Journal of

B1omed1cal Optlcs

SPIEDigitalLibrary.org/jbo

Near-infrared fluorescence imaging of
experimentally collagen-induced arthritis
in rats using the nonspecific dye
tetrasulfocyanine in comparison with
gadolinium-based contrast-enhanced
magnetic resonance imaging, histology,
and clinical score

Ines Gemeinhardt
Dorothee Puls
Ole Gemeinhardt
Matthias Taupitz
Susanne Wagner
Beatrix Schnorr
Kai Licha
Michael Schirner



Journal of Biomedical Optics 17(10), 106008 (October 2012)

Near-infrared fluorescence imaging of experimentally
collagen-induced arthritis in rats using the nonspecific dye
tetrasulfocyanine in comparison with gadolinium-based
contrast-enhanced magnetic resonance imaging, histology,
and clinical score

Ines Gememhardt Dorothee Puls,” Ole Gemeinhardt,*" Matthias Taupitz,® Susanne Wagner,? Beatrlx Schnorr,?
Kai Licha,” Mlchael Schirner,” Bernd Ebert,° Diethard Petzelt Rainer Macdonald, and Jorg Schnorr®
Charité-Universitaetsmedizin Berlin, Department of Radiology, Campus Chante Mitte, Chanteplatz 1, 10117 Berlin, Germany
Pmivenion GmbH, Robert-Koch-Platz 4, 10115 Berlin, Germany

“Physikalisch-Technische Bundesanstalt, Abbestraie 2-12, 10587 Berlin, Germany

Abstract. Using 15 rats with collagen-induced arthritis (30 joints) and 7 control rats (14 joints), we correlated the
intensity of near-infrared fluorescence (NIRF) of the nonspecific dye tetrasulfocyanine (TSC) with magnetic reso-
nance imaging (MRI), histopathology, and clinical score. Fluorescence images were obtained in reflection geometry
using a NIRF camera system. Normalized fluorescence intensity (/) was determined after intravenous dye admin-
istration on different time points up to 120 min. Contrast-enhanced MRI using gadodiamide was performed after
NIRF imaging. Analyses were performed in a blinded fashion. Histopathological and clinical scores were deter-
mined for each ankle joint. I\ of moderate and high-grade arthritic joints were significantly higher (p < 0.005) than
the values of control and low-grade arthritic joints between 5 and 30 min after TSC-injection. This result correlated
well with post-contrast MRI signal intensities at about 5 min after gadodiamide administration. Furthermore, I\r and
signal increase on contrast-enhanced MRI showed high correlation with clinical and histopathological scores.
Sensitivities and specificities for detection of moderate and high-grade arthritic joints were slightly lower for
NIRF imaging (89%/81%) than for MRI (100%/91%). NIRF imaging using TSC, which is characterized by slower
plasma clearance compared to indocyanine green (ICG), has the potential to improve monitoring of inflamed joints.
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1 Introduction

Inflammatory joint diseases such as rheumatoid arthritis (RA)

are common and have important economic implications.'? . . . o
Timely and affordable diagnosis is crucial for the patient’s prog- for this purpose is near-infrared fluorescence (NIRF) imaging.

. . s NIRF images contain information about optical properties of
nosis and therapeutic approach because early initiation of ther- . . . :
34 tissue such as reflection, absorption (e.g., by melanin and hemo-

apy can significantly delay the process of joint destruction.™ . .
The diagnosis of inflammatory joint disease is currently globin), and scattering (e.g:, .by cells, cell organelles, and col-
b L . . lagen). Phantoms of finger joints have been developed to study
ased on the patient’s history, clinical findings, laboratory oni . .
ptical properties related to early inflammatory changes by NIR

results, and conventional radiography. The latter is not very . . : .. Y :
sensitive in detecting carly inflammatory changes of joints.>® imaging without dye administration.®” In these studies, absorp-
’ tion coefficients and scattering coefficients were determined

Ell: éiﬂyriljf;?fshgscieegslzizl;eltgipngg ?‘Z Sﬁlppﬁ)n;fmiz for healthy and abnormal synovial fluid and the joint capsule.
i gmne h C"ll"; anlli h 5 'erap t?]’ pu Subsequently, an imaging technique called sagittal laser optical
omography (CT), roSonograpy, and magnetic resonance tomography (SLOT) has been developed, which yields transmis-

. . 7. .. .

