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Purpose: The aim of this study was to investigate the potential use of multimodality functional
imaging techniques to identify the quantitative optical findings that can be used to distinguish
between osteoarthritic and normal finger joints.
Methods: Between 2006 and 2009, the distal interphalangeal finger joints from 40 female subjects
including 22 patients and 18 healthy controls were examined clinically and scanned by a hybrid
imaging system. This system integrated x-ray tomosynthetic setup with a diffuse optical imaging
system. Optical absorption and scattering images were recovered based on a regularization-based
hybrid reconstruction algorithm. A receiver operating characteristic curve was used to calculate the
statistical significance of specific optical features obtained from osteoarthritic and healthy joints
groups.
Results: The three-dimensional optical and x-ray images captured made it possible to quantify
optical properties and joint space width of finger joints. Based on the recovered optical absorption
and scattering parameters, the authors observed statistically significant differences between healthy
and osteoarthritis finger joints.
Conclusions: The statistical results revealed that sensitivity and specificity values up to 92% and
100%, respectively, can be achieved when optical properties of joint tissues were used as classifiers.
This suggests that these optical imaging parameters are possible indicators for diagnosing osteoar-
thritis and monitoring its progression. © 2010 American Association of Physicists in Medicine.
�DOI: 10.1118/1.3467755�
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I. INTRODUCTION

Osteoarthritis �OA� is the most common arthritic condition
worldwide and is estimated to affect nearly 60�106

Americans.1–3 Classically, OA is most often found in the
large weight-bearing joints of the lower extremities, particu-
larly the knees and hips. However, there is also a subset of
individuals with a predilection for developing OA of the
hand and a more generalized form of OA.3 Interestingly, this
subgroup of patients usually has demonstrable joint erosions,
which are best appreciated in the small joints of the hand.
Traditionally, erosive OA as seen in this group has been
viewed as an inflammatory variant and has also been termed
inflammatory OA.4 It is generally a polyarthropathy that
classically involves the distal and proximal interphalangeal
finger joints.

To diagnose cartilage abnormalities and alterations in the
composition of synovial fluid in finger joints affected by OA,
a variety of imaging methods have been developed and
tested, such as x ray �conventional radiography�, ultrasound,
computed tomography, and magnetic resonance imaging.5–9
Of all the existing imaging modalities, conventional radiog-
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raphy �CR� is the traditional first line and mainstay technique
for the radiologic investigation of patients with inflammatory
arthritis.10 CR is also currently the reference standard in im-
aging for the detection and quantification of joint destruction
in patients with OA.4 CR is widely accessible largely due to
its high resolution ��0.1 mm�, low cost, and ease of use for
multiple-joint assessment. It also provides information rap-
idly that can be used for both baseline evaluation and long-
term follow-up of patients. Most drug trials in inflammatory
arthritis use it as the major determinant of structural damage,
as recommended by professional and regulatory authorities.
While CR has extremely high resolution in differentiating
bones from soft tissues, it cannot distinguish well between
soft tissues of similar densities, as the imaging contrast be-
tween different soft tissues is very low. For example, while
plain radiographs are able to visualize joint space narrowing
and osteophyte formation, they are insensitive to changes in
cartilage and associated soft tissues and therefore incapable
of capturing the primary features of each stage of OA. Ad-
ditionally, although current therapy is symptomatic and one

could argue that early detection would not alter clinical care,
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remarkable advances have been made in our understanding
of the pathophysiology of OA and offer promise for new
therapeutic directions.11,12 Early diagnosis of OA in finger
joints can also be of clinical importance, as it may help avoid
unnecessary or expensive examinations and risky or unhelp-
ful therapies. As such, highly sensitive and specific imaging
methods are urgently needed for the detection of early stage
changes in OA. The new imaging approaches should have
the ability to demonstrate a reduction of joint destruction
earlier than CR, which will be of great importance in assess-
ing new forms of treatment.

