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Detection of Fine Radiographic
Progression in Finger Joint Space
Narrowing Beyond Human Eyes:
Phantom Experiment and Clinical
Study with Rheumatoid Arthritis
Patients

Kazuki Kato!, NobutoshiYasojima?, Kenichi Tamura3, Shota Ichikawa*, Kenneth Sutherland®,
Masaru Kato(®?¢, Jun Fukae’, Kazuhide Tanimura’, Yuki Tanaka?, Taichi Okino®, Yutong Lu° &
Tamotsu Kamishima®?®

The visual assessment of joint space narrowing (JSN) on radiographs of rheumatoid arthritis (RA)
patients such as the Genant-modified Sharp score (GSS) is widely accepted but limited by its subjectivity
and insufficient sensitivity. We developed a software application which can assess JSN quantitatively
using a temporal subtraction technique for radiographs, in which the chronological change in JSN
between two radiographs was defined as the joint space difference index (JSDI). The aim of this study

is to prove the superiority of the software in terms of detecting fine radiographic progression in finger
JSN over human observers. A micrometer measurement apparatus that can adjust arbitrary joint space
width (JSW) in a phantom joint was developed to define true JSW. We compared the smallest detectable
changes in JSW between the JSDI and visual assessment using phantom images. In a clinical study,

222 finger joints without interval score change on GSS in 15 RA patients were examined. We compared
the JSDI between joints with and without synovial vascularity (SV) on power Doppler ultrasonography
during the follow-up period. True JSW difference was correlated with JSDI for JSW differences ranging
from 0.10 to 1.00 mm at increments of 0.10 mm (R>=0.986 and P < 0.001). Rheumatologists were
difficult to detect JSW difference of 0.30 mm or less. The JSDI of finger joints with SV was significantly
higher than those without SV (P =0.030). The software can detect fine differences in JSW that are
visually unrecognizable.

Rheumatoid arthritis (RA) is a systemic inflammatory disease characterized by destructive synovitis". Synovial
inflammation promotes an immune response that causes articular cartilage degradation leading to joint space
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Proportion, TMA powder: Epoxy adhesive 1:5
Sintering temperature 1370K
Mean particle diameter 106 pm <
CT value 340HU

Table 1. Preparation of TMA material.

narrowing (JSN)**. “Tight control” and “treat to target” are treatment strategies for RA in which the aim is to
achieve low disease activity or clinical remission with tailoring to the RA activity of an individual patient>”’.

For assessment of RA progression and therapeutic response, radiography is commonly utilized because
it is superior to the other modalities in terms of simplicity, relatively low cost and high penetration rate®'2,
Semi-quantitative ordinal scoring systems for the hand or foot such as the Sharp van der Heijde score (SHS) and
the Genant-modified Sharp score (GSS) are currently the gold standard for assessment of radiographic progres-
sion in RA clinical studies''*. However, these scoring methods have some disadvantages: they have insufficient
sensitivity and suffer from inter- and intra-reader variations due to their subjective nature. They also require
specialized training to use'>8. Over the past decade, because of early therapeutic intervention, radiographic
RA progression has been remarkably reduced and it is necessary to detect subtle changes, especially in its early
stages'®?, although the clinical relevance of such subtle radiographic changes which humans cannot recognize
in each patient is not elucidated. Recently, computer-based methods to better evaluate JSN have been developed
to overcome the disadvantages of traditional scoring methods?'-**. Finckh et al.*® showed the correlation of JSN
as defined by the conventional scoring method and the computer-based method. We developed an in-house soft-
ware application that can detect joint space width difference between baseline and follow-up images, computing
the joint space difference index (JSDI) by superimposing the two images®. In this software, extraction of distal
contours in MCP joints is not required because the position of the metacarpal head relative to the phalanx was
assessed when superimposing the images based on the phalanx. Previous studies have already demonstrated
the high sensitivity and reliability of the software to detect JSN progression in RA patients?**-*. However, the
superiority over human observers of the software in terms of detecting fine JSW differences has not been clearly
demonstrated.

To validate the JSW difference detectability of the software, both phantom and clinical images were used in the
current study. We first developed a phantom joint made of titanium medical apatite (TMA)** mimicking an MCP
joint, directly connected to a micrometer serving as the gold standard of the JSW. The primary aim of this phan-
tom study was to compare the smallest detectable changes in JSW between the JSDI and visual assessment. The
second aim of this study was to test the software to detect fine differences in the joint space of RA patients with
sustained clinical low disease activity (CLDA) which is not detectable with the GSS. This is based upon a clinical
observation that JSN progression of RA patients is more prominent in joints with positive synovial vascularity
(SV) than those without, assessed by power Doppler Ultrasonography (PDUS)*~**. To summarize, the purpose
of this study is to prove that the software can detect fine radiographic progression in finger JSN more effectively
than human assessment.