1maging (MRI).’ however, these mod‘ahtles are not the: f}rst sion profiles of the finger joints and allows reconstruction of

choice for routine use because they involve either radiation .. . . 10-12
tomographic images of the sagittal finger plane. It has

exposure or the examination is time-consuming and expensive. been shown that this technique allows the identification of indi-
vidual inflamed joints in patients with synovitis.'> A drawback

A screening test that is both sensitive and inexpensive would
be highly desirable for early detection of inflammatory disease
and for treatment monitoring in patients. A promising candidate
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of this approach is the time-consuming acquisition and recon-
struction of data and the marked variation of scattering and
absorption in healthy volunteers.

The application of NIRF dyes may improve the diagnostic
outcome of fluorescence imaging'* as known for contrast-
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enhanced MRI!® Both specific'®?® and nonspecific?'2*

fluorescent dyes have been investigated in animal models to
test their potential for the detection of inflammation, e.g., in
arthritis.”> A promising nonspecific dye is tetrasulfocyanine
(TSC), a modified cyanine dye which was already successfully
used for in vivo imaging of subcutaneously growing tumors in
animals.? Clinical trials are under way to investigate different
nonspecific NIRF dyes for the visualization of arthritis®*° and
superficial tumors, e.g., in optical mammography.?’~%’

TSC was selected for our experimental investigation because
this dye exhibits increased hydrophilicity and less plasma
protein binding, and therefore may possess improved imaging
properties compared with ICG. Moreover, a higher fluorescence
quantum yield (10%) in aqueous media has been reported for
TSC compared with ICG (3%).%*°

To underpin the selection of TSC, we measured the concen-
trations of TSC and ICG in the eye over time using three control
animals for each dye (unpublished results). This approach is not
as accurate as measurement in pure blood, but for comparison of
two dyes under the same experimental conditions, it might be
acceptable since the eyes are nearly transparent. The blood half
lives determined in this way were 3.3 £ 0.6 min for ICG and
31.7 £ 1.5 min for TSC. Measurements of normalized fluores-
cence intensity (/yg) of the joints of these control animals
showed an eight times higher Iyg between 5 and 10 min after
the injection of TSC compared to ICG.

Therefore, TSC is a promising contrast agent with improved
optical and pharmacokinetic properties.

To our knowledge no study is available performing contrast-
enhanced nonspecific fluorescence imaging and contrast-
enhanced MRI with histological validation on the same animal.

It was hypothesized that: 1. NIRF imaging using the non-
specific dye TSC detects inflammation in an animal model of
experimental arthritis and that 2. the NIRF intensity values cor-
relate with the results of contrast-enhanced MRI, histopathol-
ogy, and clinical evaluation.

2 Material and Methods

2.1 Animals and Arthritis Model

Animals were maintained in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US
National Institute of Health (NIH publication No. 85-23,
revised 1996), and examinations were approved by the respon-
sible authority. Female Lewis rats (body weight 140 to 160 g)
were purchased from Charles River Laboratories (Sulzfeld,
Germany). The study was performed in 15 rats (30 joints)
with collagen-induced arthritis (CIA) and seven control animals
with healthy joints (14 joints).

For induction of CIA, bovine type II collagen (Collagen
Acid Soluble, from Bovine Nasal Septum, Sigma—Aldrich Che-
mie GmbH, Steinheim, Germany) was dissolved in 0.01 M
acetic acid. Subsequently, the solution was emulsified with
an identical volume of incomplete Freund’s adjuvant (Sigma—
Aldrich Chemie GmbH, Steinheim, Germany) for 30 min in
a well-closed container placed in an ultrasonic bath (35 kHz)
(Sonorex RK 31, Bandelin, Berlin, Germany) filled with
ice water.

For collagen injection the rats were immobilized by inhala-
tion anesthesia with 2% isoflurane (Forene, Abbott GmbH,
Wiesbaden, Germany) and medical oxygen. A dorsal area at the
base of the tail was shaved and the skin disinfected. In 15 rats,
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0.5 ml (containing 0.5 mg collagen) of the emulsion was intra-
cutaneously injected at the base of the tail at different sites (each
about 0.05 ml). The seven animals serving as controls were
injected with 0.5 ml physiologic salt solution under identical
conditions. The procedure was repeated in all rats after seven
days.

Arthritis develops 13 to 15 days after the first collagen injec-
tion, but is highly variable in severity. Animals may show
different degrees of arthritis in the right and left ankle joint,
or there may be animals without signs of clinical or histological
changes in one or both joints.

2.2 Clinical Evaluation (Score)

After the second collagen injection, the rats gait and the distal
joints, especially the tibiotarsal joints, were inspected for swel-
ling and reddening daily for describing the developing of arthri-
tis. Before NIRF imaging each ankle joint was given a score
from O to 3 (0 = no clinical symptoms, 1 = mild swelling,
2 = moderate swelling, and 3 = severe swelling with reduced
mobility of the tibiotarsal joint).

