and 
provided me with the position of scientific programmer. Without your support, I cannot 
finalize this PhD research.

I would like to thank all the extraordinary people that I have worked with, for their valuable 
contributions to my PhD research. Prof. dr. Désirée van der Heijde, thank you for your 
critical but very helpful comments on the research and on each manuscript, from the very 
beginning of my PhD study. Dr. Hein Bernelot Moens, Olga Schenk, thank you for the 
good advice and collaboration. Nick, Yasmin, Renske, Marieke and Maal, of you I have 
had the pleasure to work alongside. I very much appreciated your efforts on our clinical 
studies. Maud, Anne Karien, and Marjolein (Sijbers Klaver) thank you for the clinical data 
management. Dr. Hans Jacobs, Prof. dr. Jacob van Laar, Dr. Simon Mastbergen and Dr. 
Natalia Kuchuk, thank you for your valuable comments on the manuscripts. Your expertise 
in paper reviewing and publishing ensures the manuscripts on the right way to publication.



A

Acknowledgments | 127

I would like to thank my reading committee members: Prof. dr. Hans Bijlsma, Prof. dr. Pim 
de Jong, Prof. dr. Harrie Wienans, Prof. dr. Bart Romeny and Prof. dr. Ronald Bleys. Thank 
you for your time and interest to this thesis.

During my PhD study, I am fortunate to have so many nice roommates. Sjoerd and Job, 
you guys accompanied with me the longest time. Sjoerd, you are so energetic and always 
enthusiastic towards research and life. You are like the sun along with me, and help me pass 
through my tough period. Job, you are a guy always ready to help your roommates and the 
other colleagues. You know so much about MRI techniques and are good at explaining a 
complicated theory using plain words. Moreover, I really admire your organizing ability 
and creative ideas. Edwin, we stayed together for just a few months, but it seems that we 
have been friends for a quite long time. It is an enjoyable moment to discuss programming 
skills with you and thank you for helping me with my Dutch learning. Bas and Floor, you 
are my latest roommates. Bas, we have the same “Boss”, and it is always delightful to have 
discussions with you regarding our current research. Floor, I am a bit jealous of you for 
your high-level English speaking and writing skills. Thank you for correcting my English 
mistakes occasionally, and thank you for your advice on thesis formatting.

I would like to thank Dr. Hugo Kuijf and Thessa Kockelkorn. Hugo, as “Mr. Know-
Everything”, you are such an all-around researcher. No matter what confusions I have, I 
can always get hints and inspirations from you. Thessa, you are so friendly and considerate. 
It is a nice memory that we fought together in the last few months, towards the end of our 
PhD studies.

I would like to thank our technical and administrative staff. Gerard, thank you for saving 
my hard disk and taking care of my working computer. Renée, Marjan and Jacqueline, 
thank you for all the administrative and organizational help. Monique, as the secretory in 
the Rheumatology department, you always reply my emails promptly. Thank you for your 
efficient meeting arrangements.

I would like to thank all the rheumatologists and colleagues that attended the Monday 
meeting and gave feedbacks to my clinical research. Particularly, Hans, Harrie, Simon, Nick, 
Bart, Thijmen, Xavier, thank you for your comments and the suggestions on the statistical 
analyses.

I owe a debt of gratitude to our friendly technicians Arno, Marion, Kim and Katja. I have 
had appointments in the “Lab” so many times. Sorry for the disturbing, and thank you for 
your generosity and patience. 

I would like to thank all the staff and PhD candidates in “Q” building and “oiosteeg”, for 
the great time I had during my PhD study. Wilbert, thank you for organizing the fantastic 
“Christmas Party” every year. Marijn, it was a great fun to play table tennis with you. Sjoerd 



128 | Acknowledgments

(Vos), Hendrik, Miekee, Chantal, Nynke, Floris, Mitko, Paul, Yolanda and Lisette, it was a 
nice time that we chatted together during our coffee breaks, with so many jokes and gossips. 
Bruno, we had a good travel in Fukuoka.  I still remember that many Japanese kids were 
very interested in your poster tube and beard. Jelmer, Bob and Pim, you created the “super 
brain” of our faculty, which learns everything automatically and effectively. Thank you for 
showing me the cool tools you discovered occasionally. Jurica and Szabolcs, you guys are 
fabulous and crazy. Thank you for organizing wonderful parties in “Jiggz mansion”. 

I would like to thank all my friends for bringing joy to my private life. Marc, Rieneke and 
Guido. All of you have a very pleasant character. I really enjoyed our casual chats. Rashid, 
it was interesting and inspiring to hear your career planning. I wish you a lot success for 
your PhD journey. Zhao Lei, you visited ISI for only a few weeks, but I really benefited from 
your religious knowledge. Jieyu, Abby, Yipu, Ao, Xiaoxu, Fenghua and my other invaluable 
friends, thank you for all the good moments we spent together.

In the Netherlands, I have experienced a family-like caring. Uncle Han, thank you for 
driving me around and inviting me for dinner once in a while. Moreover, It was a pleasure 
talking with you.

Last but not least, I am deeply grateful to my family for supporting all my pursuits. Mom, 
dad and my younger sister, thank you for always believing in me. I hope that this thesis may 
make you proud.



C

Curriculum Vitae | 129

Curriculum Vitae
Yinghe Huo was born in Shandong, China, on December 20, 
1986. In 2010, he received his M.Sc degree (cum laude) in 
Leiden University, with a specialization on computer vision. 
From 2011, he started as a PhD candidate at the Image Sciences 
Institute, University Medical Center Utrecht, focusing on 
automated measurement of joint space width in early 
rheumatoid arthritis hand radiographs. Since 2016, he has 
been working at the same faculty, focusing on automated 

segmentation of breast cancer and quantification of its response to chemotherapy in 
dynamic contrast-enhanced MRI images.