Due to its numerous advantages of low cost, portability,
and nonionizing radiation,13–19 near-infrared diffuse optical
tomography �DOT� is emerging as a potential tool for imag-
ing bones and joint tissues.20–23 DOT is a model-based medi-
cal imaging modality which uses near-infrared light to gen-
erate quantitative optical images of tissues. This technique
measures the absorption of light, which is related to concen-
tration of hemoglobin and oxygen saturation, and the scatter-
ing of light, which is related to the cellular morphology. So
the optical imaging methods are able to provide a variety of
functional and structural information with high sensitivity
and specificity compared to other imaging modalities. This is
especially true for the joints of the fingers, where the small
dimensions and much higher transmitted light intensities
should result in better signal-to-noise ratio and greatly im-
proved spatial resolution. In a recent pilot case study, we
have shown that the optical contrast between OA and normal
joints is high,21 suggesting that DOT has indeed the potential
for detecting OA joints in the hands and assessing its treat-
ment. While DOT appears to be especially suited for the
imaging of the finger joints because of the high signal-to-
noise ratio associated with the small volume, the spatial res-
olution is relatively low due to light scattering. Thus it is
now clear that DOT can provide high-contrast joint tissue
imaging with low resolution, while CR can offer high-
resolution joint structure with low contrast in soft tissues. To
take advantage of the complementary information from these
two imaging modalities, an optimized approach that com-
bines CR and DOT imaging has been developed for a case
study of OA in the finger joints.23 The basic idea of this
multimodality approach is to incorporate the high-resolution
structural CR images into the DOT reconstruction so that
both the resolution and quantitative accuracy of optical im-
age reconstruction are enhanced.

In this present study, we will go beyond the previous case
validations and perform a small pilot clinical study of OA.
Our purpose was to employ CR-guided DOT to investigate
the typical optical findings that can be used to distinguish
between OA and healthy finger joints. The final goal of this
investigation is to utilize this hybrid functional imaging tech-
nique for the noninvasive detection of early stage OA and
monitoring the efficacy of its treatment.

II. MATERIALS AND METHODS

II.A. Study subjects

Forty subjects were enrolled in the study between 2006

and 2009: 22 patients with OA and 18 healthy volunteers. All
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subjects �female; mean age 51 yr; age range 32–80� signed
informed consent forms before participating in the study.
Subjects were contacted either directly at the rheumatology
outpatient clinics or via leaflets and posters that were distrib-
uted in the clinics. The clinical study was approved by the
Institutional Review Board of University of Florida.

II.B. Clinical examination

Clinical examination of each patient was performed by a
single experienced rheumatologist �E.S.S� at The University
of Florida. Patients with OA were identified by the clinical
features of bony thickening of the distal interphalangeal
�DIP� finger joint and the absence of other arthropathies,
including rheumatoid arthritis, psoriatic arthritis, and gout, as
well as any traumatic injury to the joint that was selected for
imaging. The control group consisted of 18 healthy volun-
teers who had no known OA or other joint diseases. Only
one DIP finger joint of each subject was optically scanned in
this initial study.

II.C. CR-guided DOT imaging

II.C.1. CR and optical imaging data acquisition

The hybrid CR/DOT imaging system that has been de-
scribed in detail previously21,23 integrates a modified mini
C-arm CR system �MiniView 6800, GE-OEC, Salt Lake
City, UT� with a homemade 64�64-channel photodiodes-
based CW DOT system �see Fig. 1�a��. The tomosynthetic
imaging is realized through the modified C-arm CR system.
Tomographic CR images are reconstructed from 2D projec-
tions using an improved shift-and-add algorithm we devel-
oped previously.24 In this algorithm, we first segment or nor-
malize the projection images and then apply the shift-and-
add algorithm on the segmented projection images at
multiple angles, which results in accurate reconstruction of
the three-dimensional �3D� structures of joints. The CW-
based DOT system consists of laser modules, a hybrid light
delivery subsystem, a fiber optics/tissue interface, a data ac-
quisition module, and light detection modules.21 While the
system has eight diode lasers �B&W TEK Inc., Newark, DE
and Power Technology Inc., Little Rock, AR� with wave-
lengths from 634 to 974 nm working as light sources, this
investigation used the measurement at 853 nm with a maxi-
mum output of 210 mW. The light intensity was measured as
70 mW when it was delivered to the fiber optical interface,
and further reduced to 10–30 mW at the surface of the finger,
which depended on the location of the finger relative to an
excitation source position. The cylindrical fiber optics/tissue
interface is composed of 64 source and 64 detector fiber
bundles that are positioned in four layers along the surface of
a Plexiglass container and cover a volume of 15�30 mm2.
In each layer, 16 source and 16 detector fiber bundles are
alternatively arranged. The space between the finger and the
wall of the Plexiglass container is filled with tissuelike phan-
tom materials as coupling media consisting of distilled water,
agar powder, Indian ink, and Intralipid, giving an absorption
coefficient of 0.014 mm−1 and a reduced scattering coeffi-

