Imaging of joints with laser-based photoacoustic tomography:
An animal study
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Photoacoustic tomography (PAT), a nonionizing, noninvasive, laser-based technology was adapted
to joint imaging for the first time. Pulsed laser light in the near-infrared region was directed toward
a joint with resultant ultrasonic signals recorded and used to reconstruct images that present the
optical properties in subsurface joint tissues. The feasibility of this joint imaging system was
validated on a Sprague Dawley rat tail model and verified through comparison with histology. With
sufficient penetration depth, PAT realized tomographic imaging of a joint as a whole organ nonin-
vasively. Based on the optical contrast, various intra- and extra-articular tissues, including skin, fat,
muscle, blood vessels, synovium and bone, were presented successfully in images with satisfactory
spatial resolution that was primarily limited by the bandwidth of detected photoacoustic signals
rather than optical diffusion as occurs in traditional optical imaging. PAT, with its intrinsic advan-
tages, may provide a unique opportunity to enable the early diagnosis of inflammatory joint disor-
ders, e.g., theumatoid arthritis, and to monitor therapeutic outcomes with high sensitivity and
accuracy. © 2006 American Association of Physicists in Medicine. [DOI: 10.1118/1.2214166]
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I. INTRODUCTION

Inflammatory arthritis encompasses many pathological rheu-
matic diseases including rheumatoid arthritis (RA) and se-
ronegative spondyloarthropathies. RA, the most common
form of inflammatory arthritis, is a systemic disease pre-
dominantly manifested in the synovial membrane of diar-
throdial joints.1 About 1% of the population is affected by
RA and 80% of the patients are disabled after 20 years.2 The
synovium affected by RA is marked by neovascularization,
inflammatory cell infiltration, and associated synoviocyte
hyperplasia.3 Synovial membrane inflammation is one of the
earliest pathologic changes in RA and other inflammatory
joint diseases. Because the enhanced blood vessel growth
contributes to the inflammatory joint destruction, inflamma-
tory arthritis is now widely regarded as an angiogenesis-
dependent disease.*”’ Despite the hypervascularization, the
rheumatic synovium appears to be a relatively hypoxic envi-
ronment caused by an imbalance between local metabolic
rate and synovial vascular supply.g_11

Implementing effective treatments for patients with in-
flammatory arthritis, i.e., early initiation and optimal adjust-
ments of therapies, requires technologies for early diagnosis
and highly sensitive monitoring of disease plrogression.12
Driven by clinical investigations looking for optimized thera-
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pies and pharmaceutical industries searching for new drugs,
musculoskeletal imaging is playing an increasingly impor-
tant role in the diagnosis, assessment and monitoring of ar-
thritis. Recent advances in joint imaging, including magnetic
resonance imaging (MRI)13’14 and ultrasonography,15717 have
added objective data enhancing diagnosis and treatment
monitoring of these diseases. However, identification of ini-
tial natural disease sequelae, early diagnosis, and pharmaceu-
tical based intervention and disease progression monitoring
still present challenges.

Recently, nonionizing optical modalities for imaging and
sensing of joint diseases have drawn considerable attention.
Optical imaging of biological tissues is highly desirable be-
cause of known intrinsic optical contrast that is sensitive to
tissue abnormalities and function. Optical properties of tissue
in the visible and near-infrared (NIR) region of the electro-
magnetic spectrum can demonstrate the molecular constitu-
ents of tissues and the electronic or vibrational structures at
the molecular scale. Similar to tumors, the hallmarks of rheu-
matic joint tissues include angiogenesis, hypervasculariza-
tion, hypermetabolism, hypoxia, and invasion into normal
adjacent tissues. Optical properties may be used to quantify
these morphological and physiological changes and, conse-
quently, potentially enable the early diagnosis of inflamma-
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tory arthritis and provide improved monitoring of therapeutic
interventions with high sensitivity and specificity.