2.3 NIRF Imaging

NIRF imaging of ankle joints was performed at the onset of
clinical symptoms of arthritis. For examination, the rats
were anesthetized by a combination of inhalation and injection
anesthesia. First they were immobilized with isoflurane
followed by subcutaneous injection of 80 mg/kg ketamine
hydrochloride (Curamed Pharma GmbH, Karlsruhe, Germany)
and 4 mg/kg xylazine (Rompun 2%, Bayer Vital GmbH, Lever-
kusen, Germany) in a mixing syringe and 3.5 mg/kg of diaze-
pam (Diazepam ratiopharm 10 solution for injection, ratiopharm
GmbH, Ulm, Germany) subcutaneously. An indwelling cannula
(Vasocan Brauniile, 0.9 mm diameter X 25 mm, B.Braun AG,
Melsungen, Germany) was placed in the tail vein (lateral coc-
cygeal vein) and connected with an automatic injector (P4000,
IVAC/Alaris Medical Systems Inc., San Diego, USA) for the
dye injection. The rats were placed in prone position and the
hind legs extended caudolaterally. Hair was not removed since
the ankle region is nearly not covered by fur and any manipula-
tion that might induce hyperemia should be avoided.
Fluorescence images were obtained in reflection geometry.
NIR dye fluorescence was excited with an optical parametric
oscillator (OPO) (GWU-Lasertechnik, Erftstadt, Germany)
based on an optically nonlinear BaB,O,-crystal, pumped
by the third harmonic (1 = 355 nm,E,;, =80 mJ) of a
Q-switched Nd:YAG laser (GCR-10, Spectra-Physics Inc.,
USA). The OPO provides laser radiation tuneable between
415 nm and 2.2 ym and was set to 4., = 740 nm in our experi-
ments to excite NIR fluorescence of the dye under investigation.
Two long-pass interference filters (1534, = 800 nm) and a long-
pass edge filter (1594, = 780 nm, 3 mm) were used to cut off
scattered excitation light from emitted fluorescence light. The
cut-off wavelength at A = 860 nm results from a sensitivity
drop of the detector. The fluorescence was imaged onto the
photocathode of a water/Peltier-cooled, intensified CCD camera
(Model ICCD-576, Princeton Instruments Inc, Trenton, USA)
with the help of a standard object lens of 50 mm focal length
(f = 1.4). In order to suppress background signals caused by
ambient light, the intensifier of the CCD camera was gated
applying an electrical pulse (—180 V) of about 10 ns duration
derived from a HV pulse generator. The HV pulse generator was
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synchronized with an advanced trigger pulse provided by the
power supply of the laser system and appropriately delayed
by means of a digital delay generator. The delay of the gating
pulse was adjusted to image the fluorescence of the cyanine dye
(decay time ~300 ps) and to suppress long-living autofluores-
cence components with typical decay times of 3 ns. Fluores-
cence was recorded using a short exposure time (0.2 s) and 4
times accumulation to avoid motion artifacts. For close monitor-
ing of dye uptake immediately after injection, 180 images were
recorded within 660 s (i.e., one image every 3.65 s), followed by
time points at 30, 60, and 120 min post injection.

A stable fluorescent cube consisting of covalently bound
cyanine dyes embedded in plastic material placed in the top
right corner of the measuring field served as reference for
fluorescence intensity.

2.4 NIRF Dye

The nonspecific NIRF dye, TSC, is a tetrasulfonated carbocya-
nine dye based on an indotricarbocyanine chromophore. TSC is
a low-molecular-weight dye (836.9 g/mol) with both anionic
and hydrophilic properties.”*** In phosphate-buffered saline
TSC shows an absorption maximum at A, = 755 nm and a
fluorescence emission maximum at 4., = 778 nm.?* TSC has
a plasma binding of about 74% and in rats excretion is mostly
(70%) hepatobiliary in feces.”® The dye was dissolved in
physiological saline and injected as an intravenous bolus into
the tail vein at a dose of 1 pmol/kg and a rate of 4 ml/ min.
The fluorescent contrast agent was administered at the start of
the third frame.

2.5 NIRF Imaging Data Analysis

The acquired data were transferred to a desktop computer and
stored. The first two frames of the sequence served as back-
ground frames. Circular regions of interest (ROIs) with a con-
stant diameter of 20 pixels were placed over the reference cube
in the top right corner and the left and right ankle joints with
the center of the ROI positioned over the external malleolus
by one reader (BE) blinded to MRI results, histopathological
and clinical grading.

