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Abstract. We describe a multimodality imaging approach that com-
bines x-ray tomosynthesis with near-infrared diffuse optical tomogra-
phy �DOT� for high-resolution imaging of osteoarthritis in the finger
joints. In this approach, we take advantage of high resolution x-ray
imaging particularly of the bones and incorporate the fine structural
maps obtained from x ray as a priori information into DOT recon-
structions. To realize this multi-modality approach, we constructed a
hybrid imaging platform that integrated a C-arm–based x-ray tomo-
synthetic system with a multichannel optic-fiber–based DOT system.
We also implemented improved hybrid regularization-based recon-
struction algorithms that have shown to be especially effective for
high-resolution modality-guided DOT. Initial evaluation of our x-ray–
guided DOT reconstruction approach in the finger joints shows that
spatial resolution of DOT can be enhanced dramatically when the
three-dimensional geometry of bones is known a priori. In particular,
the improved quantitative capability of imaging absorption and scat-
tering coefficients of the joint tissues allows for more accurate diag-
nosis of osteoarthritis over x-ray radiography or DOT alone. © 2008
Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2965547�

Keywords: finger joints; osteoarthritis; multimodality imaging; x rays; diffuse optical
tomography.
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Introduction

steoarthritis �OA� is the most common arthritic condition
orldwide and is estimated to affect nearly 60 million Ameri-

ans. Although a number of factors contribute to its develop-
ent, including obesity, trauma, and genetic predisposition,

he hallmark of OA is progressive damage to articular
artilage.1 Classically, OA is most often found in the large
eight-bearing joints of the lower extremities, particularly the
nees and hips. However, there is also a subset of individuals
ith a predilection for developing OA of the hands and a
ore generalized form of OA.2 Interestingly, it is the distal

nd proximal interphalangeal joints that are most often af-
ected and culminate in the development of Heberden’s �dis-
al� and Bouchard’s �proximal� nodes. To diagnose cartilage
bnormalities and alterations in composition of synovial fluid
n joints affected by OA, a variety of imaging methods have
een developed and tested, such as radiography �x ray�, ultra-
ound, computed tomography, and magnetic resonance imag-
ng �MRI�.3–7

Of all the existing imaging modalities, x-ray radiography is
he most widely accepted method for diagnosis of bone- and
oint-related diseases, largely due to its high resolution
�0.1 mm�, its ease of use, and low cost. Although x ray has
xtremely high resolution in differentiating bones from soft
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92-9791; E-mail: hjiang@bme.ufl.edu.
ournal of Biomedical Optics 044006-
tissues, it cannot distinguish well between soft tissues of simi-
lar densities, as the imaging contrast between different soft
tissues is very low. For example, although plain radiographs
are able to visualize joint space narrowing and osteophyte
formation, they are insensitive to changes in cartilage and
fluid and therefore incapable of capturing the primary features
of the early stages of OA.8

Due to its numerous advantages of low cost, portability,
and nonionizing radiation,9 near-infrared diffuse optical to-
mography �DOT� is emerging as a potential tool for imaging
bones and joint tissues.10–12 In particular, DOT offers unpar-
allel opportunity to access the molecular and cellular signa-
tures that are contained in the absorption and scattering spec-
tra of joint tissues.13 In a recent pilot clinical study, we have
shown that the optical contrast between OA and normal joints
is high,14 suggesting that DOT has the potential for detecting
early OA joints in the hands. Although DOT appears to be
especially suited for imaging of the finger joints because of
the high signal-to-noise ratio associated with the small vol-
ume, the spatial resolution is relatively low due to the multi-
scattering events that occur along each photon path. More-
over, DOT reconstructions involve a typical ill-posed inverse
problem with quite a few unknowns and limited numbers of
measurements, which may further reduce the resolution.

