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Purpose: To propose and evaluate indocyanine green (ICG)–en-
hanced tomographic optical imaging for detection and 
characterization of synovitis in affected finger joints of pa-
tients with rheumatoid arthritis and differentiation from 
healthy joints in comparison to 3-T magnetic resonance 
(MR) imaging.

Materials and 
Methods:

This prospective pilot study was approved by the institu-
tional ethics committee. Six arthritic proximal interphalan-
geal (PIP) joints in six patients (five women and one man; 
mean age 6 standard deviation, 62.6 years 6 13.3) with 
clinically determined rheumatoid arthritis and six healthy 
PIP joints from six volunteers (four women and two men; 
mean age, 41.5 years 6 20.2) were examined with an 
ICG-enhanced fluorescence molecular tomography (FMT) 
system and 3-T MR imaging as the standard of reference. 
The degree of inflammation was graded semiquantitatively 
on a four-point ordinate scale according to the Outcome 
Measures in Rheumatology Clinical Trials Rheumatoid Ar-
thritis MR Imaging Score, or OMERACT RAMRIS. FMT 
reconstructions were coregistered with the MR images. 
Groups were compared by using a two-sided t test, and a 
weighted k coefficient was used for comparing FMT and 
MR imaging semiquantitative scores, as well as assessing 
intrareader agreement.

Results: FMT was used to detect synovitis in all arthritic joints. 
The reconstructed FMT signal correlated with MR im-
aging findings in intensity and spatial, transverse profile. 
Semiquantitative scoring of FMT correlated well with MR 
imaging findings (weighted k coefficient = 0.90). The re-
constructed quantitative FMT signal, denoting synovial hy-
perperfusion, was used to differentiate between synovitis 
and healthy joints (healthy joints, 1.25 6 0.59; arthritic 
joints, 3.13 6 1.03; P , .001).

Conclusion: FMT enhanced with ICG provided depth-resolved imaging 
of synovitis in PIP joints. FMT may help detect synovitis in 
patients with rheumatoid arthritis.
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Materials and Methods

Our study was approved by the ethics 
committee at our institution before its 
commencement; it was conducted ac-
cording to the principles of the Decla-
ration of Helsinki, and all patients pro-
vided written informed consent before 
participating in the study.

Patients and Clinical Examination
Twelve study participants, consisting 
of six patients with RA (five women 
and one man; mean age, 62.6 years 6 
13.3) and six volunteers (four women 
and two men; mean age, 41.5 years 6 
20.2) were included in this prospective 
study and were recruited from March 
2012 to November 2013 through the 
Department of Rheumatology at Klini-
kum rechts der Isar, Technical Univer-
sity Munich. Inclusion criteria for the 
patients were tender and/or swollen 
joint(s) of the proximal interphalangeal 
(PIP) joint of the examined second or 
third index finger, clinically determined 
RA, and willingness to participate. In-
clusion criteria for the volunteers of 
the control group were no tenderness 
or swelling in a healthy PIP joint and 
a willingness to participate. Exclusion 
criteria were pregnancy; renal failure; 
known allergy to iodine, ICG, or gado-
linium-based contrast agent; and other 

use of changes in the optical absorp-
tion and scattering coefficients of af-
fected tissue in finger joints. These 
methods can be used to differentiate 
between healthy and arthritic joints 
fairly successfully when the optical 
properties have substantially changed 
owing to clouding of synovial fluid or 
membrane (10). We have also previ-
ously used indocyanine green (ICG), 
a nonspecific, clinically approved syn-
thetic organic near-infrared fluores-
cent dye, in the detection of inflam-
matory lesions in hand joints by using 
planar fluorescence imaging (4,8). 
However, planar imaging methods do 
not resolve information with depth and 
instead deliver a weighted projection 
of the underlying three-dimensional 
fluorophore distribution (13), thus 
limiting sensitive and quantitative de-
tection of synovitis (4). Fluorescence 
molecular tomography (FMT) has been 
proposed as a noninvasive modality for 
quantitative three-dimensional imag-
ing of fluorescence in vivo, allowing 
reconstruction of the true underlying 
probe biodistribution by modeling dif-
fuse propagation of light (14). ICG has 
been previously applied in conjunction 
with other tomographic imaging ap-
proaches for clinical applications (15–
19) and several preclinical applications 
(20–24).