Materials and Methods

Phantom study. Phantom and Radiography. The phantom was made of TMA. TMA is a recently intro-
duced material that is easier to model than hydroxyapatite, and its computed tomography (CT) value (Hounsfield
unit) is nearly equal to that of cancellous bone®® (Table 1). The TMA was shaped into a metacarpal bone and a
proximal phalanx. We developed a phantom joint which mimics an MCP joint, connected to a micrometer that
can be adjusted arbitrarily and define the true JSW (Fig. 1). The JSW of the micrometer apparatus can be adjusted
from 0 to 13.0 mm at increments of 0.01 mm. Pfeil et al.>> showed a close relationship between JSW and age and
sex in healthy populations. In general, RA is more frequent in women and elderly people**¢. We therefore tested
our ability to measure the true JSW from 1.20 to 2.20 mm at increments of 0.10 mm, and from 1.65 to 1.75 mm at
increments of 0.01 mm, which were average JSW of second MCP joints in healthy elderly women®.

CALNEO smart C47 (Fujifilm) was used to perform digital radiographs in this study. Acquisition parameters
for the radiographs were identical to routine conditions: tube voltage = 50 kV; tube current =100 mA; exposure
time = 20 msec; source-detector distance = 100 cm. The X-ray beam was centered at the proximal edge of the
phalanx phantom.

Image analysis. Manual assessment of the radiograph pairs was performed visually by two blinded rheumatol-
ogists, who have 10 and 15 years of experience in SHS or GSS, respectively. Radiograph pairs were created with
JSW differences of 0.01 mm, and ranging from 0 to 0.40 mm at increments of 0.05mm, and from 0.40 to 0.50 mm
at increments of 0.02 mm between two radiographs. Ten pairs were prepared for each JSW difference. A pair of
radiographs was selected at random and presented to the rheumatologists, whereupon they decided whether
there was a difference in JSW between the radiographs. A total of 150 pairs of radiographs was judged for pres-
ence of JSW difference.

We developed our own software, which can detect the JSW difference in two radiographs, with Microsoft
Visual C++ 2015 using the Microsoft Foundation Class (MFC) Library (Microsoft). Two radiographs are read
into the software, and the radiographs are then superimposed onto a single color image by assigning cyan to one
image and red to the other image. If the pixel values in the two images are the same, the resulting pixel in the
superimposed image is displayed as gray. When the margin of the proximal phalanx is superimposed accurately,
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Figure 1. The TMA phantom which mimics the proximal phalanx and metacarpal bone, and the micrometer
apparatus.

Figure 2. The radiographs of the phantom joint connected to micrometer apparatus. JSWs of the phantom
joints were 2.2 mm (a) and 1.7 mm (b). In superimposed image (c), the JSW difference between two radiographs
was detected. The rectangular ROI which was sized 60 x 20 pixels was located on the center of the joint space in
the superimposed image.

the difference between the metacarpal head relative to the proximal phalanx between two images can be detected.
The software visualizes JSW difference and quantizes it by computing the JSDI by setting a rectangular region of
interest (ROI) centered on the joint space of the superimposed image. The JSDI was defined as the average abso-
lute value of the difference of the pixel value in each pixel for two images inside the ROI (Fig. 2). The details of the
software are presented in a previous article?.

The procedure for calculating JSDI was performed as follows: After two X-ray images were read by the soft-
ware, a superimposed image was created. Each pixel value of one image was assigned cyan and each pixel value
of the other image was assigned red automatically. Secondly, in phantom joints, the difference of the metacarpal
head relative to the proximal phalanx was detected without extracting the contour of the proximal phalanx by
superimposing the proximal phalanx of the images carefully. This operation was manual. Thirdly, a rectangular
ROI with a size of 60 x 20 pixels was placed at the center of the phantom joint space in the superimposed image
manually. Finally, the JSDI was automatically obtained by averaging the absolute value of the difference between
each pixel value of the two images.

The JSDI was investigated twice using the software at the same JSW differences as in the visual assessment.
Moreover, radiograph pairs were created with JSW differences ranging from 0.01 to 0.10 mm at increments of
0.01 mm, and from 0.10 to 1.00 mm at increments of 0.10 mm between the two radiographs. We investigated
the JSDI between the pairs of radiographs using the software. These analyses were conducted by a radiological
technologist.

Clinical study. Patients. We recruited 15 patients who visited a local clinic for RA and were sustained
long-term CLDA. All subjects satisfied the American Rheumatism Association 1987 revised criteria for the
classification of RA. The patients had been treated with non-biologic disease-modifying antirheumatic drugs
(DMARD:s) (methotrexate [MTX], n=8; MTX + tacrolimus, n = 3) or with biological DMARDs (MTX + adal-
imumab, n = 1; MTX + tocilizumab [TCZ], n =2; TCZ monotherapy, n=1). All patients underwent
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Characteristic baseline 52nd week
Total no. of patients included 15

Age, median (range) years 54 (32-69)

Sex, female/male 13/2

Duration of disease, median (range) months | 50 (26-196)
Duration of CLDA, median (range) months 15(12-19)

Swollen joint count, range 0-2 0-3
Tender joint count, range 0-2 0-3
DAS28-ESR, mean (SD) 2.03(0.55) 1.96 (0.57)

Table 2. Clinical and laboratory characteristics of RA patients. CLDA; clinical low disease activity, DAS28;
disease activity score with 28 joints, ESR; erythrocyte sedimentation rate, SD; standard deviation.

ultrasonography and radiography. The clinical characteristics of patients are shown in Table 2. The detailed
patient population has been previously reported™.