−1 23
cient of 1.0 mm .
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In the hybrid imaging of joint tissues, the CR imaging is
performed immediately after the DOT data acquisition. To
eliminate the artifacts in the CR projections possibly caused
by the optical interface, we have used a coaxial post to sup-
port the optical interface, such that the interface can be trans-
lated along the post �see the inset in Fig. 1�a� and the sche-
matic of the interface shown in Fig. 1�b��. During an exam,
the subject first places the finger into the Plexiglass container
through a plastic ring while the distal end of the finger rests
against a finger tip holder installed at the end of the coaxial
post. Then, the optical interface is slid forth to be in contact
with the plastic ring structure that is used to lock the position
of the optical interface. Immediately after the DOT imaging,

DOT SysX-ray System

(a)

(b)

Source/detector fibers

Metal
markers

Plastic ring

Finger

Finger

Plexiglass container

(c)

FIG. 1. �a� Photograph of the integrated hybrid x-ray/DOT system. The inse
�b� Schematic of the interface. Note that both the Plexiglass container and
acquisition. �c� The sagittal plane of a 3D DIP finger joint. �d� The coronal
the optical interface is slid back for CR exposure while the
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finger stays at the same position. Four small metal spheres
�1 mm in diameter� are embedded along the surface of the
plastic ring as fiducial markers for accurate coregistration of
the CR and optical imaging.

II.C.2. Image reconstruction algorithm

When the imaging data acquisition was finished, the next
step was to generate the CR-guided optical images based on
a robust 3D reconstruction algorithm.23 We have developed a
hybrid regularization-based scheme for CR-guided DOT im-
age reconstruction, which is able to handle the cases where
CR is insensitive to the target tissues or lesions.23 For ex-

Support post

lder

(d)

ht part� is a close-view photograph of the finger/fiber optics/x-ray interface.
tip holder can be translated horizontally for separate DOT and x-ray data
of a 3D DIP finger joint.
tem

tip ho

t �rig
finger
plane
ample, in the area of joint imaging, CR is not able to detect
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the cartilage and fluids as well as other soft tissue changes
surrounding joint cavity, although the changes associated
with the soft tissues can be easily captured by DOT alone.

Our existing reconstruction algorithm is based on the fol-
lowing diffusion equation and type-III BCs:

� · D�r� � ��r� − �a�r���r� = − S�r� , �1�

− D � � · n = �� , �2�

where ��r� is the photon density, D�r� the diffusion coeffi-
cient, � is a coefficient related to the internal reflection at the
boundary, �a�r� is the absorption coefficient, and S�r� is the
source term. For the point source model, S=S0��r−r0� is
used, where S0 is the source strength and ��r−r0� is the Dirac
delta function for a source at r0. The diffusion coefficient can
be written as D=1 / �3��a+�s���, where �s� is the reduced
scattering coefficient.

For CR-guided DOT reconstruction, the following updat-
ing equation is used for the inverse problem:23

�� = �JTJ + JTJ + ��I + LTL�−1�JT��o − �c�� , �3�

where J is the Jacobian matrix formed by
�� /�� at the boundary measurement sites. �� is
a scalar and I is the identity matrix.
��= ��D1 ,�D2 , . . . ,�Dn ,��a,1 ,��a,2 , . . . ,��a,N�T and ��
is the updating vector for the optical properties.
�o= ��1

o ,�2
o , . . . ,�M

o �T and �c= ��1
c ,�2

c , . . . ,�M
c �T, where

�i
o and �i

c, are observed and computed photon density for
i=1,2 . . . ,M boundary locations. The x-ray a priori spatial
information is incorporated into the iterative process using
the spatially variant filter matrix L. In this study, the
Laplacian-type filter matrix was used and its elements Lij

were constructed according to the visible region or tissue
type it was associated with CR derived priors as follows:

Lij = � 1 when i = j

− 1/nn when i, j � one region

0 when i, j � different region
� , �4�

where nn is the finite element node number within a tissue
type.