The clinical utility of FMT for three-
dimensional imaging of synovitis in the 
human finger joint, however, has not 
been well established in the literature. 
The purpose of our pilot study was to 
propose and evaluate ICG-enhanced 
FMT for in vivo detection and charac-
terization of synovitis in finger joints 
of patients with RA and differentiation 
from healthy joints, in comparison to 
MR imaging findings.

Rheumatoid arthritis (RA) is an 
inflammatory disorder character-
ized by inflammation of the syno-

vial lining of joints (synovitis) and subse-
quent destruction of the joint. Detection 
and assessment of disease progression in 
RA are based on a combination of clini-
cal, laboratory, and imaging data. Since 
early initiation of effective therapy pre-
vents destruction, preserves function, 
and is able to induce lasting remission, 
there is a demand for sensitive and spe-
cific imaging tools to detect synovitis as 
an early marker of RA (1). Radiography 
is commonly used clinically; however, 
it will only show changes after months 
or years of active disease (2). Ultraso-
nography and magnetic resonance (MR) 
imaging display improved diagnostic ca-
pabilities; however, they show varying 
interoperator variability and high costs, 
respectively (3).

Optical imaging has also been con-
sidered for imaging arthritis in human 
finger joints (4–9). Optical methods 
operate with nonionizing radiation and 
are well suited for the finger dimen-
sions that are typically affected by RA. 
Therefore, optical methods can play an 
important role in the clinical manage-
ment of disease if they could be shown 
to offer accurate diagnostic perfor-
mance. Transillumination planar imag-
ing (10) and tomographic approaches 
(5,11,12) have been proposed, making 

Implication for Patient Care

 n FMT allows for detection and 
characterization of synovitis in 
finger joints of patients with 
rheumatoid arthritis; because of 
its high sensitivity, FMT is a 
potential complementary imaging 
tool for early detection of 
inflammation.

Advances in Knowledge

 n Acquisition, processing, and in-
version methods were optimized 
for a 360° fluorescence molec-
ular tomography (FMT) system 
for in vivo indocyanine green–
enhanced imaging of human 
finger joints.

 n FMT demonstrates healthy and 
arthritic joints according to 
reconstructed signal intensity 
(mean 6 standard deviation for 
volunteers, 1.25 6 0.59; for 
patients, 3.13 6 1.03; P , .001).

 n The reconstructed fluorescence 
signal has a spatial intensity pro-
file similar to that of MR 
imaging.
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images at every 10° (used for volume 
reconstruction) during the first minute 
of imaging (exceptions presented in Ap-
pendix E2 [online]).

FMT was planned 20 minutes after 
intravenous bolus injection of 1 mg of 
ICG per kilogram of body weight (ac-
tual imaging time was 21.6 minutes 6 
5.6, Table). Patients placed the hand 
inside the FMT device on an armrest 
in the prone position. Imaging lasted 
a mean of 12 minutes (11.8 minutes 
6 2.2). Motion was compensated for 
during both acquisition and reconstruc-
tion. Front-illumination images were 
used to reconstruct a three-dimensional 
volume of the imaged tissue, which was 
required for modeling the light prop-
agation and as a geometric reference 
for motion compensation (Appendix E2 
[online]). Light propagation in the fin-
ger tissue was modeled by using finite 

imaging time. Further details regarding 
the acquisition method are presented in 
Appendix E2 (online).

The FMT measurements and pro-
cessing were performed after MR im-
aging, and readers were not blinded to 
MR images. The tip of the finger was 
placed in a thimble, which serves as a 
reference pivotal point. Laser scanning 
was performed within a field of view of 
around 15 mm in the axial direction, 
centered on the region of interest (ROI) 
at 17 equally spaced gantry angles. A 
750-nm laser (B&W Tek, Newark, Del) 
was used to scan the sample at a mean 
of 15 source locations per gantry angle, 
where, at each location, intrinsic and 
fluorescence images were obtained by 
using a cooled charge-coupled device 
camera (Pixis 512B; Princeton Instru-
ments, Trenton, NJ). The imaging con-
sisted of acquisition of front-illumination 

contraindications to MR imaging, such 
as metallic fragments in the body, mag-
netically activated implanted devices, 
and claustrophobia. Clinical work-up 
was performed by a rheumatologist 
(K.T.), including bimanual palpation 
and laboratory tests.

