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Abstract

Optical tomographic imaging (OTI) was reported to be a novel technique for the early diagnosis and disease activity assess-
ment of rheumatoid arthritis (RA). This study aimed to evaluate the clinical utility of OTI for the detection of hand synovitis
of RA patients. Manu-scan was used to perform imaging targeting the proximal interphalangeal (PIP) and metacarpophalan-
geal (MCP) joints in 12 RA patients and three controls. The enrolled RA patients also underwent magnetic resonance imaging
(MRI) and bone scintigraphy (BS) to provide reference images. Of the 181 joints feasible for OTI analysis, 140 joints (111 in
RA patients and 29 in controls, 77.3%) in which the difference of the OTI indices in the two measurements was within 20%
were evaluated. The OTT indices in RA joints were significantly lower than those in control joints (p <0.001). Overall, the
OTT indices in RA joints decreased as the synovitis grades on MRI or BS increased. Moreover, OTI was able to discriminate
between RA and control joints (AUC=0.815, 95% CI 0.739-0.891), even if RA joints were normal on physical examination
(AUC=0.714, 95% CI 0.594-0.834). OTI was in good agreement (kappa=0.60) with MRI for evaluating synovitis in RA
patients and showed positive results in 11.4% of clinically asymptomatic joints. OTI in this study showed the potential to be
a supplementary imaging modality for the quantification of synovial inflammation in PIP and MCP joints of RA patients.
Further large-scale trials are needed to confirm these findings.
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Introduction and treatment using disease-modifying anti-rheumatic drugs

(DMARDs) [1]. This concept requires sensitive indicators that
Rheumatoid arthritis (RA) is a chronic inflammatory disease detect joint inflammation. However, current clinical measures,
characterized by synovitis, joint damage, and progressive  such as the 28-joint Disease Activity Score (DAS28) based
disability. It can be successfully managed by early diagnosis ~ on physical examination and serum inflammatory markers,
have low sensitivity for subclinical inflammation and can
be affected by subjective variables, such as pain levels and
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structural joint damages, but radiographic changes are no
longer included in the requirements for RA diagnosis since
they are often absent in early disease [3]. On the other hand,
ultrasonography (US) and magnetic resonance imaging (MRI)
showed a value as a sensitive imaging tools for detecting sub-
clinical synovitis in clinically asymptomatic RA joints [4].

Optical tomographic imaging (OTI), analyzing the degree
to which light is transmitted or scattered after irradiation,
is a non-invasive and non-ionizing modality used mostly
in medical imaging research [5]. Previously developed OTI
methods showed better diagnostic performance in proximal
interphalangeal (PIP) and metacarpophalangeal (MCP)
joints than in the wrist due to the relatively high tissue pen-
etration of light [6—8]. OTI was reported to correlate with
swollen and tender joint counts, as well as with the US and
MRI scores in RA patients [6]. However, the clinical appli-
cation of laser-based OTI without fluorescence in hand RA
has been limited. The aim of this pilot study was to compare
the OTI system with established imaging techniques, such
as MRI, and to evaluate the clinical utility of OTI to assess
synovitis of PIP and MCP joints in RA patients.

Subjects and methods
Subjects

Twelve patients with RA diagnosed according to the 2010
American College of Rheumatology/European League
Against Rheumatism (ACR/EULAR) classification criteria [3]
and three healthy volunteers were recruited at the rheumatol-
ogy clinic of the Seoul National University Hospital (SNUH).
The RA patients had to have at least one swollen and tender
joint among the PIP and MCP joints to be eligible for inclu-
sion in the study. No changes to DMARDs and corticosteroids
(CS), except for analgesics, were allowed during the study
period (for 7 days). The RA patients seeking an increase in
DMARD:s and CS doses for severe RA status were excluded
at screening. There was no limitation on disease duration of
RA. The control group participants did not have joint pain
or clinical evidence of hand arthritis. All of the participants
were over 19 years old. The exclusion criteria included obvi-
ous hand deformations, history of trauma, surgery or intra-
articular injection of the hand joint within 3 months, females
suspected to be pregnant, contraindications for MRI (such as
the presence of implantable cardiac devices or claustropho-
bia), moderate-to-severe renal insufficiency (defined as serum
creatinine > 2.0 mg/dL or creatinine clearance < 50 mL/min),
and hypersensitivity to contrast agents used in MRI and bone
scintigraphy (BS). Patients with Raynaud’s phenomenon were
not included. This study was approved by the Institutional
Review Board (IRB) of SNUH (IRB No. 1411-011-622) and
written informed consent was obtained from all participants.
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Clinical assessment

