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Optoacoustic Imaging and Staging of Inflammation in a
Murine Model of Arthritis
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Objective. Rheumatoid arthritis (RA) is one of the
most frequent inflammatory diseases, causing pain and
disability in the affected joints. Early diagnosis is
essential for the efficiency of symptom-targeting treat-
ments, but its diagnosis requires careful clinical, sero-
logic, and imaging examinations, such as magnetic
resonance imaging (MRI), which is both expensive and
time consuming. In an effort to provide the biomedical
community with a more accessible way to assess the
advancement of arthritis, this study sought to investi-
gate the use of multispectral optoacoustic tomography
(MSOT) in a murine arthritis model, to visualize the
extent of inflammation in vivo through an L-selectin/P-
selectin—targeting contrast agent.

Methods. Mice with collagen-induced arthritis
were studied as a model of RA. MSOT was performed
using an L-selectin/P-selectin—targeting contrast agent,
polyanionic dendritic polyglycerol sulfate (dPGS) la-
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beled with a near-infrared (NIR) fluorophore, to in-
crease the contrast of the arthritic joint. The signal
intensity ratios between healthy legs and arthritic legs
were calculated. Findings on contrast-enhanced MRI,
clinical observations, the lymphocyte:granulocyte ratio,
and histologic findings served as referents for compar-
ison.

Results. MSOT using an inflammation-targeting
contrast agent, dPGS-NIR, allowed for accurate diagno-
sis of inflammation in the mouse joints. In addition, use
of this technique resulted in significant differentiation
of the inflamed joints from the healthy joints (P =
0.023). The observed advancement of arthritis on the
MSOT images was confirmed by clinical observation,
blood analysis, contrast-enhanced MRI, and ex vivo
histologic examinations.

Conclusion. This study demonstrates that the
combination of an inflammation-targeting contrast
agent and optoacoustic tomographic imaging presents a
promising means for the diagnosis of RA and the
staging of arthritis-related inflammation.

Rheumatoid arthritis (RA) is a chronic auto-
immune inflammatory disease that is characterized by
inflammation of the synovium, resulting in the destruc-
tion of cartilage and bone in the joints. Improvement of
the clinical outcome in RA relies on early and aggressive
treatment, enabled by early diagnosis through a combi-
nation of clinical, laboratory, and imaging data. In the
field of imaging, specific and sensitive tools tailored
toward the detection of inflammation are needed to
overcome the limitations of classic imaging techniques
(1). Even though radiographic imaging of the joints is
used for clinical evaluation, radiographs show advanced
bone degradation only years after the start of inflamma-
tion (2). Ultrasound and magnetic resonance imaging
(MRI) have been found to be an improvement over
classic radiography (3-5), but these techniques are lim-
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ited by high interoperator variability and high cost,
respectively.

Overall, a broad panel of techniques is available
to the clinician today, each of which gives access to
high-quality anatomic data. Through the use of contrast
agents, these techniques can provide insight into certain
pathophysiologic events, namely permeability of the
synovium. However, no technology available widely in
the clinic for the diagnosis of arthritis provides func-
tional molecular imaging data for accurate evaluation of
the advancement of arthritis and the state of its activity.
This can be enabled with the use of optical methods in
which carefully chosen and tailored contrast agents are
employed.

An interesting approach is the use of fluorescent
reporters, which are small organic molecules that have
the double benefit of 1) being extremely stable when
compared to positron emission tomography contrast
agents, and 2) allowing various functional characteriza-
tions through chemical branching. It is already possible,
with the use of US Food and Drug Administration
(FDA)-approved contrast agents such as indocyanine
green (ICG) and epifluorescence equipment (6-9), to
observe hyperperfusion and retention in the inflamed
joint. However, with the correct targeting moiety at-
tached, fluorescence-based observation of the inflamed
sites becomes possible (10,11), with no ionizing radiation
or expensive equipment required.