MR Imaging
The patients underwent 3-T MR im-
aging (Verio; Siemens, Erlangen, Ger-
many) by using a flexible surface coil at 
the Department of Radiology of Klini-
kum rechts der Isar, Technical Univer-
sity Munich. T1-weighted fat-saturated 
contrast material–enhanced MR im-
ages were obtained with patients in the 
prone position, and the hands were out-
stretched in a praying position to image 
both hands at once. The protocol used 
is presented in Appendix E1 (online). 
The degree of synovitis in the PIP joint 
on MR images was graded semiquanti-
tatively by a radiologist (R.M., with 6 
years of experience in musculoskeletal 
MR imaging). A repeated interpreta-
tion of the MR images 2 weeks after 
the first was performed by one reader 
(R.M.), with rearrangement of the 
image sets for intrareader agreement 
estimation. The reader scored the im-
ages without having knowledge of the 
clinical assessment and was blinded to 
patient name and results of FMT. MR 
images were evaluated in random order 
by using the semiquantitative assess-
ment system suggested by the Outcome 
Measures in Rheumatology Clinical Tri-
als, or OMERACT, MR imaging group 
(25). With this method, synovitis is 
scored on a scale of 0 to 3 for each 
joint, with 0 representing no synovitis 
and 1 to 3 representing mild, moderate, 
and severe arthritis, respectively.

FMT Acquisition System and Method
A 360°-rotation FMT system located 
and designed at the Institute for Bi-
ologic and Medical Imaging at the 
Helmholtz Zentrum München, Munich, 
Germany (26), shown in Figure 1, was 
used for imaging the PIP joint–a joint 
commonly affected in RA. The imaging 
protocol was optimized to allow acqui-
sition over several hundred source posi-
tions with reasonable signal quality and 

Figure 1

Figure 1: Photograph of the FMT system for imaging human 
finger joints. The 360°-rotation FMT system is shown with the 
optical components and the hand on a holder in prone position 
with the second (index) PIP joint stretched out. The front face 
of the system is covered with a lead plate that has a hole in the 
middle, allowing for hand placement in the imaging chamber. 
CCD = charge-coupled device.
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(30). The reconstructed FMT signal 
was limited to a ROI with a span of 
2 mm distal from the crease location 
(Appendix E2 [online]) and 3 mm 
proximal to it. A maximum intensity 
projection (MIP) of the fluorescence 
signal within this ROI, called the MIP 
ROI, was coregistered with the MR 
image (Appendix E2 [online]). Recon-
struction was performed with an “im-
aging ROI,” which consists of a spatial 
span along the axial direction scanned 
by the virtual optical detectors.

Moreover, the FMT reconstruction 
results can be scored from 0 to 3 ac-
cording to the intensity in a fashion 
similar to MR imaging. FMT recon-
structions were scored semiquantita-
tively according to the mean intensity. 
Two threshold values, m1 and m2, were 
used. FMT signal intensity values 
(averaged signal intensity within the 
MIP ROI) less than m1 were assigned 
a semiquantitative score of 0, while 
values between m1 and m2 were con-
sidered to indicate moderate synovitis 
and were given a score of 2. Values 
larger than m2 were assigned a score 
of 3–indicating severe synovitis. The 
thresholds m1 and m2 were set accord-
ing to the collection of signal intensity 
values measured for the 12 subjects 
in our study.

Experimental and Processing Details for Individual Volunteers and Patients

Study  
Participant No. Age (y) Sex Joint*

MR Imaging 
Score, First 
Reading

MR Imaging 
Score, Second 
Reading

FMT 
Score Time Point†

Imaging Length 
(min)

Mean  
Signal Intensity 
Value

Maximum  
Signal Intensity 
Value

Root Mean 
Square Signal 
Intensity Value

1 (Volunteer) 27.6 Male Second right 0 0 0 23 11 1.67 3.79 1.76
2 (Volunteer) 33.6 Male Third left 0 0 0 14 12 0.72 1.49 0.76
3 (Volunteer) 28.5 Female Second right 0 0 0 16 8 1.40 2.84 1.48
4 (Volunteer) 25.4 Female Second right 0 0 0 27 8 1.44 3.39 1.51
5 (Volunteer) 61.2 Female Second right 0 0 0 18 11 1.24 2.38 1.30
6 (Volunteer) 72.8 Female Third right 0 0 0 18 11 1.00 1.85 1.04
7 (Patient) 66.7 Female Second right 2 2 2 33 12 2.44 5.39 2.58
8 (Patient) 41.3 Female Third left 2 2 3 24 13 4.25 8.62 4.49
9 (Patient) 72.2 Female Third left 3 2 2 20 13 2.41 5.28 2.56
10 (Patient) 66.6 Female Third right 3 3 3 20 13 2.91 8.05 3.04
11 (Patient) 76. Female Third right 3 3 3 28 13 3.56 7.57 3.73
12 (Patient) 52.2 Male Third left 3 3 3 18 16 3.19 7.46 3.33