Mean fluorescence intensities I were the average of all
fluorescence intensity values of pixels covered by the ROI of
a particular region under investigation divided by the number
of pixels. All fluorescence intensities were normalized (Iyg)
to the fluorescence of the reference mean I (reference) to obtain
relative values using the following equation:

Ing = Ip(joint) /1 (reference), (1)

where Iyg is the normalized fluorescence intensity, /x(joint) is
the mean fluorescence intensity over the ankle joint, and
I (reference) is the mean fluorescence intensity of the
reference.

Contrast enhancement was determined by calculating Iy at
5 and 10 min after dye administration and additionally after 30,
60, and 120 min.

2.6 MR Imaging

The rats were examined 5 h after NIRF imaging on a 1.5 T
whole-body MR scanner (Magnetom Sonata, Siemens, Erlan-
gen, Germany) using an extremity coil (Siemens, Erlangen,
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Germany). The rats were placed in prone position with the
hind legs extended caudolaterally on a Styrofoam support
and positioned on a horizontal line in the center of the coil.
MR images were acquired with a Tl-weighted spin-echo
(SE) sequence in coronal slice orientation using the following
sequence parameters: echo time 13 ms, repetition time
350 ms, field of view 160 x 144 mm? matrix 173 x 320,
slice thickness 2 mm, and number of slices 13. The total acqui-
sition time was 4 min and 13 s.

Following acquisition of nonenhanced MR images, the gado-
linium-based contrast agent gadodiamide (Omniscan, Amersham
Buchler GmbH & CO. KG, Braunschweig, Germany) was
injected as a bolus into the tail vein at a dose of 0.2 mmol Gd/
kg. Acquisition of contrast-enhanced images was started at the
same slice position about 3 min after administration of contrast
agent.

Due to the start of image acquisition about 3 min after con-
trast medium administration and the acquisition time, the MRI
data values were identified as 5 min value.

2.7 Analysis of MR Images

MRI always has a morphologic background; therefore, it is
necessary to include the precontrast signal intensity in analyzing
MRI contrast medium enhancement. The MR images were ana-
lyzed by one reader (DP) blinded to time point of acquisition,
NIRF imaging findings, histopathological, and clinical scores.
The reader determined relative signal intensities (SI) [signal-
to-noise ratio (SNR)] in the ankle joints before and after admin-
istration of contrast agent using the software Image] (National
Institutes of Health, Maryland, USA). SI of the left and right
ankle joints were measured in circular ROIs with a constant
diameter and the center positioned in the same way as for
analysis of NIRF images. SI of the background was measured
outside the animal. SNRs of the ankle joints before (SNR,.) and
after contrast enhancement (SNR.) were calculated as ratios
of SI in the joints to background intensities. The percent signal
intensity increase (ASI%) in ankle joints after contrast enhance-
ment was then calculated according to the following formula:

ASI% = (SNR oy — SNR o) /SNR e X 100, (2)

2.8 Histology

The animals were euthanized in deep anesthesia by intravenous
injection of T61 ad us. vet. (Intervet Deutschland GmbH,
UnterschleiBheim, Germany) at a dose of 2 ml/animal immedi-
ately after MRI.

For histological workup, the hind legs of the animals were
removed and fixed in 4% buffered formaldehyde solution
(Mallinckrodt Baker, Deventer, Holland). Subsequently, the spe-
cimens were placed in EDTA decalcifying solution (Herbeta
Arzneimittel, Berlin, Germany) for 5 weeks at 60°C. The solu-
tion was changed every week. The decalcified hind legs were
embedded in paraffin, thereafter about 4-ym thick histological
sections were cut and stained with hematoxylin and
eosin (H&E).

The histopathological specimens (Fig. 1) were assessed for
signs of arthritis using the following criteria: synovitis, periar-
thritis, tenosynovitis, periostitis, and cartilage/bone destruction.
Each criterion was graded semiquantitatively with predeter-
mined parameter values by one reader (IG) blinded to NIRF
and MRI values as well as clinical score on the basis of a

October 2012 « Vol. 17(10)



Gemeinhardt et al.: Near-infrared fluorescence imaging of experimentally . ..

standardized human synovitis scale,’' which distinguishes four
degrees of severity: 0 (absence of criterion), 1 (mild), 2 (mod-
erate), and 3 (severe). The sum score was graded as follows: 0,
no arthritis; 1 to 5, low-grade arthritis; 6 to 10, moderate arthri-
tis; and 11 to 15 high-grade arthritis.

2.9 Statistical Analysis

To compare different groups the medians (50th percentile) were
calculated and tests of descriptive statistics were used.