Such a strategy has recently been pushed one step
forward by the development of an L-selectin/P-selectin—
targeting contrast agent, namely a polyglycerol sulfate
polymer, polyanionic dendritic polyglycerol sulfate
(dPGS), as a therapeutic approach for attenuating in-
flammation, since these glycoproteins are implicated in
the leukocyte recruitment process (12). In an RA model
in which protein labeling with fluorescent probes was
utilized, it was shown that the whole construct accumu-
lates in the region of the inflamed joint in amounts
directly related to the stage of the disease, constituting
an interesting theranostic approach (13). However, re-
sults in vivo failed to reveal volumetric changes and only
showed epifluorescence of accumulation of the contrast
agent in the joints, with a marked difference between the
inflamed site and the healthy site. Overall, these results
seem promising but are limited in their clinical transla-
tion by the technology used, notably the shallow pene-
tration depth of classic fluorescence imaging, even in the
near-infrared (NIR) window of the electromagnetic
spectrum.

One possible way to circumvent this limitation is
to move away from purely optical techniques for imaging
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and exploit the optoacoustic effect, which capitalizes on
the emission of ultrasound waves that are generated by
thermal expansion of samples after absorption of pulsed-
light energy. Since the scattering of ultrasound waves is
order of magnitudes smaller than optical scattering, the
penetration depth and resolution attainable using optoa-
coustic imaging in which optical contrast is still retained
is unmatched by other optical imaging methods (14). A
recent evolution of this technique, called multispectral
optoacoustic tomography (MSOT) (15), shows promis-
ing performance in mapping and identifying different
photoabsorbers in real time in a living animal, using an
unmixing method for spectral identification. MSOT
enables molecular and functional imaging of the joints
(16) in conjunction with simultaneous gathering of ana-
tomic data, an approach that is notably facilitated by the
specific absorbance spectra of hemoglobin, oxygenated
hemoglobin, and fat (17,18). Use of MSOT has led to
new insights into the behavior and biodistribution of
photoabsorbers, such as the FDA-approved fluorophore
ICG (19), or nanoparticles, such as gold nanostructures
(20).

Recently, dPGS-based fluorophores have been
imaged by MSOT (21) as a tool to visualize the extent of
a heart infarct caused by artery ligation in a mouse
model. Optoacoustic imaging has also been utilized
recently to identify and monitor the treatment of RA in
rat ankles (22,23), an approach that involved red and
infrared light, relied solely on angiogenesis as a nonspe-
cific disease marker, and provided a single transverse
slice of the potentially affected joints. Very recently, in a
study in which tumor necrosis factor a—targeting strate-
gies were used, gold nanoparticles were investigated for
proof of concept that the contrast for optoacoustic
imaging of arthritis would be increased (24). Although
that study provided interesting results, the approach
chosen did not allow for staging or accurate mapping of
the inflamed area. Additionally, gold nanorods are not
easily excreted, which presents a major hindrance for
possible clinical translation. Comparatively, the purpose
of the present study was to evaluate MSOT using a fully
organic, inflammation-targeting contrast agent as a tool
for the diagnosis of RA in a preclinical model, with
clinical observation and MRI used as referents for
comparison. We aimed to build on this newly developed
tomographic and multispectral approach in order to
overcome the limitations previously observed and, ulti-
mately, to accurately stage and map the spread of
inflammation in RA.



OPTOACOUSTIC STAGING OF ARTHRITIS

MATERIALS AND METHODS

Animal model. All animal experiments were per-
formed with approval from the government of Upper Bavaria
(reference no. 55.2-1-54-2532-179-11). In total, 14 male DBA/1
mice ages 7-8 weeks (Janvier Labs, France) were randomly
categorized into 1 of 2 groups. One group comprised 12 mice
subjected to collagen induction of arthritis, and the other
group comprised 2 untreated control mice. The murine model
of collagen-induced arthritis (CIA) is widely used because of
its similarity to human RA (25).

For the induction of arthritis, Freund’s complete adju-
vant, which consists of mineral oil and heat-killed Mycobacte-
rium tuberculosis at a concentration of 1 mg/ml, and a phos-
phate buffered saline (PBS) solution containing bovine type II
collagen at a concentration of 1 mg/ml were mixed together in
a ratio of 1:1. Twenty microliters of this compound was
injected below the left knee of each mouse, as previously
described in a study by Kamala et al (26). After 3 weeks, the
injected animals received a booster injection in the same limb.
Within ~25-30 days thereafter, the mice were expected to
develop severe arthritis in the injected leg. Only mice that
developed arthritis, as determined by clinical examination,
were used for the imaging experiments.

Clinical examination. All animals were examined daily
for their general state of health and, specifically, for arthritis-
associated symptoms such as swelling, redness, and lameness in
the legs. Blood samples were obtained once per week from the
facial vein of each mouse to analyze the ratio of lymphocytes to
granulocytes. This ratio is typically low in the acute phase of
inflammation, whereas chronic inflammation typically mani-
fests as a high ratio of lymphocytes to granulocytes.