* Second and third joints denote PIP joints of the index and middle fingers, respectively.
† The imaging time point designates the start of the FMT acquisition after intravenous ICG administration.

element method–based discretization 
of the diffusion equation (27).

FMT Processing
A flowchart of FMT processing is pre-
sented in Figure E1 (online). The same 
processing parameters were applied 
to all study participants. The three-di-
mensional volume that designated the 
tissue volume was reconstructed by us-
ing the 34 front-illumination images by 
means of back-projection of the image 
boundaries based on the geometric 
description of the camera (Appendix 
E2 [online]). Homogeneous optical ab-
sorption and scattering were used in 
the FEM-based modeling of light prop-
agation in the finger. Finger motion in 
the transverse plane was corrected by 
finding the offset between the acquired 
intrinsic images and the projection of 
the three-dimensional volume for the 
given gantry angle. The intrinsic and 
fluorescence images were then opti-
mally shifted to match the projected 
image of the volume, and source posi-
tion locations were corrected accord-
ingly. This scheme can compensate for 
translational motion in the transverse 
plane, but not motion in the axial di-
rection or rotation of the finger. Fur-
ther details regarding FMT processing 
are presented in Appendix E2 (online).

Furthermore, the fluorescence sig-
nal intensity was observed to decrease 
exponentially with a half-time of 13 mi-
nutes (Appendix E2 [online]). To com-
pensate for ICG fluorescence decay, the 
measured fluorescence images were 
correspondingly weighted prior to re-
construction, based on their acquisition 
time point (with the 20-minute post-
injection time point taken as the zero 
time point, Appendix E2 [online]). This 
operation also compensated for differ-
ences between the actual imaging times 
(21.6 minutes 6 5.6, Table) and the 
planned 20-minute postinjection time 
point. These time differences were un-
avoidable owing to logistical limitations, 
such as hardware or experiment inter-
ruptions or the study participant’s pref-
erence for speedier completion.

A background subtraction method 
based on the approach described (28) 
was applied to normalized Born data 
(defined as the ratio of the fluores-
cence to the intrinsic signal) to com-
pensate for nonspecific uptake of ICG 
(Appendix E2 [online]). Reconstruc-
tion was performed with 1-mm3 spatial 
resolution by using the least-squares 
method (29).

Palmar creases were used as ana-
tomic surface markers and were indic-
ative of the underlying joint location 
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presented in Figure E6 in Appendix E3 
(online). Corresponding imaging ROIs 
and MIP ROIs are shown in Figures 2 
and 3 and Figure E6 (online).

Figure 4 shows signal intensity 
maximum and mean values within the 
reconstruction ROIs for the 12 study 
participants. Mean values for the FMT 
signal intensity (averaged within the 
MIP ROI) were 1.25 6 0.59 for vol-
unteers and 3.13 6 1.03 for patients 
(P = .00015). Semiquantitative scores 
(scores 0–3) obtained from the FMT 
signal (by using the thresholds m1 and 
m2 shown in Figure 4a) are presented in 
the Table for the 12 imaged joints. The 
weighted k coefficient used to quantify 
the association between semiquanti-
tative scores obtained from FMT and 
MR imaging had a value of 0.90 for the 
first MR imaging reading and 0.94 for 
the second MR imaging reading. The 
effects of thresholds m1 and m2 on the 
sensitivity and specificity of FMT semi-
quantitative scores versus MR imaging 
scores are presented in Figure 4b and 
4c. Figure 4b shows the sensitivity and 
specificity of the binary classification I 
(affected vs healthy) versus m1. Figure 
4c presents similar results for the bi-
nary classification II (severe vs less than 
severe) versus m2.

A Spearman correlation coefficient 
of r = 0.24 was observed between the 
age and the FMT signal intensity values 
across all 12 study participants. The 
coefficient r had a value of 20.77 for 
the healthy group and and 20.43 for 
the patient group. For the intrareader 
agreement of repeated assessment of 
MR images by one reader (R.M.), a k 
coefficient of 0.94 was estimated, and 
concordance was observed in 92% of 
the ratings. MR scores based on the 
first and second readings are presented 
in the Table.