The study was conducted in compliance with the Declaration of Helsinki and received approval from the
Ethics Review Committee at Faculty of Health Sciences, Hokkaido University. Informed consent was obtained
from all patients.

Ultrasonography.  All patients underwent PDUS of the first to fifth MCP and second to fifth PIP joints over
the dorsal surface in the transverse at baseline and at the 8, 20" and 52" weeks. One of three US experts who
specialized in musculoskeletal US (with experience in joint ultrasound for 12-18 years) and were blinded to
other clinical information carried out the scans. A 13-MHz linear array transducer and US machine were used
(EUP-L34P, HI VISION Avius; Hitachi).

All PDUS images assessed SV by a quantitative PDUS method. A SV value was defined as the number of
vascular flow pixels in the ROL. In previous studies, the quantitative PDUS method has already been shown to be
valid and reliable to assess SV3!-4,

Radiography. The radiographs of hands for RA patients were imaged at baseline and at the 52" week using
Radnext 32 (Hitachi) under the following conventional conditions: tube voltage 50 =KkV; tube current 100 = mA;
exposure time = 25 msec; film focus distance = 100 cm. The X-ray beam was centered on the MCP joint of the
second finger.

Each radiograph was examined for JSN progression by a rheumatologist experienced in GSS assessment
for more than 15 years who was blinded to other clinical information according to GSS as follows: 0 = nor-
mal; 0.5 = subtle or equivocal narrowing; 1.0 = focal or mild narrowing; 1.5 = mild-to-moderate narrowing;
2.0 =moderate narrowing; 2.5 = moderate-to-severe narrowing; 3.0 = complete loss of joint space or dislocation
in the presence of erosion; 3.5 = partial or equivocal ankyloses; 4.0 = definite ankyloses®”*. Joints were excluded
if they were severely damaged (subluxation, ankylosed, and complete luxation). Scoring was repeated with more
than 1 month’s interval to assess intra-reader agreement and reliability.

Software for JSN progression.  The JSDI was obtained by averaging the absolute value of the difference between
each pixel value of the baseline and follow-up images with the software (Fig. 3). Rectangular ROIs with sizes of
60 x 20 pixels and 25 x 7 pixels were used in MCP and PIP joints, respectively. Analysis was repeated with more
than 6 months’ interval to assess intra-reader agreement and reliability by a radiological technologist.

Statistical analysis. Statistical analyses were calculated with the use of IBM SPSS version 24.0 (IBM) for
Windows (Microsoft). We calculated the correct assessment rate of JSW differences between radiograph pairs
in visual assessment. The linear relationship between true JSW difference and JSDI was evaluated using a linear
regression test. The smallest detectable difference (SDD) represents the smallest difference between two inde-
pendently obtained measures which can be distinguished from measurement error. The SDD for JSDI was calcu-
lated according to the following formula:

SDD = 1.96 X SDdifference JSDI

where SDgigerence jspr Was the standard deviation of the difference between the JSDI of two measurements®*.
The visual assessments of two rheumatologists were evaluated for inter-observer agreement using the kappa (k)
coeflicient. The k coefficient was interpreted as low agreement between 0 and 0.20, mild agreement between 0.21
and 0.40, moderate agreement between 0.41 and 0.60, good agreement between 0.61 and 0.80, very good agree-
ment between 0.81 and 0.99, and perfect agreement at 1.00*'. Intra-observer agreement of human and software
analysis was estimated by calculating the intra-class correlation coeflicients (ICC) employing a one-way random
effect model for intra-observer agreement. ICC values were interpreted as poor agreement for values between 0
and 0.20, fair agreement for values between 0.21 and 0.40, moderate agreement for values between 0.41 and 0.60,
substantial agreement for values between 0.61 and 0.80, and almost perfect for values between 0.81 and 1.00%2.
We selected joints with a zero change of score on GSS (AGSS) from the finger joints in 15 RA patients.
Two types of grouping were performed. First, we divided the joints into two groups: joints without SV during
the observation period in terms of the PDUS (the SV [-] group) and those with SV at least once during the
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Figure 3. Clinical image analysis by the software. The radiographs of a 54-year-old female with RA. Second
MCP joint for the left hand at baseline (a) and follow-up (b) are shown. In the superimposed image (c), the
chronological change between the baseline and follow-up images was detected. The rectangular ROI which
was sized 60 x 20 pixels was located on the center of the joint space in the superimposed image. The JSDI was
calculated inside the ROI. The JSDI was 96.67 in this case.

observation period in terms of the PDUS (the SV [+] group). We also categorized the joints into two groups:
joints with therapeutic response (the response [R] group) and the remainder without therapeutic response (the
no response [NR] group). We compared the JSDI between the SV (—) and SV (+) groups, and between the R and
NR groups using the nonparametric Mann-Whitney U test. All tests were two-tailed and p values of <0.05 were
considered to indicate a statistically significant difference.

Compliance with ethical standards. The study was conducted in compliance with the Declaration of
Helsinki and received approval from the local ethics committee. Informed consent was obtained from all patients.