MSOT contrast agent. The contrast agent that was
used in MSOT is based on a dPGS that is able to bind to P- and
L-selectins, thereby reducing the extravasation of leukocytes
(12,13) (a complete description of the synthesis of the dPGS-
NIR contrast agent is available from the corresponding author
upon request). The two absorbance peaks in the near-infrared
for dPGS-NIR are located at 710 nm and 795 nm, and the
maximum fluorescence emission is 810 nm with a quantum
yield of roughly 1%, thus providing an efficient agent for
MSOT imaging.

For ex vivo histology studies, the contrast agent com-
prised dPGS with a fluorescent indocarbocyanine conjugate
(ICC), a structural analog of dPGS-NIR that uses a fluoro-
phore with absorption in the visible range (propargyl, with
absorption of 550 nm and emission peak of 570 nm; Mivenion).
Use of this dPGS-ICC contrast agent enabled detection of
changes in the joints with standard fluorescence microscopes at
a higher sensitivity than could be achieved using NIR fluores-
cence. For the optoacoustic imaging experiments and histopa-
thology, 7.5 mg/kg of the corresponding contrast agent was
injected intravenously.

Imaging. MSOT and MRI experiments were per-
formed in the animals at a mean 32 days (=SD 2 days) after
the induction of arthritis.

MSOT system for whole-body imaging. All MSOT mea-
surements were performed in a real-time optoacoustic imaging
system, as previously described (17) (a full description is
available from the corresponding author upon request). Dur-
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ing the procedure, all animals were kept under anesthesia
using a mixture of 1.8% isoflurane in air.

Imaging was performed before, immediately after, and
150 minutes after injection of the contrast agent for each
animal, because a time window of 2 hours 30 minutes presents
the best contrast-to-noise ratio, as has been established in
previous studies (21) and as confirmed experimentally using
various time points up to 240 minutes. Each animal was
positioned with the legs stretched in a similar manner on the
left and right side, in order to be able to compare the results
easily. Imaging of the animals was performed from the toes to
the hips using 0.5-mm steps, which allowed us to image the
whole region of possible inflammation. Data acquisition was
performed using 30 averages per illumination wavelength, with
the wavelengths chosen as follows: 700 nm, 730 nm, 760 nm,
800 nm, 830 nm, and 860 nm. These illumination wavelengths
were chosen in order to maximize the efficiency of the
processing methods, as they were determined on the basis of
the spectral characteristics of the main photoabsorbers, namely
oxyhemoglobin, deoxyhemoglobin, and dPGS-NIR (details
available from the corresponding author upon request), while
the acquisition time was kept to a minimum. This resulted in an
acquisition time of ~20 minutes.

MRI. MRI scans were performed using a 1.5T clinical
MR system (Achieva; Philips Medical Systems). During the
MRI scan, the mice were fixated with their legs moderately and
symmetrically stretched while being kept under anesthesia
using a gaseous infusion of isoflurane at 1.5-2% in air. A
surface coil was positioned around both knees. A standard
MRI protocol was utilized to assess arthritis in both knees of
each mouse (details on the MRI protocol are available from
the corresponding author upon request). The overall acquisi-
tion time was ~40 minutes.

Imaging analysis. MRI. The MRI findings were eval-
uated by a radiologist (RM) who is experienced in imaging of
arthritis. Synovitis was scored on a scale of 0-3 in each joint,
with a score of 0 representing no synovitis and scores of 1-3
representing mild, moderate, and severe arthritis, respectively.
Synovitis was defined as an abnormal increase in signal inten-
sity in the area of the synovium after gadolinium injection, and
an expanded synovial membrane.

MSOT system for whole-body imaging. For processing of
the MSOT data, we used a model-based reconstruction pro-
cess, as described previously (27,28), followed by spectral
unmixing based on spectral fitting by the least-squares method,
using the absorbance spectra of hemoglobin, oxygenated he-
moglobin, and the contrast agent. Because the absorbance of
bone in the selected range of wavelengths was negligible in
comparison, its contribution was omitted from the analysis.