Discussion

In our study, we have shown that 
FMT enhanced with ICG provides 
quantitative, depth-resolved imaging 
of synovitis in the PIP joint and al-
lows differentiation between healthy 
and arthritic joints affected by RA, as 
corroborated with MR imaging. FMT 

24/38 mm (1st/2nd hour), on aver-
age. For patients, the clinically most 
affected (swollen and tender) PIP joint 
of the second or third index finger was 
selected for the FMT imaging studies, 
as denoted in the Table. Volunteers did 
not demonstrate tenderness or swelling 
of the examined joints and showed nor-
mal values in the laboratory tests.

Imaging Results
FMT imaging results for a patient 
with moderate synovitis in the left 
third PIP joint are shown in Figure 2.  
Three-dimensional demonstration of 
the reconstructed FMT signal within 
the MIP ROI is shown in Figure 2a. 
MIP projection of the FMT signal in 
the sagittal plane is demonstrated in 
Figure 2b, along with the correspond-
ing MIP and imaging ROIs. A trans-
verse MR image of the joint is shown 
in Figure 2c. At MR imaging, hyper-
intense areas designate synovitis 
marked by higher uptake of the gado-
linium-based contrast agent. Coregis-
tration of the FMT MIP projection in 
the axial direction and the MR trans-
verse image (Appendix E2 [online]) is 
shown in Figure 2d.

Figure 2e shows the location of the 
MR transverse section of Figure 2c on 
a coronal MR image and demonstrates 
the proximity of locations of the joint 
split and the palmar crease lines (see 
Appendix E2 [online]). FMT signal 
demonstrated a spatial profile similar 
to the MR image; increased ICG up-
take is displayed mostly on the dorsal 
aspect, 3 mm underneath the skin with 
the left side (green X) stronger than 
the right side (blue X). These char-
acteristics are also observed on the 
MR image and therefore confirm the 
contrast agent uptake in the inflamed 
synovium. The case of the second right 
PIP joint of a healthy joint in a volun-
teer is presented in Figure 3a–3c, with 
the MIP image normalized to the same 
maximum as the previous case of Fig-
ure 2. The reconstructed fluorescence 
for this healthy joint had the strongest 
signal intensity among all the six im-
aged healthy joints in terms of both 
mean and maximum intensity. FMT re-
constructions for another patient are 

Statistical Analysis
A two-sample t test was used to com-
pare the mean values of the FMT re-
constructed signals within an axial field 
of view 5 mm (the MIP ROI) between 
volunteers and patients recruited in 
our pilot study. The null hypothesis de-
noted both groups as having the same 
mean. A two-sided level of significance 
of .05 was used. With a sample size 
of six subjects per study group, an 
effect size (differences in means and 
standard deviations) of two can be de-
tected with a power of 80% by using 
a two-sample t test. The correlation 
between the semiquantitative scoring 
of FMT and MR imaging was assessed 
by using a weighted k coefficient (31). 
Correlation between semiquantitative 
scoring of FMT and MR imaging based 
on ordinal ratings (from 0 to 3) and in-
trareader agreement by using repeated 
assessments of the same images by 
one investigator (R.M.) was assessed 
by using weighted k coefficients. The 
effect of the semiquantitative FMT 
scoring thresholds m1 and m2 on sen-
sitivity and specificity were analyzed. 
Specifically, the threshold m1 was used 
to differentiate between affected (mod-
erate and severe synovitis) and healthy 
joints, defined here as classification I. 
Sensitivity and specificity values were 
obtained for classification I for values 
of m1, spanning the range of measured 
FMT signal intensity value. Similarly, 
the effect of m2 on classification II in 
the differentiation between severe and 
nonsevere synovitis was analyzed. The 
Spearman rank correlation coefficient 
r was used to measure the correlation 
between age and FMT signal intensity 
values across all 12 subjects and within 
each group.

Results

Patients and Clinical Examination
No adverse events were seen in the 
study participants after intravenous 
injection of ICG or gadopentetate 
dimeglumine. Patients showed ele-
vated parameters of serum C-reactive 
protein at 2.7 mg/dL (27 mg/L) and 
the erythrocyte sedimentation rate at 
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the background subtraction approach, 
leaving only weak signal components 
for the healthy joints in comparison to 
those affected by synovitis.