II.C.3. Image analysis methods

Image reconstruction of the DIP finger joint with the op-
tical coupling phantom/media �	152�20 mm3 in volume�
was performed with a finite element mesh of 2705 nodes and
13 440 tetrahedral elements for each of the 40 subjects. The
3D CR images of the joint allowed us to segment the imag-
ing domain into three types of tissue volumes: Bones, ap-
proximated soft tissues surrounding the joint cavity, and
phantom fluid media. The known anatomy from CR made it
possible to automatically localize the finite element nodes
within each tissue. The initial optical properties used were
optimized based on CR-guided forward fitting algorithm for
the approximated soft tissues and bone tissues. The entire
image reconstruction took about 4 h with 20 iterations on a 2
GHz Pentium 4 PC for each case. Because joint space width

is an important measure of the degree of OA, a full width at
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half maximum method was used to calculate the width of
joint space.23 In evaluating the joint space width, the distance
between two adjacent sagittal or coronal slices was different
for each subject and was generally less than 1 mm �between
0.5 and 1 mm�, depending on the sizes of the joint
geometry.23 The joint spacing estimated from the optical im-
ages is given for each of the subjects. The recovered optical
absorption and scattering coefficient values are also provided
for each tissue of the finger joint, which are calculated based
on the mean values for each segmented 3D region. In par-
ticular, a schematic demonstration for the sagittal and coro-
nal planes of a 3D DIP finger joint is given in Figs. 1�c� and
1�d�.

II.D. Statistical analysis

A receiver operating characteristic �ROC� curve was per-
formed for different parameters from the recovered optical
findings. The ROC curves plot the true-positive rate �sensi-
tivity� against the false-positive rate �1−specificity� for dif-
ferent possible cutoff points of a diagnostic test. The accu-
racy of the test depends on how well the test separates the
group being tested into those with and without the disease in
question. The areas under the ROC curves �AUCs� demon-
strate the test accuracy for different classifiers. In this inves-
tigation, imaging features served as the classifiers are ex-
tracted from both the recovered optical absorption and
scattering images.

For artificial statistical and classification method, sensitiv-
ity was directly calculated as TP / �TP+FN�, specificity as
TN / �TN+FP�, positive predictive value as TP / �TP+FP�,
and negative predictive value as TN / �TN+ _FN�, where TP
represents the number of true-positive findings, TN repre-
sents the number of true-negative findings, FP represents the
number of false-positive findings, and FN represents the
number of false-negative findings.

In addition, several paired sample student t-tests for each
classifier were performed to assess the differences between
two group subjects including 18 healthy volunteers and 22
patients. The tests were adjusted using Holm’s sequential
Bonferroni procedure to control the probability of a type I
error.

III. RESULTS

III.A. Reconstructed optical images

From the optical absorption and scattering images shown
in Figs. 2 and 3, we note that the bones are clearly delineated
for both OA and normal joints. While there is no clear
boundary between the cartilage and fluid, the joint soft tis-
sues are clearly identified. Figure 2 shows the recovered op-
tical images for a typical OA joint. It is observed that the
joint space is narrowed for the OA joints relative to healthy
ones �Fig. 3�. We found from the majority of our recon-
structed results that bone deformation and joint space nar-
rowing are typical radiographic features for OA patients.
However, sometimes the joint space narrowing is not so sig-

nificant compared to that from healthy ones.
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FIG. 2. Reconstructed images at selected coronal/sagittal sections for a typical OA finger joint: �a� Absorption slices along coronal sections; �b� absorption
slices along sagittal sections; �c� scattering slices along coronal sections; �d� scattering slices along sagittal sections; and �e� tomographic x-ray image. The
axes �left and bottom� indicate the spatial scale in millimeters, whereas the color scale gives the absorption or scattering coefficient in inverse millimeters.
Medical Physics, Vol. 37, No. 8, August 2010
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FIG. 3. Reconstructed images at selected coronal/sagittal sections for a typical healthy finger joint: �a� Absorption slices along coronal sections; �b� absorption

slices along sagittal sections; �c� scattering slices along coronal sections; �d� scattering slices along sagittal sections; and �e� tomographic x-ray image.