Data on demographic and clinical characteristics, including
vital signs and medical history, were obtained at the first
visit (day 0). DAS28 using erythrocyte sedimentation rate
(ESR) and C-reactive protein (CRP) and the visual analog
scale for pain (pain-VAS) were also measured to assess over-
all disease activity in patients with RA. The presence or
absence of swelling and tenderness in 28 joints, including
PIPs and MCPs, was scored (0—1) by a rheumatologist (SJL).

Reference imaging methods

For comparison with the OTI results, gadolinium-enhanced
MRI and technetium-99m BS were performed in the hands
of RA patients. Due to time constraints, MRI and BS were
performed on days 0 and 7, respectively. The MRI and BS
images were obtained using a Magnetom Trio 3.0T (Sie-
mens, Erlangen, Germany) scanner and a Discovery NM/
CT 670 (GE Healthcare, Milwaukee, WI, USA), respec-
tively. The severity of joint inflammation present on images
obtained with each imaging instrument was independently
read by experienced physicians (SHH for MRI and GJC for
BS) without knowledge of the clinical assessment and was
scored on a semi-quantitative scale of 0-3 for each joint
(grade 0, normal; 1, mild; 2, moderate; and 3, severe increase
of enhancing tissue in the synovial compartment in MRI;
0, normal; 1, moderate; 2, definite; and 3, marked uptake
in BS) [9, 10]. Grades of 1 or greater indicated the pres-
ence of synovitis. For each imaging process, the participants
completed a questionnaire (semi-quantitative 0—10 scales)
in which their dissatisfactions (patient boredom, discomfort
during the exam, and post-exam fatigue) were examined.

Optical tomographicimaging (OTI)

OTI measurements targeting the PIP and MCP joints were
performed with the Manu-scan (LG Electronics, Seoul,
Korea) administered by a trained research nurse. The first
IP joints were not evaluated in this study due to accessibil-
ity issues with the device. Manu-scan is a newly developed
optical molecular imaging equipment that detects near-
infrared light irradiated to the living body and displays
the results as a graph or an image. All study participants,
including healthy controls, underwent a Manu-scan twice
at intervals of a week (day O and 7). After executing the
gateway program (ViewRex OMI 1.0, Techheim, Seoul,
Korea), one hand was inserted through a cylindrical hole
in a fixed posture and the PIP or MCP joint to be exam-
ined was placed on the seat part. The laser was positioned
above (dorsal side) and a photodetector was placed below
the joint (palmar side). Each joint was individually transil-
luminated by the laser at 660-nm and 780-nm wavelengths.
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Biometric information obtained from the photobiologi-
cal signal acquired at the seat part was imaged in a two-
dimensional light pattern, displayed on a monitor, and
stored in a recording medium. The system controlled
optical signal measurements at the terminal through serial
communication and transmitted the measured signals to
the main memory to generate pixelated images through the
imaging algorithm. Next, mesh points in the sagittal plane
of the finger were taken and the absorption and scattering
coefficient values (pa and ps) in the points were mapped
(Supplementary Figure S1). The scattering images in the
Manu-scans showed a common typical image, regardless
of the individual characteristics of the joints, with low