For further data processing, MatLab software with a
custom-made script was used. In the transverse image contain-
ing the articulations, 2 distinct regions of interest were chosen
using the image acquired at 800-nm illumination, encompass-
ing the whole articulation for the left and right side. The
overall maximum value of the dPGS-NIR signal in the regions
of interest was then extracted and used to establish the
threshold for the signal at 20% of the maximum value, to
remove excess noise. As a last step, summing the values for the
25% of pixels showing the most intensity in each region of
interest provided an overall value of the probe accumulation
on each side. By determining the ratio of the articulation in the
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arthritic joint to that in the healthy joint, a score of overall
inflammation was obtained. Absolute values of this difference
were used to ensure the accuracy of the method. Furthermore,
the volume of blood circulating in the vicinity of the joints was
estimated by first determining a threshold for normal blood
circulation, and subsequently counting the pixels for the he-
moglobin and oxygenated hemoglobin signals above the
threshold.

The value resulting from the MSOT comparison of the
accumulation of the probe in the knees was matched to the
stage of CIA in the animals. The different stages (healthy, low
inflammation, and high inflammation) were defined on the
basis of a mixture of clinical and MRI findings.

Histopathology. After the imaging experiments, mice
were killed by cervical dislocation, and thereafter stored at
—80°C until used in validation studies. For the histologic
analysis of arthritis, specimens injected with the dPGS-ICC
probe were fixed in formalin and decalcified in Osteosoft
(Merck), according to the manufacturer’s instructions. Sec-
tions of 4-um thickness were cut and stained with hematoxylin
and eosin. Fluorescence images of probe-injected samples
were captured using an Axio Imager Z1 upright microscope
system (Carl Zeiss). ICC-based contrast agents were detected
with a 43 HE DsRed filter set (Carl Zeiss). Nuclei were
identified with Hoechst 33342 dye (filter set 49 DAPI; Carl
Zeiss).

The histologic grading of inflammation was deter-
mined in a blinded manner, with grades ranging from 0 to 3 for
each limb as follows: grade 0 = no changes, grade 1 = few
focal infiltrates, grade 2 = extensive focal infiltrates, and grade
3 = extensive infiltrates invading the capsule.

RESULTS

Clinical examination findings. Overall, 6 of the
12 experimental mice injected with collagen developed
severe arthritis, with marked clinical manifestations such
as redness, swelling, and lameness in the leg joints as
well as an elevated lymphocyte:granulocyte ratio 30 days
after the induction of arthritis (further data are available
from the corresponding author upon request). Clinical
manifestations of RA were not observed in a healthy
control mouse with a normal lymphocyte:granulocyte
ratio of ~3:1.

Results of in vivo imaging. MSOT at 2 hours 30
minutes after injection of the L-selectin/P-selectin—
targeting contrast agent dPGS-NIR into the mouse
limbs provided optimal contrast between the healthy
legs and arthritic legs, as compared to that at various
time points up to 240 minutes (results not shown). The
processed MSOT images revealed a clear difference
between the right (healthy) and left (arthritic) side of
animals that had received a collagen injection and had
developed symptoms of inflammation. Depending on
the extent of advancement of the arthritis and its clinical
characteristics, a significant increase in the MSOT signal
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Figure 1. Multispectral optoacoustic tomography (MSOT) imaging of
the ankles (An) and knees (K) of a representative mouse at an
advanced stage of arthritis, using near-infrared (NIR) imaging with
polyanionic dendritic polyglycerol sulfate (dPGS) contrast agent. A-F,
MSOT images of the left and right ankles (A) and knees (D) were
acquired at an illumination wavelength of 860 nm for anatomic
contrast. MSOT signals for dPGS-NIR accumulation and oxygenated
hemoglobin in the ankles (B and C) and in the knees (E and F) are
shown as fluorescence overlays on the anatomic images. Part of the
bladder is also visible. Bars = 5 mm. G and H, Sagittal T1-weighted
magnetic resonance images were obtained from the left knee joint of
the same mouse before (G) and after (H) gadolinium injection. BV =
blood vessel.

of >35% could be seen in the arthritic joints of all mice
in which synovitis was evident on MRI, whereas only one
healthy mouse showed aberrant accumulation of the
probe in only one limb (P = 0.023 for the average of
measured signal in inflamed joints versus the average of
measured signal in normal joints).