Medical Physics, Vol. 37, No. 8, August 2010
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By examining the optical properties of the bones and joint
soft tissues, we observe a significant drop in the mean mag-
nitude of absorption and scattering property values of the
healthy joint soft tissues, as displayed in Fig. 3; on the con-
trary, we see only a small drop for the soft tissues surround-
ing the OA joint cavity in Fig. 2. Interestingly, the difference
in scattering and absorption coefficients of the joint tissues
between the OA and healthy controls seems more striking
from the ratio of scattering or absorption property to that of
the bones. These observations also agree well with our sta-
tistical findings shown in Figs. 4�a�–4�e�, where we find the
ratios from the diseased joints are significantly larger than
that for normal joints.

III.B. Feature selection

Inspecting Figs. 2–4, we observe significant differences in
the detection of pathologic changes between OA and healthy
joints based on the optical findings. We find both the recon-
structed optical absorption and scattering related parameters
are able to distinguish well between OA and normal DIP
finger joints in the majority of the subjects. As such, the
quantitative parameters including the ratio of mean optical
absorption and scattering coefficients between the joint soft
tissues and the bones are used as classifiers, since we observe
from Fig. 4 that these two parameters show greater differ-
ences between OA and healthy joints. In particular, a com-
bined image feature parameter �the product of absorption ra-
tio and scattering ratio� is also used as classifier, which
seems to be able to achieve the best separation between
healthy and OA joints. In addition, mean joint space width is
also used as a classifier to differentiate between OA and
healthy joints although the sensitivity based on this feature is
very low.

According to the statistical analysis, we can further evalu-
ate whether the aforementioned features are appropriate to
serve as distinguishers between OA patients and healthy vol-
unteers. As such, the t-tests are completed for all these clas-
sifiers and the statistical results are provided in Table I. We
found from Table I the absorption ratio and absorption coef-
ficient, scattering ratio and scattering coefficient, combined
image feature, and the structural sizes are significant classi-
fiers that can effectively separate the OA group from the
healthy group.

III.C. Sensitivity and specificity

We can see from the ROC curves in Fig. 4�e� that the
optical parameters can effectively differentiate between
healthy and diseased joints, where a sensitivity of 0.75 and a
specificity of 1.0 can be reached simultaneously for the op-
tical scattering related parameter, while a sensitivity of 0.68
and a specificity of 1.0 can be reached for the ratio of the
optical absorption coefficient. It is also observed from the
ROC curves that a sensitivity of 0.45 and a specificity of 1.0
are reached for the joint space width. The best sensitivity-
specificity pair is reached when the combined image feature
parameter is used, where we can see a sensitivity of 0.92 and

a specificity of 1.0 can be obtained. In all these cases, the
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AUCs are 0.98, 0.93, 0.91, and 0.79 for the combined image
feature, optical scattering ratio, optical absorption ratio, and
structural size classifier, respectively. In this study, our imag-
ing results are independently provided to the hospital and
compared to the diagnosis results from the rheumatologist,
which should give a reasonable evaluation of our imaging
modality.

IV. DISCUSSION

The current diagnosis of OA is primarily based on clinical
examinations and the absence of abnormal laboratory tests,
making it difficult to differentiate between OA and healthy
joints. Initial attempts to classify OA from healthy subjects
using imaging techniques have produced interesting insights,
although the diagnostic and prognostic values of classifying
patients by imaging findings are incompletely determined.
Actually, there is currently no single accepted quantitative
classification system for diagnosis of OA by imaging tech-
niques. In addition, for widely used CR techniques, its find-
ings may appear normal for patients with OA and healthy
volunteers due to its low sensitivity and specificity. However,
our CR-guided DOT imaging method is able to bring quan-
titatively meaningful measures of both bone and joint tissues.
Our results showed statistically significant difference in op-
tical findings between OA and healthy finger joints.

IV.A. Sensitivity and specificity for CR-guided DOT

The statistical analysis results shown in Figs. 4�a�–4�d�
and Table I revealed that three mean differences between OA
and healthy joints are very significant, including the ratio of
optical absorption and scattering coefficient and the com-
bined imaging feature. Better separation is reached when
quantitative optical parameters are used as classifiers. In par-
ticular, we noted from Fig. 4�e� that sensitivity and specific-
ity values up to 0.92 and 1.0, respectively, can be achieved
when the combined image feature parameter is used as a
classifier. These observations also agree well with the statis-
tical analysis results in Table I. The high sensitivity and
specificity make CR-guided DOT imaging a potentially com-
petitive diagnostic tool for the detection of OA in finger
joints.