Fig. 1 Optical tomographic
imaging (OTI) with the contrast
ratio of the scattering coef-
ficients (ps) according to the
degree of synovitis on magnetic
resonance imaging (MRI). Rep-
resentative Manu-scan images
of proximal interphalangeal
(PIP) and metacarpophalangeal
(MCP) joints from control

and rheumatoid arthritis (RA)
patient are shown. In the effec-
tive area, the central portion

in which synovium and joint
fluid are located has a relatively
low scattering coefficient and
the peripheral portion around
the joint has a relatively high
scattering coefficient. The OTI
index for evaluating the sever-
ity of synovitis was set as the
contrast ratio of the maximum
and minimum values of the
scattering coefficients (max ps/
min ps)

Scattering coefficient

[ _
0.3 1.0

from Healthy control

MRI-grade 0
from RA patient

MRI-grade 1
from RA patient

MRI-grade 2
from RA patient

optical properties at the center of the joints (synovium and
joint fluid) and high optical properties at the edges of the
joints (surrounding tissues). The index for the OTI meas-
urement was defined as the contrast ratio of the maximum
and minimum scattering coefficients (max ps/min ps),
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Statistical analyses

The Mann—Whitney test (median and interquartile range
[IQR]) and Chi-square or Fisher’s exact tests were performed
for comparisons between RA joints and control joints. The
Kruskal-Wallis nonparametric test for three or more groups
was performed to identify differences in the OTI indices
according to the presence of joint tenderness or swelling
and synovitis grade (by MRI or BS). To reduce the possibil-
ity of type I error due to multiple comparisons, a post hoc
Bonferroni correction was also used. Correlations between
the OTT indices and the synovitis grades were further inves-
tigated using Spearman’s rank correlation test. A receiver
operating characteristic (ROC) curve analysis was used to
identify the diagnostic performance of the OTI index for RA
and synovitis lesions on MRI. For all ROC curves, cut-off
points with the maximal Youden index were determined.
The degree of agreement between two methods was calcu-
lated by the kappa statistic. A p value below 0.05 (two-sided
tests) was considered to indicate statistical significance. The
data analyses were performed using SPSS software version
22.0 (SPSS, Inc., Chicago, IL, USA).

Results
The demographic and clinical findings of the study par-

ticipants are described in Table 1. Most of the RA patients
(83.3%) showed high disease activity (DAS28-ESR>5.1).

During the study, the participants’ body temperatures were
within the normal range (<37.0 °C). OTI indices were
derived from a total of 181 hand joints showing typical scat-
tering images in both of the repeated scans, excluding 35
joints with motion artifacts due to inadequate joint position-
ing or under/over-exposure to the detector. Among them,
140 joints (111 RA and 29 control joints, 77.3%) where the
difference of the OTI indices in the two measurements was
within 20% were further evaluated. In RA joints, the pro-
portions of those with tenderness, swelling, and synovitis
lesions on MRI (MRI grade > 0) were 50.5% (n=56), 41.4%
(n=46), and 42.3% (n=47), respectively.

OTl results according to physical examination
findings

The OTI indices (median [IQR], 2.06 [1.62-2.43]) in RA
joints (n=111) were lower than those (2.80 [2.56-3.09]) in
control joints (n=29; p <0.001). When analyzed according
to the presence of tenderness or swelling on physical exami-
nation, swollen RA joints (n=46) showed the lowest OTI
indices (1.65 [1.51-2.01]). Joint tenderness did not have a
significant effect on the OTI index (2.21 [1.88-2.47] in RA
joints with only tenderness vs. 2.30 [2.03-2.75] in RA joints
without tenderness and swelling; p=0.423). There was a
significant difference in OTI indices between control joints
and RA joints that had neither tenderness nor swelling on
physical examination (p =0.002) (Fig. 2).