Recent studies have shown that near-infrared spectro-
scopy (NIRS) can be used to examine the components of
synovial fluid and can potentially predict the presence or
state of inflammatory arthritis."®'® Based on NIR diffuse op-
tical tomography (DOT), images formed utilizing light ab-
sorption and scattering of joint structures of human fingers
have been explored.zo_22 Wavelength-dependent laser CT of
human joints has been realized, which can present both
structural and functional aspects of joint regions.23 Laser
based optical tomography for imaging of finger joints has
presented the advantages of optical contrast over the existing
imaging modalities for early diagnosis and monitoring of
inflammatory arthritis.”* >’ However, due to the overwhelm-
ing scattering of light in biological tissues, current optical
technologies cannot delineate subsurface joint tissues with
satisfactory imaging quality for clinical applications. For ex-
ample, optical imaging of joints based on DOT cannot
achieve spatial resolution better than 5 mm,”! insufficient for
evaluating the small joint structures of the hands and feet.

Photoacoustic tomography (PAT), also referred to as op-
toacoustic tomography or thermoacoustic tomography,zg*39 is
a novel hybrid imaging modality that combines high optical
contrast and high ultrasonic resolution. In laser-based PAT, a
short-pulsed laser source is used to irradiate a biological
sample (e.g., joint) with an input energy density less than the
safety limit. When light energy is absorbed by the biological
tissues, ultrasonic waves are excited due to thermoelastic ex-
pansion. The light generated photoacoustic waves are mea-
sured by broadband ultrasonic transducer(s) around the
sample under study. The ultrasonic transducer is very sensi-
tive in detecting the propagated waves from an absorbing
object that are caused by weak absorption of optical energy.
Finally, through a reconstruction algorithm,‘m’41 the photoa-
coustic signals acquired at different positions around the
sample are used to rebuild the distribution of optical absorp-
tion in the sample, i.e., to map the optical inhomogeneity in
biological tissues.

In comparison with traditional optical imaging, the spatial
resolution of PAT is not limited by the large scattering of
light in biological tissues but instead determined by the de-
tection bandwidth of the transducer and the scanning geom-
etry. As a result, PAT can image tissue structures and func-
tional changes with high spatial resolution (better than 200
micrometer, adjustable with detection bandwidth), which es-
pecially favors imaging of the small joint structures of the
hands and feet that are usually among the earliest to be af-
fected by rheumatoid arthritis. As with traditional optical to-
mography, the optical signal employed in PAT to generate
ultrasonic waves is sensitive to molecular conformations of
biological tissues including both deoxy- and oxy-
hemoglobin, as well as to soft tissue changes such as hyper-
vascularization. Both abnormal oxygenation state and, as a
consequence of increased angiogenesis, hypervascularization
are known to occur in inflammatory arthritis. Based on these
characteristics along with high intrinsic optical contrast of
joint tissues, PAT may provide a unique opportunity to en-
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able early diagnosis and monitoring of therapeutic interven-
tions in inflammatory arthritis with high sensitivity and
specificity.

Il. MATERIALS AND METHODS
A. Animal samples

In this study, we explored and optimized the PAT system
for joint imaging in the rat model. Rat tail joints provide
good samples to study the performance of PAT of human
finger or toe joints considering their morphological similar-
ity. Rheumatic disease rat models, including those with in-
flammatory arthritis, have been researched extensively and
provide the opportunity to evaluate pathologic progression
much more quickly than in humans. PAT, based on high sen-
sitivity optical signals, provides a potentially powerful tool
for the laboratory study of inflammatory arthritis by present-
ing both morphological and physiological characteristics of
joint tissues. As PAT is nonionizing, noninvasive, and with
an imaging depth in the NIR region up to several centime-
ters, enabling penetration of human fingers and toes,” the
transition from laboratory prototypical device for animal
models to clinical instrument for humans should be accom-
plished relatively easily and is promising.

Adult Sprague Dawley rats (~300 g, Charles River Labo-
ratory) were included in this study. Whole tails were har-
vested from the rat bodies within 1 minute after the rats were
sacrificed. An electrocautery device (SurgiStat, Valleylab)
was then used to clot blood and seal vessels. Before image
acquisition, tail hair was removed using hair remover lotion
as large amounts can cause light scattering. Each rat tail was
placed in the PAT system along the Z axis [see Fig. 1(A)].
The first proximal segment of the rat tail was fixed on a
rotational stage that, driven by a stepper motor, could rotate
the tail around its axis. The imaged joint was about 2.5 cm
from the rat trunk, where the diameter of the tail was
~8 mm and the length of a segment was ~10 mm.