Compared to the statistical analysis results from DOT
only reconstruction,25 a significant improvement in sensitiv-
ity and specificity is observed for the hybrid scanning mo-
dality when the combined image feature parameter that in-
corporates the effect of multiparameters is utilized as the
classifier. Conversely, if the comparison is made based on a
single parameter, the improvement on sensitivity and speci-
ficity is not significant for the optical absorption parameter.25

However, there is still obvious enhancement in sensitivity
when the optical scattering parameter or joint space width
captured from the hybrid scanning is used as the classifier.

In addition, the ROC curves conducted here are not based
on the statistical results for OA in different stages because
the rheumatologist has confirmed that there is no early stage
OA subject due to the difficulty in recruiting patients. As

such, the cutoff values for sensitivity and specificity analysis
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FIG. 4. Plot of the �a� absorption ratio, �b� scattering ratio, �c� combined image feature, and �d� mean joint space width over patient case number. Absorption
ratio=absorption coefficient of the joint tissues divided by that of the bone; scattering ratio=scattering coefficient of the joint tissues divided by that of the
bone; combined image feature=absorption ratio�scattering ratio. �e� is the ROC curve for the four different classifiers. Structural size=mean joint space

width.
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in this investigation only make sense from mathematical per-
spective. A further clinical investigation should be conducted
to differentiate OA at different stages.

IV.B. Comparable analysis between CR imaging and
CR-guided DOT

As displayed in Figs. 2�a�–2�d� and 3�a�–3�d�, the CR-
guided optical reconstruction results show that the quantita-
tive optical properties between OA and healthy joints are
clearly different. As such, CR-guided DOT imaging is a
powerful quantitative diagnostic method that may reveal
changes in patients with OA who have normal findings from
CR evaluation. However, in the area of joint imaging, CR is
not able to detect the cartilage and fluids as well as other soft
tissue changes surrounding joint cavity, although the changes
associated with the soft tissues can be easily captured by
CR-guided DOT. CR can only offer qualitative structural in-
formation of joints with low contrast in soft tissues �see the
images in Figs. 2�e� and 3�e��.

It is also noted from Figs. 1–3 that the joint space width
captured by the CR-guided DOT reconstruction is consistent
with the CR findings. Our previous investigation showed that
the error of the recovered joint space width is less than 10%
compared to the CR findings.23 As such, when the joint space
width is utilized as a classifier, the same sensitivity and
specificity should be reached for CR and CR-guided DOT
imaging. Consequently, based on the recovered structural
size, it is possible to distinguish between the diseased and
normal control groups, although the sensitivity and specific-
ity are lower compared to those from the quantitative DOT
findings, as demonstrated in Fig. 4�e�. The individual com-
parator analysis between CR and CR-guided DOT imaging
has been discussed in detail in our previous case study.23

Besides the joint space narrowing, osteophyte and cyst
formulation are other typical features of CR, which may help
improve the sensitivity for OA diagnosis. Though this feature

TABLE I. Statistical analysis showing the differences

Classifiers Tissues Cases

Mean width Joint OA
Healthy

Absorption coefficient Joint OA 0
Healthy 0

Bones OA 0
Healthy 0

Absorption ratio OA
Healthy

Scattering coefficient Joint OA 1
Healthy 0

Bones OA 2
Healthy 2

Scattering ratio OA
Healthy

Combined ratio OA
Healthy
can be identified by an experienced rheumatologist, it cannot
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be effectively determined by our observations and is not
taken as a classifier here. However, this feature can be incor-
porated into our optical reconstruction process via the a pri-
ori spatial information and its optical properties can be cap-
tured if it exists.