Table 1 Baseline characteristics

> . RA patients (n=12) Controls (n=3) p value

of study patients with

rheumatoid arthritis (RA) and Female, n (%) 10 (83.3) 3 (100.0) 1.000

controls Age (year) 54.0 (45.0-64.8) 38.0 (33.0-45.0) 0.070
Disease duration (year) 3.15 (0.36-8.07) - -
RF positivity, n (%) 12 (100.0) 0 (0.0) 0.002
Anti-CCP positivity, n (%) 10 (83.3) 0(0.0) 0.022
ESR (mm/h) 42.0 (21.0-56.3) 7.0 (5.0-11.0) 0.048
CRP (mg/dL) 1.02 (0.35-3.41) 0.01 (0.01-0.04) 0.009

Tender joint count (in 28 joints®)
Swollen joint count (in 28 joints®)
DAS28-ESR

DAS28-CRP

Pain-VAS (0-s100)

14.5 (8.0-19.0)
6.5 (2.5-13.5)
6.24 (5.76-7.33)
5.51 (4.65-6.80)
71.0 (58.5-81.8)

Joint tenderness and swelling in study patients were evaluated by a rheumatologist at *28 joints including
bilateral hand PIPs and MCPs, wrist, elbow, shoulder and knee joints. The results are presented as number

(%) or median (IQR, interquartile range) unless otherwise stated

RA rheumatoid arthritis, RF rheumatoid factor, anti-CCP anti-cyclic citrullinated peptide, ESR erythrocyte
sedimentation rate, CRP C-reactive protein, PIP proximal interphalangeal, MCP metacarpophalangeal,
VAS visual analog scale, DAS28-ESR disease activity score 28-joint count ESR, DAS28-CRP disease activ-

ity score 28-joint count CRP

@ Springer
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Fig.2 Optical tomographic imaging (OTI) indices according to
rheumatoid arthritis (a) and joint tenderness or swelling on physi-
cal examination (b). RA joints, especially swollen joints, showed
lower OTI indices. There was a significant difference in OTI indi-
ces between RA and controls, even in joints without tenderness and

Correlation between OTl and reference imaging
methods

In RA joints, the OTI index was significantly different
according to the synovitis grade measured by MRI or BS
(Kruskal-Wallis test, p <0.001 in each method). The distri-
bution of the OTI indices according to synovitis grades is
shown in Fig. 3. The OTI indices were negatively correlated
with synovitis grades on MRI (Spearman’s rho = — 0.523;
p<0.001) and BS (Spearman’s rho = — 0.516; p <0.001).
There was a significant difference in the OTI indices between
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swelling on physical examination. The OTI index was set as the con-
trast ratio of the maximum and minimum scattering coefficients (max
ps/min ps) on the joint scan. The graphs represent the median levels
and interquartile ranges (25th and 75th percentiles)

RA joints without synovitis on MRI (grade =0) (n=64) and
control joints (2.34 [2.00-2.52] vs. 2.80 [2.56-3.09], respec-
tively; p <0.001).

Detection of synovitis in hand joints using OTI

The diagnostic performance of OTI for RA at the joint level
was evaluated. The ROC analysis showed that the OTI index
had good accuracy (area under the curve [AUC]=0.815,
95% confidence interval [CI] 0.739-0.891; p <0.001). The
cut-off OTI index of 2.49 (RA joint versus control joint)
was applied with a high specificity of 83% (Fig. 4a). When
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Fig.3 Optical tomographic imaging (OTI) indices in rheumatoid
arthritis (RA) and control joints according to magnetic resonance
imaging (MRI)-grade (a) and bone scintigraphy (BS)-grade (b).
Overall, the higher the degree of synovitis on MRI and BS, the lower
the OTI index. In RA joints without synovitis on MRI (grade 0), there
was a significant difference in OTI indices compared to control joints.

T T X
Control joints RA joints RA joints

T T
RA joints RA joints
(n=29) with with with with
BS-grade 0 BS-grade 1 BS-grade 2 BS-grade 3
(n =44) (n=29) (n=22) (n =16)

The OTI index was set as the contrast ratio of the maximum and min-
imum scattering coefficients (max ps/min ps) on the joint scan. The
graphs represent the median levels and interquartile ranges (25th and
75th percentiles). *There was no significant difference (p >0.01) after
Bonferroni correction for multiple comparisons
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Fig.4 Receiver operating char- A
acteristic (ROC) curves of opti-
cal tomographic imaging (OTI)