The FMT reconstructions in the 
form of MIP images closely resembled 

as follows. ICG did not appear to con-
centrate in any specific lesion in the 
healthy joints and therefore contrib-
uted mainly to the background fluores-
cence. The background signal intensity 
was then substantially reduced after 

signal intensities were significantly 
(P , .001) stronger for joints with 
moderate to severe synovitis than for 
healthy joints. The substantial signal 
intensity difference between healthy 
and affected joints can be explained 

Figure 2

Figure 2: Images demonstrate the FMT technique. Images were acquired in the third left PIP joint (with an MR synovitis score of 2) in a 41-year-old female patient 
and show strong signal intensity increase (contrast enhancement) of the inflamed synovia on both FMT and MR images. (a) Three-dimensional representation of 
the reconstruction fluorescence shows where the skin photograph on the palmar and dorsal side is wrapped on the surface of the reconstructed volume. (b) 
On the sagittal MIP, the 5-mm axial ROI is shown. (c) On the corresponding transverse MR image, the red arrows point to the synovitis. Increased ICG uptake is 
displayed mostly on the dorsal aspect, 3 mm underneath the skin with the left side (green X ) stronger than the right side (blue X ). (d) On the coregistered image 
between the FMT MIP image and the MR transverse image, the arrow points to the boundary of the coregistered FMT volume. (e) On the coronal MR image, the 
location of the transverse image of c is indicated by the yellow arrow, and the orange arrow indicates the palmar creases.
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the MR findings in terms of relative sig-
nal distribution in the transverse plane. 
The conspicuous signal components 
appeared in almost the same locations 
(with respect to anatomic markers) in 
the transverse plane for both MR and 
FMT reconstructions. Imperfections 
were present in FMT reconstructions, 
as well. The reconstructed fluorescence 
images are likely to contain strong com-
ponents at the dorsal side. These com-
ponents are likely to be attributable to 
dorsal veins or can be regarded as ar-
tifacts. Moreover, the spatial profile of 
reconstructed fluorescence signal might 
differ slightly from the synovitis profile 
seen on the MR image. Such artifacts 
and reconstruction imperfections are 
common and understandable in fluo-
rescence tomography and occur even 
in controlled experiments with homo-
geneous phantoms (see Appendix E3 
[online]). Therefore, the spatial corre-
lation between MR and FMT signal pro-
files for the results presented here can 
be reasonably deemed satisfactory and 
relatively accurate, given the ill-posed 

Figure 3

Figure 3: FMT imaging results for the second right PIP joint of a 28-year-old healthy male 
volunteer. (a) Three-dimensional representation of the reconstruction fluorescence shows where 
the skin photograph on the palmar and dorsal side is wrapped on the volume surface, and two 
salient dorsal and proximal palmar crease lines are visible. (b) MIP projection of the FMT signal 
in the sagittal plane. (c) MIP projection of the FMT signal in the transverse plane appears as 
a transparency color image on a white volume section. This joint showed the strongest recon-
structed signal intensity among all healthy joints examined in our study.

the diffusion approximation for model-
ing light propagation in joint tissue (7).

On the basis of the results pre-
sented in our study, all of the healthy 
joints had a lower signal intensity value 
(in terms of both mean and maximum 
intensity) than the ones affected with 
RA. Joint number 8, which had mod-
erate synovitis at MR imaging, had the 
strongest fluorescence signal intensity 
among all joints. This could be caused 
by the difference in distribution pat-
terns of ICG and MR contrast agent 
or the experimental variabilities that 
are unaccounted for. Nevertheless, the 
proposed method achieved significant 
signal intensity differences between 
healthy and inflamed joints. This was 
shown by performing the two-sided t 
test on the mean values of reconstruct-
ed signal in the MIP ROI, yielding a P 
value of less than .001. Our data do not 
provide evidence against the normality 
assumption in both groups (healthy and 
affected), as data are distributed sym-
metrically and no outliers are present. 
Therefore, use of the two-sided t test 