IV.C. Comparable analysis between DOT and CR-
guided DOT

In this section, we provided in Fig. 5 the recovered ab-
sorption and scattering images without and with CR guid-
ance for another typical healthy subject. Overestimated
thickness of the joint tissues and increased boundary artifacts
for the optical images without CR guidance are observed.
However, CR-guided DOT provides the improved imaging
resolution and reconstruction accuracy. First, the high-
resolution optical images show accurate delineation of the
joint space and bone geometry, where the mean joint space
width is about 1.5 mm, consistent with the x-ray finding. In
addition, the differences in the optical scattering ratio and
absorption ratio between the OA and normal joints estimated
from the CR-guided DOT reconstruction are notably in-
creased relative to those without spatial guidance.25

IV.D. DOT of finger joints guided by imperfect CR
spatial information

In CR-aided DOT, the reconstruction quality of optical
images depends on the accuracy of a priori spatial informa-
tion from CR. The position shift of CR image relative to the
true joint geometry was possible though the whole shift size
is less than 1.5 mm in a single direction for the small volume
tissues. The imperfect spatial information generated mainly
comes from two perspectives: The hardware error �setups
and operation� and the software error �CR image reconstruc-
tion�. Figures 6�a� and 6�b� present the reconstructed absorp-
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y=0 mm using the perfect �left column� and the imperfect
spatial information with a 1.5 mm shift in x-coordinate di-
rection �right column�. For this simulation test, a
30 mm �diameter��20 mm �height� cylinder was used as
the background medium. Two centered 10 mm diameter cy-
lindrical objects, embedded in the background medium, were
used to mimic bones. The spacing between the two “bones”
was 3.0 mm, which was used to simulate cartilage. The op-
tical properties for the background and bones were,

FIG. 5. �a� Reconstructed absorption image at a selected coronal section an
column� and without �right column� x-ray guidance.

FIG. 6. �a� Reconstructed absorption and �b� scattering image at a selected

�right column� spatial information.
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respectively, �a=0.01 mm−1 and �s�=1.0 mm−1, and
�a=0.08 mm−1 and �s�=2.0 mm−1, while the optical prop-
erties for the “cartilage” were �a=0.003 mm−1 and
�s�=0.8 mm−1. Our test results indicated that the imperfect
spatial information brings small effect on the reconstruction
accuracy of joint and bone tissues �total error is less than
10% for the recovered optical properties� while they do pro-
duce moderate influence on background fluid media �total
error is less than 30% in the recovered optical properties�.

scattering image at a selected sagittal section for a healthy joint with �left

tudinal plane for a simulation test with perfect �left column� and imperfect
d �b�
longi
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IV.E. Interpretation of the optical properties changes
in OA

The physical process involved in the quantitative changes
of optical properties in diseased finger joints may basically
come from two kinds of mechanisms. One is from the
change of vascular supply of finger joints. The other is based
on the optical property changes of soft tissues including the
synovial fluid. The bony structural changes in OA will make
blood to easily penetrate the subchondral bone plate and the
calcified cartilage that lies between subchondral bone and
cartilage.1–3 These vascular supply and bone changes may
result in an increased optical absorption in the soft tissues.
Moreover, it is well known that with the mild inflammatory
changes associated with the onset of OA, the synovial
membrane/fluid in articular cavity becomes increasingly
turbid.26 The increased turbidity would accompany increased
scattering and absorption coefficients in the diseased syn-
ovial membrane/fluid. Interestingly, for a healthy joint, we
observed a strong drop in scattering and absorption in the
central region of the joint cavity.

IV.F. Conclusions and future directions

In the past several years, we focused on the OA detection
and to date have scanned 45 subjects in the States.21,23 We
compared the recovered optical images from the stand alone
DOT and CR-guided DOT.23,25 We also compared the recon-
struction results using the different forward models including
the transport equation and diffuse approximation.27,28 In par-
ticular, we captured both the structural and functional infor-
mation of OA patients and healthy controls. It seems that
both other groups and ours have obtained similar distribution
of optical properties for the healthy subjects. However, it
seems that the imaging resolution from other groups was low
and they did not capture any meaningful structural informa-
tion based on their optical finding.22,29

In conclusion, the optical findings showed that the optical
properties between OA and healthy joints are clearly differ-
ent, suggesting that these optical parameters could be used to
diagnose OA and monitor its progression. Further, larger
scale clinical studies are necessary to prove whether the find-
ings identified from the present study can help differentiate
OA from healthy joints at an early stage. In addition, it is
also necessary to investigate whether the features captured
by the present study can help differentiate OA from healthy
joints at the large weight-bearing joints of the lower extremi-
ties. Finally, it is definitely necessary to validate if this tech-
nique can distinguish well between OA, rheumatoid arthritis,
and psoriatic arthritis in the joints.
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