Guarantor. The scientific guarantor of this publication is Dr. Takeshi Saito.

Statistics and biometry. No complex statistical methods were necessary for this paper.

Informed consent. Written informed consent was obtained from all subjects (patients) in this study.
Ethical approval. Institutional Review Board approval was obtained.

Study subjects or cohorts overlap.  Our patients’ population (15/15, 100%) has been previously reported
[29, 33]. The purpose of the reported study [33] was to investigate the relationship between synovial vascularity
and structural alternation assessed with conventional radiographic scoring of finger joints in rheumatoid patients
with CLDA.

The other study [29] investigated the performance of a computer-based radiographic method by directly com-
paring with the conventional radiographic scoring method using the relationship between synovial vascularity
and future structural alternation.

The current study further advanced the concept of the previous studies; to prove the superiority of the soft-
ware in terms of detecting fine radiographic progression in finger JSN over human observers.
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0.00 10 10 100
0.01 0 0 0
0.05 0 0 0
0.10 1 0 5
0.15 0 0 0
0.20 5 4 45
0.25 1 0 5
0.30 3 0 15
0.35 4 7 55
0.40 9 10 95
0.42 10 10 100
0.44 10 10 100
0.46 10 10 100
0.48 10 10 100
0.50 10 10 100

Table 3. The correct assessment rate for each JSW difference between radiograph pairs.

Methodology

o Secondary analysis of a prospective study
o Experimental (phantom)/observational (human)
o Performed at multiple institutions

Results
Two rheumatologists judged a total of 150 pairs of radiographs for presence of JSW difference. The correct assess-
ment rate of JSW differences between radiograph pairs is shown in Table 3.

The comparison between true JSW difference and JSDI is shown in Fig. 4. The linear regression test showed
a significant correlation between true JSW difference and mean JSDI at the same JSW differences as visual
assessment (R?=0.971 and P < 0.001). There were significant correlations between true JSW difference and
JSDI for JSW differences ranging from 0.01 to 0.10 mm at increments of 0.01 mm (R?>=0.748 and P < 0.01),
and ranging from 0.10 to 1.00 mm at increments of 0.10 mm (R*=0.986 and P < 0.001). The calculated SDD
for JSDI was 4.76. The software could correctly determine all JSW differences of 0.01 mm or more because all
obtained the JSDI values greater than 4.76 of the SDD, which is a measure of the variation at a scale due to
measurement error.

The K coeflicient of the inter-observer agreement for visual assessment was good agreement (k= 0.786).
The intra-observer reliability for JSDI was almost perfect (ICC=0.999; 95% confidence interval [95%
CI] =0.999-1.000).

In the clinical study, out of 270 MCP and PIP joints in 15 RA patients, 259 finger joints were examined after
excluding severely damage joints (subluxation, ankylosed, and complete luxation). Moreover, we targeted 222
joints with zero AGSS from 259 joints. We examined SV, GSS and JSDI of the 222 joints on PDUS and X-ray. The
median age (range), median disease duration (range) and median CLDA duration (range) of RA patients were
54 (32-69) years, 50 (26-196) months and 15 (12-19) months, respectively. The median SV of the finger joints at
baseline and at the 8%, 20 and 52! weeks were the same (0 [interquartile range; IQR = 0-0]). Out of 222 joints,
the number of SV (—)/SV (+) and R/NR joints were 191/31 and 202/20, respectively. The median GSS at baseline
and at the 52" week were the same (1 [IQR = 1-2]). The mean AGSS (range) was 0 (0-0). The median JSDI was
53.4 (IQR =38.8-74.0).

The JSDI of the SV (4) group was significantly higher than that of SV (—) group (P =0.030). The JSDI of the
NR group was significantly higher than that of R group (P =0.002).

Intra-observer reliability for baseline GSS and follow-up GSS was in substantial agreement (ICC =0.730; 95%
CI=0.668-0.782 and ICC=0.718; 95% CI=0.653-0.772, respectively). Intra-observer reliability for AGSS was
in moderate agreement (ICC = 0.490; 95% CI=0.392-0.577). Intra-observer reliability for JSDI was in almost
perfect agreement (ICC=0.963; 95% CI=0.953-0.971).

Discussion

In order to reveal the detectability of JSW difference in pairs of radiographs between the software and human
observers, we first performed a phantom analysis. There was strong correlation between true JSW difference and
JSDI for JSW differences between pairs of radiographs. We found that the software could detect JSW differences
of 0.1 mm or less. In the phantom study, TMA was chosen because the CT value is nearly equal to that of cancel-
lous bone. We also found that rheumatologists could detect JSW difference of 0.42 mm or more perfectly, while
JSW difference of 0.30 mm or less were difficult to detect. The boundary where the JSW difference can be detected
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Figure 4. The linear regression between true JSW difference and JSDI for JSW differences ranging from 0.01
to 0.50 mm at the same JSW difference as visual assessment (a), ranging from 0.01 to 0.10 mm at increments of
0.01 mm (b), and ranging from 0.10 to 1.00 mm at increments of 0.10 mm (c).

with human eyes was considered to be between 0.35 and 0.40 mm. Our results indicate that the software can
detect finer JSW differences than human observers.