OTl index for RA joints B

versus control joints

OTl index for synovitis lesion on MRI in RA joints
versus non-synovitis lesion

‘OmOgT . 1.0 1.0+
to discriminate rheumatoid
arthritis (RA) joints from con- 084 55
trol joints (a) and detect synovi- ’ ’
tis lesions on MRI (grade > 0) in 2 2>
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(1.86) for the OTI index detect- Z g
ing synovitis on MRI in RA & 0.4 7 3 0.4 .
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separately evaluating RA joints without tenderness and Discussion

swelling on physical examination, the OTI also demon-
strated a fair ability to discriminate (AUC =0.714, 95% CI
0.594-0.834; p=0.002) between RA and control joints.

Among the RA joints, further ROC analysis of the OTI
for synovitis was performed using MRI as the gold stand-
ard (MRI-grade > 0). Instead of 2.49, an OTI index of 1.86
was adopted as a cut-off threshold for synovitis lesions
(AUC=0.805,95% CI1 0.716-0.893; p <0.001) with a sen-
sitivity of 70% and a specificity of 89% (Fig. 4b). As a
result, the kappa agreement between the OTI and MRI for
evaluating synovitis was 0.60, better than the agreement
between joint swelling and MRI (0.46) and between BS
(BS-grade > 0) and MRI (0.34) in this study. OTI showed
positive findings for synovitis in 11.4% of the RA joints
without tenderness and swelling on physical examination
(n=44).

Examination times and patient satisfactions

OTI was examined individually in each joint, and the aver-
age time spent performing the OTI in the entire PIP and
MCP joints of both hands was 42 +4.4 min (mean =+ stand-
ard deviation). MRI was performed separately on each hand
(35 + 1.6 min for one hand) and BS was performed simul-
taneously on both hands (80 + 8.6 min). The overall dissat-
isfaction with OTI was lower than that for BS in terms of
patient boredom (1.50 [0.00-6.50] vs. 5.00 [5.00-10.00];
p=0.034), discomfort during the exam (0.00 [0.00-0.00]
vs. 3.50 [0.00-5.00]; p=0.026), and post-exam fatigue (0.00
[0.00-1.75] vs. 4.50 [0.50-9.25]; p=0.018). OTI tended to
be more satisfactory than MRI in regard to patient bore-
dom (1.50 [0.00-6.50] vs. 5.00 [5.00-9.75]; p=0.052)
and discomfort during the exam (0.00 [0.00-0.00] vs. 1.00
[0.00-4.25]; p=0.084). No adverse reactions were observed
during the study.

@ Springer

OTI using the Manu-scan correlated with conventional
imaging methods for the evaluation of hand RA. This
study provided additional evidence for the benefit of OTI
for detecting synovitis in PIP and MCP joints with sub-
clinical inflammation. Even in RA joints without tender-
ness and swelling on physical examination, the OTI indi-
ces were significantly lower compared to control joints.

Joint structures have distinct absorption/scattering coef-
ficients when irradiated with light of a particular wave-
length. Since inflamed tissue has a higher percentage of
proteins and inflammatory cells, synovitis can be dem-
onstrated using OTI without administration of a contrast
agent or fluorescent dye [11]. Synovial tissue growth and
exudative joint fluid increase the light scattering coeffi-
cient inside the joint [5]. In the current study, synovitis
was assessed by the contrast ratio of scattering coefficients
inside and around the joint, reflecting the composition of
the joint. Thus, OTI is distinguished from infra-red ther-
mography, which directly evaluates the infrared emis-
sion from the joint surface with high temperature due to
increased blood flow [12].

Joint US has been commonly used in clinical practice
in patients with hand RA, as the sensitivity of physical
examination for synovitis may be incomplete in some
cases [13]. OTI is not superior compared with US in terms
of image resolution. However, unlike US, which is semi-
quantitatively evaluated and remains highly operator- or
reader-dependent [14], OTI results in this study can be
automatically quantified without subjectivity of the reader.
In addition, the small-size imaging device (Supplemen-
tary Figure S1) and ease of test preparation make OTI an
easy-to-access arthritis-tracking method that can be used
in clinics.