After images were recorded, rat tails were saved in 10%
buffered formalin for 3 days. Tails were then decalcified with
formic acid for 4-7 days and monitored with a Faxitron
MX-20 x-ray system: Once specimen decalcification was
completed they were dehydrated with graded alcohol (Hy-
percenter XP by Shandon), embedded in paraffin (Paraplast
Plus), cut into blocks, and sectioned to 7 micron thickness
with Reichert-Jung 20/30 metal knife (paraffin microtome).
Hematoxylin and Eosin staining of specimen sections on
glass slides was conducted. Finally, the histological pictures
of specimen sections were taken with a 10X magnification.

B. PAT system for joints

The PAT system for joint imaging involves laser pulse
generation and delivery, photoacoustic signal reception, and
image reconstruction and display, as shown in Fig. 1(A),
where an X-Y-Z coordinate system is also indicated. An OPO
system (Vibrant B, Opotek) pumped by an Nd:YAG laser
(Brilliant B, Bigsky) is used to provide laser pulses with a
pulse repetition rate of 10 Hz and a pulse width of 5.5 ns. In
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FIG. 1. (A) Schematic of the PAT system for joint imaging. (B) An expanded view of the spherical shape scanning geometry around the imaged joint.

this study, the wavelength of the laser light is tuned by the
OPO system to 700 nm, which is in the near-infrared region
and can enable good penetration depth in biological tissues.
The laser beam, after being expanded and homogenized, ir-
radiates the imaged joint with an input energy density of
~15 mJ/cm?, well below the ANSI safety limit of
20 mJ/cm2.* The laser light penetrates into the joint tissues
and generates photoacoustic signals that are scanned by a
wideband ultrasonic transducer (XMS-310, Panametrics)
around the joint. This transducer has a central frequency of
10 MHz, a full width at half-maximum (FWHM) amplitude
bandwidth of ~100%, and an element size of 2 mm in di-
ameter. To couple the photoacoustic signals, both the sample
and the transducer are immersed in a tank of water. After a
preamplifier (PR5072, Panametrics), the detected signals are
digitized by an oscilloscope (TDS 540B, Tektronics) and
then collected by a computer for image reconstruction using
a back-projection algorithm.‘“”“‘35 For both two-dimensional
(2D) and three-dimensional (3D) imaging, the back-
projection is performed in the time domain, where the posi-
tions of the absorbing objects are determined by the time-of-
flight and the acoustic velocities in the articular tissues (set
as 1.5 mm/us in this study). To reconstruct an image, the
measured photoacoustic signals are first back-projected into
the image space and then integrated over all receiving
angles.

To realize 2D cross sectional imaging of the rat tail joint,
the ultrasound transducer can be stepped in a circular fashion
around the center of the joint in the X-Y plane, or by rotating
the tail axially while keeping the transducer and the laser
beam static, as employed in our experiment. To cover a 2
receiving angle, 240 steps with a constant 1.5° interval is
conducted, where the radius for the circular scan is 20 mm.
With a 10 MHz transducer, the current PAT system for joint
imaging with a 100% bandwidth (spatial frequencies from
3.3 to 10 cycles/mm) exhibits a line spread function (LSF)
with a FWHM of less than 250 micrometer in the X-Y plane
(Fig. 2). Considering the 50 micrometer size of the line ob-
ject for the measurement of the LSF, the system spatial reso-
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lution in the X-Y plane is about 200 micrometer. This spatial
frequency response is sufficient to describe many smaller
tissue structures in human finger or toe joints, and can be
improved further by employing a transducer with a broader
bandwidth for signal receiving.

To achieve 3D imaging of a joint, one may move the
transducer (or the sample) along the Z axis in Fig. 1 and
acquire information to reconstruct 2D images of multiple
cross sections. In this way, although the resolution in the X-
Y plane is high, the resolution along the Z axis is limited and
is primarily dependent on the transducer’s Z dimension (i.e.,
the element size along the Z axis) and the radius of the scan-
ning circle. In order to achieve 3D imaging of a volume with
high resolution along each direction, photoacoustic signals
need to be collected along a surface, such as a sphere with
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FIG. 2. Measurements of the line spread functions (LSF) of the PAT system
in the X-Y plane (solid curve) and along the Z axis (dashed curve). The full
width at half-maximum (FWHM) of the LSF in the X-Y plane is 250 um;
while the FWHM of the LSF along the Z axis is 540 um. The line object is
a soft tubing filled with high absorbing ink, where the inner diameter of the
tubing is 50 wm. Therefore, the spatial resolution of this system in the X-Y
plane is better than 200 wm; while the spatial resolution of this system along
the Z axis is better than 500 um.
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two open ends, around the joint. Signals acquired at different
positions on the surface are then summed coherently to re-
construct a 3D image of the volume. In this way, the realized
synthesized Z aperture will enable high resolution along the
Z axis.