Clinical images of RA patients who underwent PDUS and X-ray were analyzed to prove that the software can
also detect more subtle changes in JSN. Two hundred and twenty-two joints with no interval GSS change were
examined and grouped based on the presence of SV because low symptomatic joints with imaging-proven syn-
ovitis are related to structural destruction®'-**. We found that there was a significant difference between the JSDI
of the finger joints with and without SV during the observation period. In addition, there was a significant differ-
ence between JSDI of the finger joints with and without therapeutic response. Fukae et al.**** reported that joint
destruction occurred in joints with positive SV which occurred only once during the observation period. These
results suggest that the software can detect fine differences in joint space which cannot be detected with the GSS.

Some computer-based methods to measure JSW from hand radiographs have shown to be useful because they
were observer-independent and highly sensitive to change in JSN?2-2#43-48 The software also had high sensitivity
and reliability to detect JSN progression in RA patients?*-?*°. However, these studies used the conventional method
such as SHS or GSS, which is a visual assessment with ordinal score, as the gold standard. Although in a few
“proof of concept” studies, performance of the software was directly compared with the conventional method?!%,
this is the first study to prove the superiority of software over human observers, exclusively utilizing data which
had no interval JSW difference determined by human observers. This highly sensitive method might shorten the
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period of clinical trials especially when the clinical relevance of such subtle radiographic changes which humans
cannot recognize in each patient is established.

Huetink et al.*8 studied the SDD of the JSW difference in a phantom joint with a width of 0.032 mm. In this
study, the SDD of the JSDI was 4.76. This was somewhat lower than the JSDI value of 0.01 mm JSW difference
between two radiographs. Therefore, we conclude that the JSN progression detectability of our software is higher
than that in the study by Huetink et al.*®. Hatano et al.?® reported that the inter- and intra-observer reliabilities
using the software by non-experts were almost perfect (inter-observer ICC; 0.979 and intra-observer ICC; 0.976,
respectively). The results of the reliability in the clinical section of this study were consisted with the previous
study.

Several limitations to this study should be acknowledged. Foremost, the phantom joint was different from
human finger joints. The TMA phantom was incompletely modeled on human finger bones, which are composed
of cancellous bone and cortical bone. Furthermore, bones are surrounded by fluid and soft tissues rather than
air. Second, the software was not designed to take into account the technical differences such as patient hand
positioning and imaging conditions between radiographs. Although radiographs are made with standardized
protocols, they may not be perfectly equal due to small differences in hand positions including difficulty in posi-
tion/reposition of two 3D dimensional bones in a 2D image. The ‘human eye’ may correct for these changes, while
the software cannot. We need to further manage variations in joint projection to improve measurement results on
JSN progression; pixel value calibration between baseline and follow-up might improve the results. Third, only a
small number of patients were included in this prospective clinical study. Further study is needed to confirm the
results on a larger scale. Finally, the software relies partly on manual operations such as image registration of the
baseline and follow-up images, and ROI location. We need to develop a fully automatic software application that
can evaluate the JSN more easily and rapidly.

In conclusion, the software better detects fine radiographic progression in finger JSN than human eyes. Due
to early diagnosis and treatment, radiographic RA progression encountered in daily practice can be subtle. Thus,
fine JSN should be detected to evaluate therapeutic response. Our results indicate that as the software can detect
radiographic progression more effectively than human observers, it might therefore be useful for assessment of
RA at its early stages.

References

1. Tutuncu, Z. & Kavanaugh, A. Rheumatic disease in the elderly: rheumatoid arthritis. Rheum Dis Clin North Am 33, 57-70, https://
doi.org/10.1016/j.rdc.2006.12.006 (2007).

2. Kobak, S. & Bes, C. An autumn tale: geriatric rheumatoid arthritis. Ther Adv Musculoskelet Dis 10, 3-11, https://doi.org/10.1177/17
59720x17740075 (2018).

3. Karsdal, M. A. et al. Biochemical markers of ongoing joint damage in rheumatoid arthritis—current and future applications,
limitations and opportunities. Arthritis Res Ther 13, 215, https://doi.org/10.1186/ar3280 (2011).

4. Schett, G. & Gravallese, E. Bone erosion in rheumatoid arthritis: mechanisms, diagnosis and treatment. Nat Rev Rheumatol 8,
656-664, https://doi.org/10.1038/nrrheum.2012.153 (2012).

5. Smolen, J. S. et al. Treating rheumatoid arthritis to target: reccommendations of an international task force. Ann Rheum Dis 69,
631-637, https://doi.org/10.1136/ard.2009.123919 (2010).

6. Bakker, M. E, Jacobs, J. W, Verstappen, S. M. & Bijlsma, ]. W. Tight control in the treatment of rheumatoid arthritis: efficacy and
feasibility. Ann Rheum Dis 66(Suppl 3), iii56-60, https://doi.org/10.1136/ard.2007.078360 (2007).