For analysis of NIRF and MRI data, the whole group of
animals with arthritis and the control group were tested
for significant differences in Iyg, signal intensity, and signal
increase at different time points given in minutes (NIRF: 5,
10, 30, 60, 120; MRI: 5). Additionally, the animals with arthritis
were classified into three different groups (low-grade, moderate,
and high-grade) based on histopathological scores. SI and signal
increases, respectively, of both imaging modalities were com-
pared between these subgroups and with controls at time points
given above. Differences between any two CIA groups or
controls were tested for significance using the nonparametric
Mann-Whitney U-test. Significance was assumed at p < 0.05.
Differences in Iyg at different time points and differences in
signal increases between all CIA groups and controls were
tested for significance using the nonparametric Kruskal-Wallis
analysis. A very highly significant difference was assumed at
p <0.001, a highly significant difference at p < 0.01.

Associations between clinical parameters, histology, and the
two imaging modalities were identified by calculating Spearman
correlation coefficients (r,). Significance was assumed at
p < 0.05. Statistical tests were performed using SPSS version
13.0 (SPSS Inc., Chicago, USA).

Sensitivity and specificity for the detection of arthritic joints
were calculated. Sensitivity gives the percentage of correctly
identified arthritic joints (number of arthritic joints with
NIRF value higher than discriminator related to number of all
arthritic joints). Specificity measures the proportion of healthy
joints correctly identified by NIRF imaging (number of control

Fig. 1 H&E-stained histological sections of a control joint (left, 1 and 2)
and an arthritic joint (right, 3 and 4). 1 and 3: (1) Overview of a tibio-
tarsal joint in a control rat and (3) in an arthritic joint showing (A) tibia,
(B) talus, (C) calcaneus, and (D) tarsal bone. 2: Detail of tibiotarsal joint
in a control animal showing (E) the joint space with synovial membrane
and (F) the articular cartilage. 4: Detail of tibiotarsal joint of an arthritic
joint showing (E) proliferating synovial membrane filling the joint space
and covering the destroyed cartilage.
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joints with NIRF value lower than discriminator related to
number of all control joints).

ROC curve analysis was used to calculate the cut-off value
with the highest number of samples correctly classified (true
positives plus true negatives).

Inr at the different time points were graphically represented
in box-and-whisker plots. Outliers are indicated by open circles,
extremes by asterisks.

3 Results
3.1 NIRF Imaging

In pre-injection NIRF images, both control joints and arthritic
joints showed very low Iyr (0.045 and 0.05) without differences
between the groups.

Five minutes after dye administration, all Iyg values were
significantly higher than the corresponding intensities before
administration (p < 0.05), regardless of the degree of arthritis.

The Iyg of control joints and joints from CIA rats were
compared. The group of arthritic joints showed statistically sig-
nificant higher Iyr values than the control joints 5, 10, 30, and
60 min after dye administration (p < 0.05). The difference in
Inp between the group of arthritic joints and controls was no
longer significant after 120 min (Figs. 2 and 3).

In all three arthritis subgroups, the highest Iyr was found 5
and 10 min after dye administration. The highest ratio of median

8 -
[E14 control joints
[ 8 low-grade arthritis
[J11 moderate arthritis
[ 7 high-grade arthritis
6 -
Z 4
2 o
0 H==%
T T T T T T
0 5 10 30 60 120

time (min)

Fig. 2 Box-and-whisker plots of normalized fluorescence intensities
Ing for all groups of joints investigated at different time points. The Iyr
values of the joints with moderate and high-grade arthritis are markedly
above the values of the control joints between 5 and 60 min after dye
injection (p < 0.05). The /¢ values of joints with low-grade arthritis are
only slightly above those of the controls (p > 0.05). The difference in
Inr values between the three grades of arthritis is especially pronounced
5 min after dye administration. The differences between all groups were
very highly significant between 5 and 30 min after dye administration
(p < 0.001), highly significant at 60 min (p = 0.001), and nonsignificant
at 120 min and before dye administration. Outliers are denoted by open
circles, extremes by asterisks.
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Iyg of all arthritic joints to all control joints was obtained
10 min after dye administration [median /g (arthritis)/
median /g (control) = 4.76/2.58 = 1.84]. The relative fluores-
cence intensity showed a marked decrease for all groups at
30 min and a further decrease at 120 min after dye administra-
tion (Fig. 2).

In more detail, the median /g of the animals with low-grade
arthritis was above those of the controls at all time points
(Fig. 2), but the difference was not statistically significant.
Furthermore, there is no significant difference between moder-
ate and high-grade arthritis to all time points.

In contrast, the median /g of animals with moderate arthritis
and the ones with high-grade arthritis differ significantly from
those of animals with no or with low-grade arthritis for all time
points except for 120 min (Fig. 2). The highest ratio (2.14)
between the median Iy of moderate and high-grade arthritis
joints versus the median /yr of controls was reached 10 min
after dye administration.