Figure 1 shows an example of an animal at an
advanced stage of arthritis as detected on clinical exam-
ination, with evident swelling, redness, and rigidity of the
limb. In MSOT images using a single illumination wave-
length of 860 nm, the left joint appeared bigger than the
right joint (Figures 1A and D). After multispectral
unmixing, the signal identified, i.e., the accumulation of
dPGS-NIR, appeared to occupy more pixels and also to
be more intense in the left joint (Figures 1B and E).

Since a purely visual observation is insufficient to
diagnose arthritis, to stage the inflamed area, and to
potentially monitor treatment accurately, we developed
a quantitative method for comparison of the left (ar-
thritic) and right (healthy) joints in our animal model. In
the representative animal shown in Figure 1, this trans-
lates into a signal increase of ~72% between the left and
right joints, with the signal from the healthy side pre-
senting a dPGS-NIR signal value of 83 arbitrary units
(AU), compared to >140 AU in the arthritic knee. In
the ankles of the same animal, the ratio reached 600%
between the healthy side and the arthritic side, with a
dPGS-NIR signal value of 42 AU in the right joint
compared to 300 AU in the left joint.

MSOT imaging of the oxygenated hemoglobin
content, a good indicator of the blood circulation within
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an animal, showed that the probe had extravasated and
had almost completely disappeared from the blood flow
in the ankles and knees at the time of imaging (Figures
1B, C, E, and F). Moreover, MSOT imaging showed that
the volume of blood circulating in the vicinity of the
inflamed joint was much higher than that in the healthy
legs, as expected in conditions of acute inflammation. In
the transverse image of the knee (Figure 1F), the
saphenous vein and artery displayed ~2.6 mm? of lumen
surface in the arthritic leg, as compared to 0.65 mm? in
the healthy leg.

Opverall, the arthritic animals with moderate in-
flammation displayed a mean * SD difference in probe
accumulation of ~48 = 11%, with values in the left knee
typically ranging between 110 AU and 132 AU, but
values in the right knee being close to that in healthy
animals (84 AU). In more extreme cases, the difference
in probe accumulation reached almost 80%.

When 2-dimensional images were used to build a
3-dimensional volume, it became easier to visualize the
extent and intensity of the inflammation in and around
the joints. Using this technique, the basal level of
dPGS-NIR could be seen in the healthy right leg of a
mouse. In contrast, in the leg that received collagen
induction, the increase in both the extent and intensity
of the contrast agent signal could be observed all around
the joints, as well as above the ankle (video available at
http://www.cbi.ei.turn.de/index.php?id=109).

In parallel, MRI was performed on the same
mice to achieve a sagittal view of the knee joint before
and directly after injection of gadolinium contrast agent.
In mice that developed RA, as determined by a combi-
nation of clinical manifestations and MRI results, we
could typically detect synovitis in the knee of the left leg,
close to where the induction compound was injected,
whereas the healthy right knee (without collagen induc-
tion) lacked any findings associated with RA. Addition-
ally, mild-to-severe soft tissue swelling of the area sur-
rounding the joint, as well as edema near the joint, were
noticeable through MRI in some of the arthritic mice,
accompanied by redness, swelling, or lameness of the
joint.

The severity of the clinical symptoms was associ-
ated with the degree of pathologic changes visible
through MRI, thus enabling staging of the inflamed site.
The specific animal presented in Figure 1 displayed a
very extensive synovitis, highlighted after gadolinium
injection on MRI (Figures 1G and H), with evident
clinical symptoms. Swelling was also seen along the calf
and tibia, and the lymphocyte:granulocyte ratio was 1.8,
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Figure 2. MSOT imaging of the ankles (An) and knees (K) of a
representative healthy mouse, using NIR imaging with dPGS contrast
agent. A-F, MSOT images of the left and right ankles (A) and knees
(D) were acquired at an illumination wavelength of 860 nm for
anatomic contrast. MSOT signals for dPGS-NIR accumulation and
oxygenated hemoglobin in the ankles (B and C) and in the knees (E
and F) are shown as fluorescence overlays on the anatomic images.
Part of the bladder (BI) is also visible. Bars = 5 mm. G and H, Sagittal
T1-weighted magnetic resonance images were obtained from the left
knee joint of the same mouse before (G) and after (H) gadolinium
injection. BV = blood vessel.

confirming that a state of acute inflammation was pres-
ent.