7. Bakker, M. F. et al. Low-dose prednisone inclusion in a methotrexate-based, tight control strategy for early rheumatoid arthritis: a
randomized trial. Ann Intern Med 156, 329-339, https://doi.org/10.7326/0003-4819-156-5-201203060-00004 (2012).

8. Burghardt, A.J. et al. Quantitative in vivo HR-pQCT imaging of 3D wrist and metacarpophalangeal joint space width in rheumatoid
arthritis. Ann Biomed Eng 41, 25532564, https://doi.org/10.1007/s10439-013-0871-x (2013).

9. Sharp, J. T. et al. How many joints in the hands and wrists should be included in a score of radiologic abnormalities used to assess
rheumatoid arthritis. Arthritis Rheum 28, 1326-1335 (1985).

10. Sharp, J. T. Scoring radiographic abnormalities in rheumatoid arthritis. ] Rheumatol 16, 568-569 (1989).

11. van der Heijde, D. M., van Riel, P. L., Nuver-Zwart, I. H., Gribnau, F. W. & vad de Putte, L. B. Effects of hydroxychloroquine and
sulphasalazine on progression of joint damage in rheumatoid arthritis. Lancet 1, 1036-1038 (1989).

12. van der Heijde, D. How to read radiographs according to the Sharp/van der Heijde method. ] Rheumatol 27, 261-263 (2000).

13. van der Heijde, D. M. Plain X-rays in rheumatoid arthritis: overview of scoring methods, their reliability and applicability. Baillieres
Clin Rheumatol 10, 435-453 (1996).

14. Bruynesteyn, K. et al. The Sharp/van der Heijde method out-performed the Larsen/Scott method on the individual patient level in
assessing radiographs in early rheumatoid arthritis. J Clin Epidemiol 57, 502-512, https://doi.org/10.1016/j.jclinepi.2003.10.014
(2004).

15. van der Heijde, D. et al. How to report radiographic data in randomized clinical trials in rheumatoid arthritis: guidelines from a
roundtable discussion. Arthritis Rheum 47, 215-218 (2002).

16. Bruynesteyn, K. et al. Determination of the minimal clinically important difference in rheumatoid arthritis joint damage of the
Sharp/van der Heijde and Larsen/Scott scoring methods by clinical experts and comparison with the smallest detectable difference.
Arthritis Rheum 46, 913-920 (2002).

17. van der Heijde, D. & Landewe, R. Are conventional radiographs still of value? Curr Opin Rheumatol 28, 310-315, https://doi.
org/10.1097/BOR.0000000000000279 (2016).

18. van Der Heijde, D., Boonen, A., Boers, M., Kostense, P. & van Der Linden, S. Reading radiographs in chronological order, in pairs
or as single films has important implications for the discriminative power of rheumatoid arthritis clinical trials. Rheumatology
(Oxford) 38, 1213-1220 (1999).

19. St Clair, E. W. et al. Combination of infliximab and methotrexate therapy for early rheumatoid arthritis: a randomized, controlled
trial. Arthritis Rheum 50, 3432-3443, https://doi.org/10.1002/art.20568 (2004).

20. Lipsky, P. E. et al. Infliximab and methotrexate in the treatment of rheumatoid arthritis. Anti-Tumor Necrosis Factor Trial in
Rheumatoid Arthritis with Concomitant Therapy Study Group. N Engl ] Med 343, 1594-1602, https://doi.org/10.1056/
NEJM200011303432202 (2000).

21. Huo, Y. et al. Automated joint space width quantification of hand and wrist joints: a proof of concept study. Clin Exp Rheumatol 34,
$34-539 (2016).

22. Huo, Y. et al. Automatic Quantification of Radiographic Finger Joint Space Width of Patients With Early Rheumatoid Arthritis. IEEE
Trans Biomed Eng 63, 2177-2186, https://doi.org/10.1109/TBME.2015.2512941 (2016).

SCIENTIFIC REPORTS |

(2019) 9:8526 | https://doi.org/10.1038/s41598-019-44747-6 8


https://doi.org/10.1038/s41598-019-44747-6
https://doi.org/10.1016/j.rdc.2006.12.006
https://doi.org/10.1016/j.rdc.2006.12.006
https://doi.org/10.1177/1759720x17740075
https://doi.org/10.1177/1759720x17740075
https://doi.org/10.1186/ar3280
https://doi.org/10.1038/nrrheum.2012.153
https://doi.org/10.1136/ard.2009.123919
https://doi.org/10.1136/ard.2007.078360
https://doi.org/10.7326/0003-4819-156-5-201203060-00004
https://doi.org/10.1007/s10439-013-0871-x
https://doi.org/10.1016/j.jclinepi.2003.10.014
https://doi.org/10.1097/BOR.0000000000000279
https://doi.org/10.1097/BOR.0000000000000279
https://doi.org/10.1002/art.20568
https://doi.org/10.1056/NEJM200011303432202
https://doi.org/10.1056/NEJM200011303432202
https://doi.org/10.1109/TBME.2015.2512941

www.nature.com/scientificreports/

23. van ‘t Klooster, R. et al. Automatic quantification of osteoarthritis in hand radiographs: validation of a new method to measure joint
space width. Osteoarthritis Cartilage 16, 18-25, https://doi.org/10.1016/j.joca.2007.05.015 (2008).