Fig. 3 Fluorescence images in false colors (range 0 to 100,000 counts
for all color bars) before and after administration of 1 pmol/kg TSC. The
time course is shown in a rat with high-grade CIA on the left and a
healthy control rat on the right. The fluorescent cube used as reference
is seen in the upper right corner of the images. Red color (high fluo-
rescence intensity) indicates areas of inflammation. The high signal
intensities in the back region are caused by shaving and skin inflamma-
tion due to the intradermal injections. The hot spots in the ankle joints
of the CIA rat (left) 1 and 10 min after injection clearly indicate arthritis,
while the control joints (right) appear homogeneous. The fluorescence
intensities decrease with the time elapsed since dye injection. Two
hours after injection there is only very weak relative fluorescence
intensity visible.
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Kruskal-Wallis analysis was used to test differences between
the three groups (low-grade, moderate, and high-grade) and con-
trols at different time points after dye administration. Very
highly significant differences (p <0.001) were seen 5, 10,
and 30 min after dye administration; no significant differences
were found before and 120 min after dye administration.

Using the relative fluorescence intensities of all groups deter-
mined at 5 min and 10 min after dye administration in ROC
curve analysis we identified 3.07 at 5 min and 3.15 at
10 min as the cut-off values with the highest numbers of samples
correctly classified (85%). Using these values, we achieved a
sensitivity of 84.6% and specificity of 85.7% at both time points.

Using the discriminator of 3.5 at 5 and 10 min after dye
administration, the calculated sensitivity was 77% for both
time points, while specificity was 93% and 100%, respectively,
for classifying a joint as arthritic regardless of arthritis grades.
Using the same discriminator for joints with moderate and high-
grade arthritis, sensitivity was 89% with specificity of 81% and
85%, respectively.

With use of a higher discriminator, specificity increases
while sensitivity decreases. For instance, with a discriminator
of 5, moderate or high-grade arthritis is detected with a speci-
ficity of 100% at 5 and 10 min while sensitivity is only 67%.

3.2 MR Imaging

In pre-injection MR images, there were significant differences in
SI between control joints and the group of all arthritic joints
(p <0.05) but no significant differences in SI between low-
grade, moderate, and high-grade arthritis.

Five minutes after administration of the contrast agent, MRI
SNRs were significantly higher than the corresponding intensi-
ties before administration (p < 0.05) regardless of the degree of
arthritis.

The group of all arthritic ankle joints had higher SNR on
post-contrast images than the control group (Fig. 4), and the
percentage signal increase was also significantly higher.

The post-contrast SNR and the percentage signal increase in
rats with low-grade arthritis did not differ significantly from
controls. Moderate and high-grade arthritic joints differed sig-
nificantly from low-grade arthritic joints and controls (Fig. 5).

Fig. 4 T1-weighted spin echo MR images of the ankle joints in a rat with
bilateral high-grade arthritis (left) and a control (right). Upper row:
before administration of contrast agent; lower row: after administration
of contrast agent. There is marked enhancement in the area of the ankle
joints in the rat with high-grade arthritis (arrows) while there is no signal
increase after administration of contrast agent in the control rat.
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Fig. 5 Increase in ASI% in controls and the three arthritis groups.
Kruskal-Wallis analysis yielded very highly significant differences
(p <0.001) between all groups. The ASI% values in moderate and
high-grade arthritis are markedly higher than in low-grade arthritis
and control animals. The values ASI% of the rats with low-grade arthritis
are only slightly higher than the values of the control animals. The open
circle indicates an outlier.

Kruskal-Wallis analysis yielded a very highly significant
difference (p <0.001) in ASI% between the three arthritis
groups and controls.

The ASI% of 59 is the cut-off value with the highest number
of samples correctly classified (87.5%). This cut-off yielded
88.5% sensitivity and 85.7% specificity.

Using the discriminator of ASI% 80 at 5 min after adminis-
tration, we calculated a sensitivity of 77% and a specificity of
100%, respectively, for classifying a joint as arthritic regardless
of arthritis grade.

It is worth noting that there is no significant difference
between moderate and high-grade arthritis in terms of post-
contrast SNR or percent signal increases. The sensitivity and
specificity for the groups of high-grade and moderate arthritis
are 100% and 91%, respectively, when using ASI% = 80 as
discriminator between controls and inflamed joints.

3.3 Histology

For comparative analysis of Iyg (NIRF) and SNR (MRI), his-
tology was performed for joints with collagen injection (30
joints in 15 animals) and for controls (14 joints in 7 animals).