Thus it is now clear that DOT can provide high-contrast
joint tissue imaging with low resolution, but x ray can offer
high-resolution joint structure with low contrast in soft tis-
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ues. To take advantage of the complementary information
rom these two kinds of imaging methods, we present a mul-
imodality approach that combines x-ray and optical imaging
or early diagnosis of OA in the finger joints. The basic idea
f this multimodality approach is to incorporate the high-
esolution x-ray images of joint tissues into the DOT recon-
truction so that both the resolution and accuracy of optical
mage reconstruction are enhanced. In this study, a three-
imensional �3D� tomosynthetic x-ray method is used to
oregister with the 3D DOT reconstruction of joint tissues.
ven though an x-ray/DOT system will be more expensive

han an x-ray system alone, it is certainly more economical
han a MRI or ultrasound system.

In the remainder of this paper, we first describe our hybrid
-ray tomosynthesis and DOT system. We then present the
nite element image reconstruction algorithms that are neces-
ary for x-ray–guided optical image reconstruction. The inte-
rated functioning of the hybrid imaging system and recon-
truction algorithms are tested and evaluated through four
ypical clinical cases �two OA patients and two healthy vol-
nteers�. We discuss in detail the radiographic appearance of
he four cases based on the qualitative optical images and
uantitative optical properties as well as the thickness of the
oint tissues �cartilage and fluid� in the distal interphalangeal
DIP� finger joint. Finally, the findings from the x-ray–guided
ptical images are compared with those from DOT or x-ray
lone.

Experimental Materials and Methods
.1 Hybrid Imaging System
he hybrid x-ray/DOT imaging system integrates a modified
ini C-arm x-ray system with a homemade 64�64-channel

hotodiodes-based DOT system �see Fig. 1�a��. The DOT sys-
em has been described in detail previously.14,15 Briefly, it
onsists of laser modules, a hybrid light delivery subsystem, a
ber optics/tissue interface, a data acquisition module, and

ight detection modules. A total of eight laser modules in the
ear-infrared region are available �the module at wavelength
53 nm was used in this study�. An efficient and low-cost
ybrid subsystem that comprises a 1�8 optical switch and a
otorized rotator is used to deliver laser light to the excitation

oints along the fiber optics/tissue interface �the insert in Fig.
�a��. A total of 64 low-noise integrated silicon-photodiodes
oupled with programmable circuit boards are used for paral-
el signal acquisitions. The entire LABVIEW-controlled data
cquisition �64�64 channels� at one wavelength can be com-
leted in �5 min. The laser power used was 70 mW at
53 nm, giving a signal-to-noise ratio of 22 dB, and the illu-
ination time was 2 to 3 s for each source location depend-

ng on the data acquisition time used for the 64 detectors. The
ore diameter of the source and detector optical fiber bundles
as 1.0 and 2.0 mm, respectively.

The tomosynthetic imaging is realized through a modified
E mini C-arm x-ray system �MiniView 6800, General Elec-

ric OEC, Salt Lake City, Utah�. By mounting the C-arm on a
ersonal computer–controlled rotator, x-ray projections can be
btained at any angle between 0 and 360 deg with an accu-
acy of 0.01 deg. In this study, the exposure dose applied to
he target finger was lower than 10 mrad per projection with
n exposure time of 2 s. The finger was typically placed
ournal of Biomedical Optics 044006-
90 mm above the x-ray detector array, and while the distance
between the x-ray tube and detector was 450 mm. Therefore,
the actual size of the joint could be calculated by applying a
factor of 4 /5.

The cylindrical fiber optics–tissue interface is composed of
64 source and 64 detector fiber bundles that are positioned in
4 layers along the surface of a Plexiglass container and cover
a volume of 15�30 mm. In each layer, 16 source and 16
detector fiber bundles are alternatively arranged. Light inten-
sities were collected at 64 detector positions for each source
location and a full set of 64�64 �source�detector� data was
used for image reconstruction. The space between the finger
and the wall of the Plexiglass container was filled with tissue-
like phantom materials as coupling media consisting of dis-
tilled water, agar powder, Indian ink, and Intralipid, giving an
absorption coefficient of 0.015 mm−1 and a reduced scatter-
ing coefficient of 1.0 mm−1 at 853 nm, which were optimized
in our previous work.15 The relationships between the optical
properties and the concentration of Indian ink and Intralipid
were obtained through standard diffuse optical spectroscopic
measurements using semi-infinite geometries.