24. Sharp, J. T,, Gardner, J. C. & Bennett, E. M. Computer-based methods for measuring joint space and estimating erosion volume in
the finger and wrist joints of patients with rheumatoid arthritis. Arthritis Rheum 43, 1378-1386,
10.1002/1529-0131(200006)43:6<1378::AID-ANR23>3.0.CO;2-H (2000).

25. Finckh, A. et al. Performance of an automated computer-based scoring method to assess joint space narrowing in rheumatoid
arthritis: a longitudinal study. Arthritis Rheum 54, 1444-1450, https://doi.org/10.1002/art.21802 (2006).

26. Ichikawa, S., Kamishima, T., Sutherland, K., Okubo, T. & Katayama, K. Performance of computer-based analysis using temporal
subtraction to assess joint space narrowing progression in rheumatoid patients. Rheumatol Int 36, 101-108, https://doi.org/10.1007/
$00296-015-3349-3 (2016).

27. Ichikawa, S., Kamishima, T., Sutherland, K., Okubo, T. & Katayama, K. Radiographic quantifications of joint space narrowing
progression by computer-based approach using temporal subtraction in rheumatoid wrist. Br ] Radiol 89, 20150403, https://doi.
org/10.1259/bjr.20150403 (2016).

28. Hatano, K. et al. A reliability study using computer-based analysis of finger joint space narrowing in rheumatoid arthritis patients.
Rheumatol Int 37, 189-195, https://doi.org/10.1007/500296-016-3588-y (2017).

29. Okino, T. et al. Radiographic temporal subtraction analysis can detect finger joint space narrowing progression in rheumatoid
arthritis with clinical low disease activity. Acta Radiol 59, 460467, https://doi.org/10.1177/0284185117721262 (2018).

30. Tamura, K. Mechanical Properties of a Vacuum-Sintered Apatite Body for Use as Artificial Bone. Journal of Biomaterials and
Nanobiotechnology 06, 45-52, https://doi.org/10.4236/jbnb.2015.61005 (2015).

31. Fukae, J. et al. Change of synovial vascularity in a single finger joint assessed by power doppler sonography correlated with
radiographic change in rheumatoid arthritis: comparative study of a novel quantitative score with a semiquantitative score. Arthritis
Care Res (Hoboken) 62, 657-663, https://doi.org/10.1002/acr.20110 (2010).

32. Fukae, J. et al. Radiographic prognosis of finger joint damage predicted by early alteration in synovial vascularity in patients with
rheumatoid arthritis: Potential utility of power doppler sonography in clinical practice. Arthritis Care Res (Hoboken) 63, 1247-1253,
https://doi.org/10.1002/acr.20517 (2011).

33. Fukae, J. et al. Positive synovial vascularity in patients with low disease activity indicates smouldering inflammation leading to joint
damage in rheumatoid arthritis: time-integrated joint inflammation estimated by synovial vascularity in each finger joint.
Rheumatology (Oxford) 52, 523-528, https://doi.org/10.1093/rheumatology/kes310 (2013).

34. Fukae, J. et al. Structural deterioration of finger joints with ultrasonographic synovitis in rheumatoid arthritis patients with clinical
low disease activity. Rheumatology (Oxford) 53, 1608-1612, https://doi.org/10.1093/rheumatology/keul54 (2014).

35. Pfeil, A. et al. Computer-aided joint space analysis of the metacarpal-phalangeal and proximal-interphalangeal finger joint:
normative age-related and gender-specific data. Skeletal Radiol 36, 853-864, https://doi.org/10.1007/s00256-007-0304-8 (2007).

36. Scott, D. L., Wolfe, F. & Huizinga, T. W. Rheumatoid arthritis. Lancet 376, 1094-1108, https://doi.org/10.1016/S0140-6736(10)60826-
4(2010).

37. Genant, H. K. et al. Assessment of rheumatoid arthritis using a modified scoring method on digitized and original radiographs.
Arthritis Rheum 41, 1583-1590, 10.1002/1529-0131(199809)41:9<1583::AID-ART8>>3.0.CO;2-H (1998).

38. G Peterfy, C. et al. Comparison of the Genant-modified Sharp and van der Heijde-modified Sharp scoring methods for radiographic
assessment in rheumatoid arthritis. Vol. 6 (2011).

39. Bland, J. M. & Altman, D. G. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet 1,
307-310 (1986).

40. Ejbjerg, B. J., Vestergaard, A., Jacobsen, S., Thomsen, H. S. & Ostergaard, M. The smallest detectable difference and sensitivity to
change of magnetic resonance imaging and radiographic scoring of structural joint damage in rheumatoid arthritis finger, wrist, and
toe joints: a comparison of the OMERACT rheumatoid arthritis magnetic resonance imaging score applied to different joint
combinations and the Sharp/van der Heijde radiographic score. Arthritis Rheum 52, 2300-2306, https://doi.org/10.1002/art.21207
(2005).