To achieve that large nearly spherical synthetic aperture,
in this study, besides rotating the tail to realize a circular scan
around the joint, the transducer is stepped along an arc that is
in a sagittal plane of the tail facing the center of the joint as
shown in Fig. 1(B). In the experiment of 3D imaging of rat
tail joints, each full circular scan takes 120 steps with a con-
stant radial angular interval of 3°. The arc scan in the sagittal
plane takes 24 steps with a constant interval of 3°, which
covers an angle #=72° for a total solid angle of 2.357 radi-
ans. With this spherical shape scanning geometry, the current
PAT system with a 10 MHz transducer can realize a spatial
resolution along the Z axis better than 500 micrometer
(Fig. 2).

In photoacoustic tomography realized through reconstruc-
tion of signals detected by an unfocused ultrasonic trans-
ducer, large solid angle for signal detection is essential for
good image quality. Therefore, in both 2D and 3D experi-
ments on rat tail joints, the transducer scanned around the
joint with a large angle for signal receiving. Employing the
scanning geometry and reconstruction algorithm described
above, the element size of the transducer is another issue that
may affect the image quality. The larger the transducer aper-
ture, the more the lateral resolution may be degraded.43 On
the other hand, the transducer element size must be big
enough to possess sufficient sensitivity for signal detection.
In this study, the employed transducer has comparatively
high sensitivity and small element size, which also ensured
the good performance in imaging small joint structures.

lll. RESULTS

In the 2D image of an axial cross section of a rat tail joint
acquired through a single circular scan around the cross sec-
tion [Fig. 3(A)], many extra- and intra-articular tissues struc-
tures are presented successfully as marked. The spatial reso-
lution achieved by this imaging technique is much better
than the results of traditional optical imaging of joints.21’24’27
Based on the optical contrast among various tissues, extra-
and intra-articular joint structures, including skin, fat,
muscle, blood vessels, synovium and bone, are described
clearly and match well with the histological photograph
taken from a similar cross section in the joint [Fig. 3(B)].
The computational time to reconstruct this 2D image is about
20 seconds using a PC with a 3 GHz Pentium 4 Processor.
Another axial 2D photoacoustic image of a joint is shown in
Fig. 3(C) with better view of synovium but comparatively
lower resolution. The difference in presenting the synovium
may be caused by the relative position and orientation of the
scanning plane with respect to the imaged joint when 2D
imaging was performed. 3D PAT of rat tail joints, based on
the scan of the transducer along a spherically shaped surface
around the joint, was also performed. The image in Fig. 3(D)
shows a 2D sagittal plane reconstructed from a 3D image of
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the rat tail joint normal to the slice in Fig. 3(A) and through
the line shown therein. Based on the optical contrast, tissues
structures in the sagittal section in the joint, notably the syn-
ovium, have been presented successfully. The computational
time to reconstruct a 3D joint image is about 56 hours using
the 3 GHz Pentium 4 PC.

In both 2D and 3D imaging of joints, PAT visualizes the
optical absorption distribution in biological tissues that is
contributed by various tissue constituents, including water,
oxy- and deoxy-hemoglobin, lipid, and mineral. The gray
levels in the images present the relative optical absorption in
the imaged axial and sagittal sections of the joint, where
brighter areas show tissues with comparatively higher optical
absorption coefficients. Blood vessels, synovial membrane
and bone present relatively higher absorption compared to
other surrounding tissues such as fat. These results match
those observed by traditional optical imaging of joints.21’22
At the 700 nm wavelength employed in this study, the domi-
nant absorbing material in soft tissues is hemoglobin. There-
fore, the presented contrast among soft tissues primarily de-
picts the hemoglobin concentrations distributed in the joint.
We notice that the bone in the joint also shows prominent
photoacoustic signal intensity, which is due to not only the
intrinsic optical absorption coefficient but also the strong op-
tical scattering in the bone material.**

IV. DISCUSSION

To our knowledge, the adaptation of a photoacoustic tech-
nique to noninvasive nonionizing imaging of joints is unique
and is completed for the first time. The intrinsic advantages
of PAT, namely high optical contrast and good ultrasonic
resolution, enable the delineation of small tissue structures in
the joints clearly and accurately, with potential for metabolic
functional imaging.