Contrast-enhanced MRI, reflecting both morphologi-
cal aspects and hypervascularity of arthritis, is an estab-
lished imaging method and has shown high sensitivity and
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specificity for synovitis when read by experienced read-
ers [15]. OTI was found to be more advantageous for the
detection of subclinical joint inflammation than 1.5T MRI
[16, 17] but showed lower sensitivity compared to 3.0T
MRI [18, 19]. In our study using 3.0T MRI as a refer-
ence, the OTI indices were different between control and
RA joints when no synovitis lesions were present on MRI
(grade =0) (Fig. 3a). A possible explanation for this is
that the disease activity of RA patients may have affected
the OTI results. The diagnostic performance of OTI is
known to be better in severe RA [18, 19] and the present
study was mainly composed of RA patients with severe
disease activity (DAS28-ESR > 5.1). Further confirma-
tion is required in RA patients with mild disease activity
or in remission. Another explanation is that joint lesions
other than synovitis, such as bone erosion, tendinitis, or
osteophytes, may have caused overestimation of the OTI
indices in our study [8].

Thus, we performed a second ROC analysis correspond-
ing to synovitis on MRI (grade > 0), in addition to the pri-
mary analysis distinguishing RA joints from controls. No
definite cut-off values for a clear separation of synovitic
from non-synovitic joints could be identified in a previous
study using fluorescence optical imaging (FOI) [20] but the
current study demonstrated that OTI, with a cut-off value of
1.86, performed well in detecting synovitis lesions on MRI
(AUC=0.805) with high specificity (Fig. 4b). The agree-
ment on synovitis between OTI and MRI was relatively good
(kappa=0.60).

OTI was similar to BS in that both techniques indirectly
visualized morphological aspects and functional changes
of the joint, such as synovial thickening with joint effusion
and hypervascularity. However, OTI was superior to BS in
detecting the presence of MRI-based synovitis. RA patients
were more satisfied about the exam preparation for OTI that
did not need an intravenous injection.

The present study had several limitations. Because OTI
was employed only at the individual joint level, we could
not determine any association with overall disease activity
at the patient level. The time interval of a week (days 0 and
7) for OTI and reference imaging methods may have affected
the reproducibility and correlation between them. Due to the
small number of subjects, the valid number of joints for OTI
analysis was less in comparison to previous studies [8, 21].
The proportion of exclusion by motion artifacts among the
assessed joints was higher than an OTI study using Light-
scan [21], which is probably due to the visually concealed
detector part in our OTI device (Supplementary Figure S1).
Unlike indocyanine green (ICG)-based FOI using a commer-
cially available instrument (Xiralite) [16, 18-20], OTI in the
present study was not advantageous in terms of examination
time since the individual joints were measured separately
to obtain OTI indices. But, OTI as a real-time imaging had

relatively good satisfaction with the examination, and it
would take only a short time if needed only in certain hand
joints (about 2—3 min for one joint). A standardized exami-
nation technique may increase the measurement capability
and shorten the procedure time.

This study referred to previous studies of OTI studies
using MRI as a reference for synovitis evaluation [18, 19].
However, MRI was not performed in age-matched healthy
controls and patients with osteoarthritis, and it was not pos-
sible to exclude the possibility of false-positivity of MRI
in the OTI evaluation for MRI-based synovitis. Consider-
ing the higher specificity of MRI in RA patients with high
disease activity than in those with low disease activity [19],
we attempted to minimize this risk by performing MRI in
hand joints with active joint swelling. Practically speaking,
it is difficult to apply “true gold” standard for synovitis such
as histology by synovial biopsy. Joint US would have com-
plemented these problems, but unfortunately US was not
done in our study.

In this study, OTI in the PIP and MCP joints was able
to effectively discriminate RA and was comparable to MRI
for detection of synovitis. To establish the role of OTI as a
supplementary imaging modality in clinical practice, further
large-scale longitudinal studies using OTI and appropriate
reference imaging methods are warranted in RA patients
with various states of disease activity.
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