41. Danieli, M. V. et al. Diagnosis and classification of chondral knee injuries: comparison between magnetic resonance imaging and
arthroscopy. Knee Surg Sports Traumatol Arthrosc 24, 1627-1633, https://doi.org/10.1007/s00167-015-3622-8 (2016).

42. Landis, J. R. & Koch, G. G. The measurement of observer agreement for categorical data. Biometrics 33, 159-174 (1977).

43. Langs, G., Peloschek, P, Bischof, H. & Kainberger, F. Automatic quantification of joint space narrowing and erosions in rheumatoid
arthritis. IEEE Trans Med Imaging 28, 151-164, https://doi.org/10.1109/TMI.2008.2004401 (2009).

44. Duryea, ], Jiang, Y., Countryman, P. & Genant, H. K. Automated algorithm for the identification of joint space and phalanx margin
locations on digitized hand radiographs. Med Phys 26, 453-461 (1999).

45. Duryea, ], Jiang, Y., Zakharevich, M. & Genant, H. K. Neural network based algorithm to quantify joint space width in joints of the
hand for arthritis assessment. Med Phys 27, 1185-1194, https://doi.org/10.1118/1.598983 (2000).

46. Bielecki, A., Korkosz, M. & Zielinski, B. Hand radiographs preprocessing, image representation in the finger regions and joint space
width measurements for image interpretation. Pattern Recognition 41, 3786-3798, https://doi.org/10.1016/j.patcog.2008.05.032
(2008).

47. Zelinski, B. Hand radiograph analysis and joint space location improvement for image interpretation. Schedae Informat 17, 45-61,
https://doi.org/10.2478/v10149-010-0003-4 (2009).

48. Huetink, K. ef al. Automatic radiographic quantification of hand osteoarthritis; accuracy and sensitivity to change in joint space
width in a phantom and cadaver study. Skeletal Radiol 41, 41-49, https://doi.org/10.1007/s00256-011-1110-x (2012).

Acknowledgements
We thank all the US experts (blinded) and radiological technologists (blinded) who contributed to data collection
in this study. The authors state that this work has not received any funding.

Author Contributions

Ka.T. and T.K. planned and supervised the work, Ke.T. created the phantom, M.S. and J.E performed expert
reading of Phantom images, K.K. and N.Y. processed the experimental data, J.E. performed expert reading of
the clinical images, K.K., Y.T. and L.Y. did the analysis of clinical data, K.K,, S.I, T.O., K.S. and L.Y. drafted the
manuscript and designed the figures, and all authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS | (2019) 9:8526 | https://doi.org/10.1038/s41598-019-44747-6 9


https://doi.org/10.1038/s41598-019-44747-6
https://doi.org/10.1016/j.joca.2007.05.015
https://doi.org/10.1002/art.21802
https://doi.org/10.1007/s00296-015-3349-3
https://doi.org/10.1007/s00296-015-3349-3
https://doi.org/10.1259/bjr.20150403
https://doi.org/10.1259/bjr.20150403
https://doi.org/10.1007/s00296-016-3588-y
https://doi.org/10.1177/0284185117721262
https://doi.org/10.4236/jbnb.2015.61005
https://doi.org/10.1002/acr.20110
https://doi.org/10.1002/acr.20517
https://doi.org/10.1093/rheumatology/kes310
https://doi.org/10.1093/rheumatology/keu154
https://doi.org/10.1007/s00256-007-0304-8
https://doi.org/10.1016/S0140-6736(10)60826-4
https://doi.org/10.1016/S0140-6736(10)60826-4
https://doi.org/10.1002/art.21207
https://doi.org/10.1007/s00167-015-3622-8
https://doi.org/10.1109/TMI.2008.2004401
https://doi.org/10.1118/1.598983
https://doi.org/10.1016/j.patcog.2008.05.032
https://doi.org/10.2478/v10149-010-0003-4
https://doi.org/10.1007/s00256-011-1110-x

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:8526 | https://doi.org/10.1038/s41598-019-44747-6 10


https://doi.org/10.1038/s41598-019-44747-6
http://creativecommons.org/licenses/by/4.0/

	Detection of Fine Radiographic Progression in Finger Joint Space Narrowing Beyond Human Eyes: Phantom Experiment and Clinic ...
	Materials and Methods

	Phantom study. 
	Phantom and Radiography. 
	Image analysis. 

	Clinical study. 
	Patients. 
	Ultrasonography. 
	Radiography. 
	Software for JSN progression. 

	Statistical analysis. 
	Compliance with ethical standards. 
	Guarantor. 
	Statistics and biometry. 
	Informed consent. 
	Ethical approval. 
	Study subjects or cohorts overlap. 

	Results

	Discussion

	Acknowledgements

	Figure 1 The TMA phantom which mimics the proximal phalanx and metacarpal bone, and the micrometer apparatus.
	Figure 2 The radiographs of the phantom joint connected to micrometer apparatus.
	Figure 3 Clinical image analysis by the software.
	Figure 4 The linear regression between true JSW difference and JSDI for JSW differences ranging from 0.
	Table 1 Preparation of TMA material.
	Table 2 Clinical and laboratory characteristics of RA patients.
	Table 3 The correct assessment rate for each JSW difference between radiograph pairs.