None of the 14 control joints showed histologic evidence of
arthritis.

In the group with collagen injection (30 joints), four joints in
four different animals did not develop arthritis and were
excluded from statistical analysis.

In the remaining 26 joints, which developed histologic
changes after collagen-injection, the changes were classified
as low-grade arthritis in eight joints, moderate arthritis in eleven
joints, and high-grade arthritis in seven joints.

3.4 Clinical Findings

There were no clinical signs of arthritis in any of the 7 control
animals (14 joints).

In the animals with collagen injection, we observed initial
clinical symptoms in the form of unilateral or bilateral swelling

Journal of Biomedical Optics

106008-6

(5 min)

0 2 4 6 8 10 12 14
histopatholocical score

Fig. 6 Scatter diagram of the correlation between normalized fluores-
cence intensity of the ankle joint 5 min after injection of TSC versus the
histopathological score (r;, = 0.74, p < 0.001).

of the ankle joints on days 13 to 15 after the first collagen injec-
tion. Out of 30 joints from 15 animals, 7 joints showed no clin-
ical symptoms, 4 joints showed mild swelling, 6 joints
moderate swelling, and 13 joints severe swelling.

3.5 Correlation

Relative fluorescence intensity /yr 5 min after dye administra-
tion showed high correlation with both the histopathological
scores (ry = 0.742) (Fig. 6) and the clinical scores (r; = 0.741)
of the individual joints. The percentage signal increase on MRI
also correlated well with the histopathological and clinical
scores (ry = 0.816, ry = 0.761). Correlations were also high for
the two imaging modalities, NIRF and MRI (r, = 0.685), as
well as for clinical and histological assessment of arthritis
(ry = 0.874).

4 Discussion

The synovial membrane of patients with arthritis such as RA is
characterized by hyperplasia, increased vascularization, and
invasion of inflammatory cells.*> These early inflammatory
changes of soft tissue are more sensitively detected by scintigra-
phy, ultrasound (US), and MRI than conventional radiogra-
phy.>’ Scintigraphy is very sensitive but unspecific and is
primarily used for early diagnosis and evaluation of the pattern
of involvement. It is unsuitable for routine use and follow-up
examinations because of the radiation exposure and the high
costs.™® US allows the evaluation of periarticular soft tissue®*
and the identification of small superficial bone erosions.>>*
Various studies have shown that Doppler US is a sensitive
tool for the detection of active synovitis.*’= Major limitations
of US are that the results crucially rely on the examiner’s experi-
ence > and that the examination and documentation of the
findings are time consuming. Contrast-enhanced MRI also
demonstrates synovial hyperemia before destructive lesions of
the cartilage and bone occur*! and monitors synovial prolifera-
tion and joint effusions.” However, the routine use of MRI is
limited by the fact that it is time consuming and expensive.

Dye-enhanced NIRF imaging might be a promising modality
for such a routine checkup.
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Nonspecific fluorescent dyes that have been investigated
before in animal models include both agents with predominantly
intravascular distribution (e.g., indocyanine green, ICG) and
agents with higher extravasation into tissue (e.g., SIDAG).*
It has been reported that the signal enhancement of nonspecific
optical contrast agents (e.g., ICG* or SIDAG**) is linearly
correlated with tissue vascularization. Studies have shown that
NIRF imaging using these nonspecific dyes has the potential
for detection of inflammatory joints.>*?¢

In the current study we investigated the enhancement
induced by the nonspecific NIRF dye TSC in ankle joints of
rats with CIA. TSC is a well-tolerated cyanine dye of similar
chemical nature as ICG; however, its in vivo properties (plasma
binding, circulation time) are different from those of ICG.*
Having lower protein binding than ICG, TSC may extravasate,
and elimination from blood circulation by liver uptake is not
as rapid as for ICG.% These properties could permit a more
efficient leakage into inflamed vascular spaces.

NIRF imaging using nonspecific TSC enables differentiation
of arthritic joints from normal joints by means of an increase in
relative fluorescence intensity, Iyg, which correlates with the
severity of arthritis (Fig. 6). The markedly higher signal increase
in joints with moderate and high-grade arthritis as opposed to
low-grade inflammatory changes suggests that more severe
inflammation causes a higher fluorescence signal due to tissue
vascularization and possibly an increased extravasation of the
dye. The time course of TSC accumulation was found to be
similar in all groups investigated. Iyg was highest 5 and
10 min after dye administration both in arthritic rats and healthy
animals. A continuous decrease in /yr in all groups investigated
was seen until 2 h after injection due to hepatic elimination of
the dye. The observed time course of fluorescence intensities in
arthritic ankle joints is similar to the course described by Perlitz
et al. in tumor-bearing rats.”* They found fluorescence intensity
to be highest 10 to 20 min after TSC injection with a subsequent
decrease.”