In the hybrid imaging of joint tissues, the x-ray imaging is
performed immediately after the DOT data acquisition. To
eliminate the artifacts in the x-ray 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-

Fig. 1 �a� Photograph of the integrated hybrid x-ray/DOT system. The
insert is a close-view photograph of the finger/fiber optics/x-ray inter-
face. �b� Schematic of the interface. Note that both the Plexiglass
container and finger tip holder can be translated horizontally for sepa-
rate DOT and x-ray data acquisition.
July/August 2008 � Vol. 13�4�2
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ated along the post �see the insert in Fig. 1�a� and the sche-
atic of the interface shown in Fig. 1�b��. During an exam,

he subject first places the finger into the Plexiglass container
hrough a plastic ring while the distal end of the finger rests
gainst a finger tip holder installed at the end of the coaxial
ost. Then the optical interface is slid to be in contact with the
lastic ring structure that is used to lock the position of the
ptical interface. Immediately after the DOT imaging, the op-
ical interface is slid back for x-ray exposure while the finger
tays at the same position. Four small metal spheres �1 mm in
iameter� are embedded along the surface of the plastic ring
s fiducial markers for accurate coregistration of the x-ray and
ptical imaging.

.2 Image Reconstruction Algorithms

.2.1 X-ray image reconstruction

omographic x-ray images are reconstructed from two-
imensional projections using an improved shift-and-add al-
orithm we developed previously.16 In this algorithm, we first
egment or normalize the projection images and then apply
he shift-and-add algorithm �commonly used in digital tomo-
ynthesis� on the segmented projection images at multiple
ngles, which results in accurate reconstruction of the 3D
tructures of joints. The method has been tested and evaluated
sing extensive phantom experiments.17 In this study, 16 pro-
ections were used and the resulting 3D x-ray images were
isplayed using commercial software called AMIRA �Visual
maging, Carlsbad, California�.

.2.2 X-ray–guided optical image reconstruction

ven though several methods are available in the area of a
riori structural-guided DOT reconstruction,18–32

egularization-based schemes appear to be the most effective
s they can flexibly handle the problems associated with in-
ccurate domain segmentation that are required for a priori
tructural-guided DOT reconstruction. Several regularization-
ased schemes have been developed for MR- or x-ray–guided
OT reconstruction.19–26 However, most of these schemes do
ot appear to be able to handle the cases where MR or x ray
s insensitive to the target tissues or lesions, resulting in inac-
urate DOT reconstruction. In the area of joint imaging, for
xample, x ray is not able to detect the cartilage and fluids as
ell as their changes in the finger joints, although the changes

ssociated with the cartilage and fluids can be easily captured
y low-resolution DOT alone.14 In addition, the existing regu-
arization schemes strongly depend on the choice of the initial
ptical property values and different initial guesses need to be
pecified for different tissue types. To overcome these limita-
ions, we propose a modified Tikhonov or hybrid regulariza-
ion technique for x-ray–guided DOT reconstruction.33,34

The conventional Tikhonov regularization for DOT sets up
weighted term as well as a penalty term to minimize the

quared differences between computed and measured photon
ensity values as follows:31,35
ournal of Biomedical Optics 044006-
min
�

:���c − �o�2 + ��L���2� = ���c − �o�2 + ��L�� − �0��2� .