nature of the FMT problem and the high 
levels of modeling imperfection due to 
lack of complete optical description of 
in vivo joint tissue. The application of 
anatomic priors, such as location of 
bones, obtained from MR images with 
or without contrast agent or computed 
tomography (CT), in conjunction with 
optical measurements, can potentially 
improve the imaging accuracy, as has 
already been demonstrated in preclin-
ical application (32). Anatomic images 
of a given joint can be used to improve 
the imaging quality of one scan or sub-
sequent FMT scans, through provision 
of a priori information in the forward 
modeling or inversion. A similar ap-
proach has been used in the study of 
Yuan et al (6) to improve the accuracy 
of diffuse optical tomographic imaging 
of osteoarthritis in distal interphalan-
geal joints through extraction of ana-
tomic priors from radiography images. 
Tomographic imaging of synovitis by us-
ing FMT can potentially be improved by 
using higher-order approximations of 
radiation transport equation instead of 
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potential complementary tool for early 
inflammation detection. The FMT 
system used in our study is a proto-
type system with a manufacturing cost 
of less than 100 000 euros. This cost 
is an order of magnitude less than the 
acquisition cost of a clinical MR imag-
ing system, which nominally costs be-
tween 1 and 3 million euros. The lower 
cost of FMT can be attributed to its 
less expensive components. The most 
expensive system component of FMT 
is the cooled charge-coupled–device 
camera (Pixis 512B; Princeton Instru-
ments). Coregistration of FMT data 
with MR imaging or CT may allow for 
precise anatomic orientation and ad-
ditional information on bone erosions. 
Further optimization of system hard-
ware and software geared toward fast-
er imaging of all finger joints at lower 
injection doses is possible and a topic 
of ongoing research.

strongest signal intensity among the pa-
tients was measured for the youngest 
patient (subject 8, aged 41.3 years), and 
the strongest signal intensity among the 
volunteers was measured for the second 
youngest volunteers (subject 1, aged 
27.6 years). As another observation, 
the mean signal intensity value among 
the older volunteers (subjects 5 and 6, 
aged 61.2 and 72.8 years, respectively) 
was 1.12, which is lower than the mean 
signal intensity among the other four 
younger volunteers (mean age, 28.8 
years; mean signal intensity, 1.31). Sim-
ilarly, the distribution of signal intensity 
values for the men in comparison to the 
women in the current cohort does not 
hint toward an effect of patient sex on 
the signal intensity value.

It is not foreseen that FMT will re-
place MR imaging in the clinic for ar-
thritis imaging. However, owing to its 
low cost and high sensitivity, FMT is a 

for comparison of the two groups was 
justified. As a sensitivity analysis, we 
also performed a nonparametric test 
(Mann-Whitney U test) that yielded 
very similar results (P = .002).

The increased signal intensity value 
for the arthritic joints relative to the 
healthy joints could not be attributed 
to the higher mean age of the patients. 
The current data set does not suggest 
substantial correlation between age 
and signal intensity values of our study 
participants (Spearman r = 0.24). Neg-
ative correlation was observed for the 
available data within patient or volun-
teer groups (r = 20.77 for volunteers 
and r = 20.43 for patients). A negative 
correlation value suggests stronger sig-
nal intensity for younger study partici-
pants. Therefore, the current data set 
does not suggest the stronger signal in-
tensity in the patients to be an effect of 
their relatively higher age. In fact, the 

Figure 4

Figure 4: (a) Graph shows FMT signal intensity values for the imaged PIP joints of the 12 recruited study participants. Mean versus maximum values of recon-
structed fluorescence signal intensity within respective 5-mm MIP ROIs are shown. The blue, orange, and red rectangles show intervals for mean signal intensity 
values used for FMT semiquantitative scores (FMT

sq 
) for thresholds m

1
 = 2 and m

2
 = 2.6. Intervals I

1
 = 1.68–2.41 and I

2
 = 2.45–2.91 denote ranges for proper 

setting of m
1
 and m

2
, respectively. (b) Graph shows sensitivity (solid line) and specificity (dotted line) for distinguishing between healthy and affected joints 

(classification I) by using threshold m
1
. The values for m

1
 = 2.0, as used for semiquantitative scoring of FMT signals in a, are shown with square and circle markers. 

Classification I shows the same performance for µ ∈
1 1

I . (c) Graph shows corresponding results for distinguishing between severe and less-than-severe inflam-
mation (classification 2) by using threshold m

2
. Sensitivity and specificity values for m

2
 = 2.6, as used in a, are shown with square and circle makers, respectively. 

Classification II has the same performance for µ ∈
2 2

I . Reconstruction results for subjects 1, 8, and 9 are presented graphically in Figure 3, Figure 2, and Figure E6 
(online), respectively.
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