High correlation between near-infrared SI and clinical arthri-
tis scores was also found by Izmailova et al.*’ using specific
probes in an animal model. Dyes with molecular specificity
used for arthritis detection and monitoring of therapy by other
study groups such as protease-activated dyes,'®*>® fluores-
cence-labeled folate probes,'® and dyes coupled to antibodies!”
result in higher contrast in inflammatory areas compared to
normal controls. These results indicate how the method may be
improved in the future. However, the allergic potential of these
dyes, slow accumulation in tissue, as well as issues of chemical
development, such as the complicated manufacturing process,
prolong the route to possible clinical application. Moreover,
the usefulness in terms of workflow in the routine clinical setting
might be advantageous with blood pool probes providing more
rapid diagnostic results.

An important advantage of the NIRF imaging method pre-
sented here might be the use of a nonspecific, highly biocompa-
tible dye, and the availability of a series of whole-body images of
the rat with a frame rate of about 5 images /s, as well as the simple
analysis compared to other evaluation procedures based on scat-
tering and absorption data for assessment of finger joints, %! 11347

T1-weighted contrast-enhanced MRI was performed to com-
pare the degree of contrast enhancement with NIRF imaging. To
this end MRI was performed with gadolinium-based contrast
agent like use in clinical setting for imaging of arthritic finger
joints.*148
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For comparison of NIRF and MRI data, the values at 5 min
were used because joint contrast has been reported to increase
dramatically about 4 to 5 min after injection of gadolinium-
based MRI contrast agent injection in knees of rats with mono-
articular arthritis.*’

In contrast to NIRF imaging, MRI signal intensities deter-
mined in animals with moderate and high-grade arthritis already
differ from the SI in control animals before administration of
contrast agents. The signal changes in MR images of arthritic
joints are due to pathologic processes induced by inflamma-
tion.’®! Acute arthritis as in the rats investigated here begins
with joint effusion. These changes in perfusion and permeability
associated with inflammation result in an increase of T2 relaxa-
tion times." In addition to joint effusion, inflammation is asso-
ciated with edema of the synovial membrane, which also affects
the MRI signal. The synovial changes associated with low-grade
arthritis are too small to cause a statistically significant SI
increase in MR images. The calculation of the difference in
SI in % after administration of gadodiamide improves the dif-
ferentiation between joints with low-grade arthritis and control
joints compared to absolute SI values; however, the difference is
not significant (p = 0.06).

Following contrast administration, there is an increase in
signal intensity with both modalities that correlates with the
severity of arthritis. Comparison of the groups reveals no sig-
nificant differences between contrast-enhanced NIRF imaging
and MRIL

The absence of differences in MR and NIRF imaging be-
tween moderate and high-grade arthritis suggest that advanced
inflammation with hyperplasia of the synovial membrane, fibro-
plasia, and pannus formation does not induce further accumula-
tion of nonspecific contrast media in affected areas.

The specimens for histopathological analysis were obtained
on the same day as NIRF and MR imaging were performed, thus
representing the histopathological situation as close as possible
to the time point of imaging. The specimens are therefore well
suited to be used as gold standard for evaluation. Histopatholo-
gical changes such as thickening of the synovial cover cell layer,
invasion of inflammatory cells, connective tissue proliferation,
and pannus formation correspond to findings reported in the
literature. >

The animal model of CIA used in our study is characterized
by articular changes that resemble RA in humans,’** and CIA
is induced by the same factors that cause human RA.>

A limitation is the lack of accurate blood half lives of TSC
compared with ICG and of a direct comparison of ICG and TSC
in experimental CIA in rats.

5 Conclusion

Our study demonstrates that contrast-enhanced NIRF imaging
using the nonspecific dye TSC has a similar sensitivity as MRI
using a nonspecific gadolinium-based contrast medium in dif-
ferentiating inflamed joints from healthy joints in an experimen-
tal rat model. NIRF imaging, therefore, is a promising candidate
for the early diagnosis of inflammatory joints. An advantage of
the NIRF imaging method presented here is that it is affordable
and can be performed within a short time.

The good correlation between Iy and SI values and the clin-
ical and histopathological scores indicate that NIRF imaging
using TSC, similar to MRI using unspecific gadodiamide, can
be used for assessing the degree of inflammation of arthritic
joints. A nonspecific NIRF dye with similar properties as TSC
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might be used for the diagnosis of arthritis and treatment
monitoring in the clinical setting.
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