�1�

The resulting updating equation based on Newton iterative
method can be expressed as

�� = �JTJ + �LTL�−1�JT��o − �c� − �LTL�� , �2�

in which �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 densities for i=1,2 . . . ,M boundary loca-
tions; � is the Levenberg-Marquardt regularization parameter;
L is the regularization matrix or filter matrix; � expresses �a
and D, where �a is the absorption coefficient and D is the
diffusion coefficient, which can be written as D=1 / �3��a

+�s���, where �s� is the reduced scattering coefficient; ��
= ��D1 ,�D2 , . . . ,�Dn ,��a,1 ,��a,2 , . . . ,��a,N�T, and �� is
the updating vector for the optical properties; and J is the
Jacobian matrix formed by �� /�� at the boundary measure-
ment sites.

It should be noted the last term in Eq. �2� is not routinely
used in the reconstruction and including the term would re-
duce the sharpness of known edges given a homogeneous
initial guess. So we obtain the following updating equation
when �=1,

�� = �JTJ + LTL�−1�JT��o − �c�� . �3�

The most often used regularization matrix in DOT ise the
identity matrix,36 in which L is a diagonal matrix and the prior
information can be incorporated into the iterative process by
using the spatially variant regularization parameter �.19,23,24

Other regularization algorithms include a subspace regulariza-
tion scheme35 or a total-variation minimization scheme,37,38

where L generated from MR or x-ray prior spatial information
is a Gauss filter matrix,35 or a Helmholtz39 or Laplacian-type
filter matrix.31 In this study, a Laplacian-type filter matrix L
was used, and its elements, Lij, were constructed according to
the associated visible region or tissue-type x-ray-derived pri-
ors 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 node number within a tissue type.
Instead of imposing constraints on the magnitude of the

solution or on its derivative as in Tikhonov regularization, the
developed regularization method minimizes the difference be-
tween the desired solution and its approximate x-ray or MR
estimate, as well as the residual error in the least square sense.
Hence in hybrid regularization-based nonlinear reconstruction
algorithm, the objective function becomes

min:� = ��c − �o�2 + 	���c − �0�2 + ��L�� − �0��2� ,

�5�

where 	 is the hybrid regularization parameter. By minimiz-
ing � with respect to � �i.e., �� /��=0� and considering Eq.
July/August 2008 � Vol. 13�4�3
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3�, we obtain the following updating equation for the hybrid
egularization:

�� = �JTJ + 	JTJ + ��I + 	LTL�−1�JT��o − �c�� . �6�

f we specify the regularization parameter 	=1, Eq. �6� is
implified as,34,40

�� = �JTJ + JTJ + ��I + LTL�−1�JT��o − �c�� , �7�

n which �� is the Levenberg-Marquardt regularization pa-
ameter. It is noted from Eq. �7� that hybrid regularization is
ctually a regularization scheme that combines both
evenberg-Marquardt and Tikhonov regularization.34,40 We
ave found that when ��= ��o−�c�� trace�JTJ�, the recon-
truction algorithm generates best results for x-ray–guided
OT reconstruction. Because joint tissues are highly hetero-
eneous, we have previously shown that a modified Newton
ethod with excellent convergent property is required.14,41

hus the final updating equation for the developed scheme is
odified as follows:

�new = �old + 
���0 � 
 � 1� , �8�

here 
 is computed from a backtracking line search.41 Thus
he realization of the excellent convergence algorithm is quite
traightforward: the algorithm starts with a full Newton step
i.e., 
=1� if the updated � are close enough to the final
olution, a quadratic convergence is obtained; if not, the back-
racking line search will provide a smaller value of 
 along the
ewton direction; the reconstruction process continues until a
uadratic convergence is achieved.41

In Vivo Results
e present detailed studies on two healthy volunteers and two
A patients using the integrated hybrid system and x-ray–
uided DOT reconstruction algorithm �extensive phantom
valuations were performed prior to the in vivo experiments
hat will be published elsewhere34,42�. All the diseased joints
ere examined by a physician and showed clear signs of OA.
he particular signs of OA joint were breakdown of joint
artilage; pain in a joint during or after use, or after a period
f inactivity; discomfort in a joint before or during a change
n the weather; swelling and stiffness in a joint, particularly
fter using it; bony lumps on the middle or end joints of
ngers or the base of thumb; loss of joint flexibility; joint
pace narrowing, and so on.