Some limitations of the current PAT system include rela-
tive lower temporal resolution as scanning is done using a
single-element transducer. The signal acquisition time to im-
age one cross section of a joint is ~30 min. In the future,
however, with the use of a broadband ultrasonic transducer
array and a laser system with a higher repetition rate, it
should be possible to use PAT for real-time imaging of joint
cross sections while accumulating high resolution 3D
4546 Moreover, with smaller element size, the ultrasonic
transducer array will enable finer scanning and larger accep-
tance angle for photoacoustic signal detection. The conse-
quently large synthetic aperture will provide higher sensitiv-
ity and greatly improved spatial resolution in 3D imaging of
a joint.

Noticeable artifacts can be recognized in current PAT of
joints, which, for example, likely causes the synovium in
Fig. 3(A) to not be consistently presented. First, image arti-
fact is at least in part a consequence of the limited detection
bandwidth of ultrasonic transducer that produces negative
values around high absorption targets such as blood vessels.
Second, the reflection of photoacoustic signals from bone
surface is another potential source of artifact. Finally, acous-
tic heterogeneity of joint tissues may cause distortion of
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FIG. 3. (A) 2D Noninvasive photoacoustic image of a cross section of a rat tail joint marked with discernable intra- and extra-articular tissue structures. (B)
Histological photograph of a cross section of a rat tail joint taken along the plane as closely matched as possible to that of the PAT image. (C) Another 2D
cross-sectional image of a joint with better view of synovium. (D) 2D noninvasive photoacoustic image of a sagittal section of a rat tail joint reconstructed
from a 3D image volume along the dashed line shown in (A). SK, skin; FA, fat; MU, muscle; VE, vein; BO, bone; AR, artery; SY, synovium.

acoustic wave propagation. Moreover, the inhomogeneous
distribution of light fluence in the imaged cross section (or
volume in 3D PAT) may also produce unwanted errors in
presenting the distribution of optical absorption. Part of our
future research will be focused on understanding and mini-
mizing these problems.

With the current PAT system, the same spatial resolution
is difficult to realize at depths required for imaging large
joints such as human knee joints, though it may be feasible
after further system improvement. However it is of note that
the potential value of PAT in evaluating joint diseases still
holds because peripheral small joints such as those of the feet
and hands are usually among the earliest to be affected by
rheumatoid arthritis and are widely accepted to be markers of
overall joint damage.
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Objective quantification of joint pathology is a major
challenge for rheumatologists, radiologists, and scientific re-
searchers not only in the clinical setting, but also in research
settings where serial assessment of efficacy of new therapies
is needed. Presenting high contrast between normal and ab-
normal tissues in inflamed joints, specifically synovium,
bone, muscle, and vessels, PAT can potentially realize accu-
rate mapping and an objective grading of synovitis, enabling
a more comprehensive description of the pathologic state of
joints. The specific morphologic variables potentially moni-
tored by PAT as biomarkers for inflammatory arthritis in-
clude increased angiogenesis and hypervascularization in
proliferative joint-associated tissues, synovial hypertrophy
and characteristic erosive bone changes. Besides these vas-
cular and joint structural changes, PAT employing multiple
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wavelengths may evaluate hemodynamic changes in joint tis-
sues such as hemoglobin concentration (and, by extrapola-
tion, blood volume) and blood oxygen saturation, which can
potentially help to quantify the hyperemia and hypoxia in
intra- and extra-articular joint tissues.’" The high sensitiv-
ity of optical signal to these structural and functional hall-
marks of synovitis makes PAT a potentially powerful imag-
ing technology with which to study inflammatory joint
diseases.
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