In contrast, in a healthy joint (without collagen
injection or the limb on the right side of an injected
animal), only a low, but distinguishable, signal was
detected by MSOT in the knee and the ankle, which
could be identified as dPGS-NIR by spectral unmixing
(Figure 2). The amount of signal obtained from the
articulations on each side was visually comparable, sug-
gesting that there was only basal inflammation of
L-selectins and P-selectins, thus implying that inflamma-
tion was not present and some signal could also be seen
from the bladder, thus confirming the excretion route of
the compound seen in preliminary fluorescence experi-
ments (results available from the corresponding author
upon request). In healthy animals, the absolute value of
the difference between the dPGS-NIR signal intensity of
the 2 sides was <30% in each animal, with a mean = SD
signal strength of ~84 * 17 AU, similar to that obtained
in the right side of the injected animals.

Furthermore, the amount of blood and volume of
blood vessels in the joints from both sides of healthy
mice were the same, confirming that inflammation was
not present. The lumen of the visible saphenous blood
vessels in the vicinity of the knee was comparable on
both sides, at 0.65 mm? on the left side and 0.59 mm? on
the right side, and these values were similar to those
observed in the knees of healthy mice (Figure 2). On
MR images obtained from healthy animals, neither
synovitis nor swelling were visible (Figures 2G and H).

To assess the efficiency of the methods used in
this animal cohort, we performed a systematic compar-
ison of the stages of inflammation between the classic
staging methods and the MSOT findings. The stages
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were defined as absence of inflammation, low inflamma-
tion, or high inflammation (as illustrated in Figure 3).
MSOT findings of healthy joints (i.e., those identified
with the dPGS-NIR contrast agent as nonarthritic)
corresponded to the absence of clinical symptoms and
the absence of synovitis on MR images of the same
joints. Animals identified as having low inflammation
displayed limited clinical symptoms and mild-to-
moderate synovitis on MR images. Animals whose
MSOT images indicated high inflammation were found
to have extended clinical symptoms and moderate-to-
severe synovitis on MR images. Both sides of healthy
animals were confirmed to have similar levels of dPGS-
NIR accumulation, whereas in animals having low-to-
moderate inflammation, the difference in dPGS-NIR
accumulation between sides was nearly 50%), rising up to
>70% in animals bearing high inflammation. Although
the calculated standard deviation of this difference was
significant (from 7% for low inflammation up to 15% for
healthy animals), it remained low enough to be able to
distinguish and categorize the animals in our panel.
Results of histopathologic analysis. Hematoxylin
and eosin staining of the limbs of healthy mice and the
right limbs of arthritic mice did not reveal any pathologic
changes, whereas the left limbs of arthritic mice showed
inflammatory infiltrates in the capsule. As displayed in
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Figure 3. Difference in the MSOT dPGS-NIR signal between the
healthy and inflamed sides in a series of animals in comparison with
evaluations of inflammation by clinical examination and magnetic
resonance imaging. The group of mice identified as having healthy
(nonarthritic) joints on MSOT displayed no visible signs of inflamma-
tion and a normal blood cell count. The group of mice with low
inflammation had less severe synovitis and a modified blood cell count.
The group of mice with high inflammation displayed greater severity of
synovitis and a low lymphocyte:granulocyte ratio. Bars show the
mean *= SD percentage, representing the absolute values of the
difference in dPGS-NIR accumulation between the limbs. See Figure
1 for definitions.

BEZIERE ET AL

Figure 4. Microscopy analysis of the mouse knee joints. The knee
joints of a healthy mouse (A and C) and a mouse with collagen-induced
arthritis (B and D) were stained with hematoxylin and eosin for
histopathologic analysis (A and B) and evaluated by fluorescence
imaging using DAPI (blue channel) and polyanionic dendritic poly-
glycerol sulfate with a fluorescent indocarbocyanine conjugate as
contrast agent (red channel) (C and D). Bars = 100 pum.

Figures 4A-D, healthy joints showed normal morpho-
logic structures, as demonstrated using hematoxylin and
eosin staining, and very low and diffuse accumulation of
the contrast agent in the knee joint. In contrast, the
inflamed joints, as confirmed by hematoxylin and eosin
staining, showed accumulation of the contrast agent to a
large extent in the arthritic area, thus confirming the
accumulation of the probe that was observed macro-
scopically in vivo on MSOT. These findings are indica-
tive of an increased expression of L-selectins and
P-selectins in the area. Moreover, the inflamed joints
displayed the classic morphologic and physiologic fea-
tures of arthritis. In particular, the volume of the syno-
vial fluid appeared much higher, with a distortion of the
capsule shape. Erosion of the cartilage to the bone could
be seen, along with extensive infiltrates invading the
capsule. Inflammatory cells, in particular leukocytes,
were present and diffuse in the whole articulation.

DISCUSSION

In this study using an inflammation-targeting
fluorophore with validation in a murine model of RA,
we investigated the advantages of MSOT over conven-
tional imaging techniques for accurate spatial diagnosis
of RA. The images clearly showed that accumulation of
dPGS-NIR over time in the inflamed region of the limb
depends on the stage of RA in the animal, and inducing
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arthritis in only one side allowed for easy control and
validation of each step of the experiment.

The different clinical manifestations of the dis-
ease, namely swelling, redness, and stiffness of the limb,
translated into 2 types of signal increase observable on
MSOT. First, animals with stiffness but limited swelling
showed an increase in the optoacoustic signal strength of
dPGS-NIR. Second, several animals presented swelling
as a major sign of RA, more than stiffness or redness. In
this case, the signal intensity itself was not drastically
increased. However, and due to the extravasation of the
probe and selectin-binding, the number of pixels con-
taining significant dPGS-NIR optoacoustic signal was
increased. In more extreme cases, such as the one
presented in Figure 1, both the number of pixels display-
ing dPGS-NIR signal and its intensity were increased.

To go beyond the very user-dependent approach
of estimating by eye the difference in signal between a
normal limb and an inflamed limb, which is an important
difficulty in, for example, ultrasound assessments, we
decided to develop an automated process that would
reduce the interoperator variability. By establishing a
threshold for the noise level of a typical optoacoustic
measurement, the shape of the region of interest defined
by the user has only a very limited impact on the
outcome of the measurement. Moreover, summing the
values of the dPGS-NIR signal within the region of
interest allowed our process to take into account both
the number of pixels (“swelling” related) and the inten-
sity of the pixels (“inflammation” related). This resulted
in a resilient method that could be used to quantify the
amount of dPGS-NIR accumulated in the joints.

Furthermore, by calculating the ratio of probe
accumulation between the healthy side and the arthritic
side, the MSOT protocol provided a staging capacity
akin to the one currently used for MRI. When tested
against MRI and clinical observation, we observed a
high correlation between the optoacoustic staging pro-
cess and the MRI findings and clinical observations,
without the downfall of expensive MRI equipment or
limited functional imaging capabilities. Because the im-
aged sections of interest are fairly close to the skin
surface, the problem of light fluence is mitigated, as light
does not have to travel more than ~5 mm, which is still
beyond what is reachable using epifluorescence.

Scattering of ultrasound waves by the bones
might have a limited impact (29), but since the excitation
was attributable to only light, and not sound, only
ultrasound waves generated by photoabsorbers may be
reflected by the bones. This might induce a small
blurring of the image due to a change in perceived
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localization of the emission source, but should remain
orders of magnitude smaller than the signal originating
directly from the contrast agent, given the frequencies
used and the size and construction of the joint.

Even though optoacoustic imaging has been pre-
viously proposed for imaging of RA joints, the model
chosen has only been used in the monitoring of angio-
genesis in affected rat ankle joints (23). Although this
was a valid approach that provided interesting results, it
only allowed monitoring of a transverse slice of blood-
related parameters. By moving to a murine model, we
could monitor simultaneously the entire region of the
ankles to the knees multispectrally in a very reasonable
timeframe, which allowed us in turn to visualize inflam-
mation through the use of a targeted contrast agent. This
allowed staging of the disease in a user-independent
manner, with very good correlation to the findings on
MRI and clinical examination, which are methods that
are currently being used to monitor treatment in pa-
tients with RA.

Although injection of contrast agents should usu-
ally be avoided in large population screenings, for
obvious reasons (notably, costs, safety, and conve-
nience), select screening in predisposed populations, as
well as diagnostic and treatment monitoring in the best
conditions possible, are warranted. For these reasons,
use of a contrast agent can be justified, if the results
indicate that there has been a clear improvement over
previously used methods that do not involve labeling,
such as MRI. In addition, with minimal adaptation of
the equipment, we believe a similar optoacoustic imag-
ing approach can be used to diagnose and monitor
treatment in humans, providing a reliable and accessible
technology in the clinic.
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