Image reconstruction of each DIP joint with the optical
oupling phantom/media, giving a cylindrical imaging vol-
me of 30 �diameter��20 �height� mm, was performed with
finite element mesh of 2 509 nodes and 10 752 tetrahedral

lements. The 3D x-ray images of the joint allowed us to
pproximate the imaging domain into two types of tissue vol-
mes: bones and joint tissues �cartilage, fluid, and phantom�.
he known anatomy of the bones from the x ray made it
ossible to automatically localize the finite element nodes �in
ide or outside the bone zone�, allowing the Jacobian and
lter matrices to be constructed within the same tissue type.
he initial optical properties used were �s�=1.2 mm−1 and

a=0.04 mm−1 for the bones and �s�=1.0 mm−1 and �a
0.01 mm−1 for the soft joint tissues �cartilage, synovial
ournal of Biomedical Optics 044006-
fluid, and other components in the joint space� and the phan-
tom, respectively. The source strength S and boundary condi-
tions coefficient 
 were optimized using a preprocessing
method described previously.36 The entire image reconstruc-
tion took about 4 h with 20 iterations on a 2-GHz Pentium IV
personal computer for each case using FORTRAN code, and the
preprocessing for the optimization of the initial parameters
were achieved using MATLAB with only 1 to 2 min for each
case.

We note that the initial value of reduced scattering coeffi-
cient used for the joint tissues is not just for the synovial fluid:
it is an effective value for all the soft tissues in the joint cavity
including synovial fluid, cartilage, and other components. Be-
cause DOT does not have high enough resolution to distin-
guish between these different soft tissues within the joint
space, it is impossible for us to assign different initial scatter-
ing values to the different soft tissue types. Although we are
aware that the synovial fluid itself has a smaller scattering
coefficient than the effective value used in our work, the used
value of �s�=1.0 mm−1 is actually the scattering coefficient of
the surrounding coupling medium, which is clearly known a
priori. Using this value, we have found that the reconstructed
averaged scattering coefficients of the soft tissues in the joint
space for the cases studied are acceptable, as the calculated
full width at half maximum �FWHM� based on these recov-
ered values is comparable to that from x ray. The initial
guesses for the optical properties of bones were estimated
from our previous DOT reconstructions of the joints14 as well
as from the literature.43

Because joint space narrowing is an important measure of
the degree of OA, a FWHM method was used to calculate the
thickness of joint tissues �cartilage and fluid�. For the FWHM
method, we first took 12 representative dorsal �6 x-z slices�
and coronal slices �6 y-z slices� from the reconstructed 3D
optical images for quantitative analysis, which included 2
central slices in the dorsal and coronal planes, respectively.
The 12 slices chosen were different for each in vivo case. For
instance, for OA patient 1, the 6 dorsal slices were taken from
y=−2 to 2 mm, and the 6 coronal slices were taken from x
=−3 to 1 mm. The distance between two adjacent slices was
less than 1 mm. Although the central dorsal and coronal slices
went from −15 to 15 mm, the width of the other four slices
was smaller than that of the central ones.

For each slice of the optical image, we plotted five central
lines for quantitative analysis of absorption and scattering
properties using FWHM, as shown in Fig. 2. We limited the
five lines within the joint domain. These lines were not always
vertical, and for some cases, we used lines that were tilted and
parallel to the middle line of the bones. Each FWHM curve
was divided into two parts: bones and joint tissues �cartilage
and fluid�. By using FWHM, we calculated the mean thick-
ness of joint tissues �cartilage and fluid�, and we also provided
the averaged optical properties of the bone and joint tissues.
The quantitative results for the scattering and absorption co-
efficients are given in Tables 1 and 2, respectively, where the
joint spacing estimated from the high-resolution x-ray images
are also provided for comparison. Finally, DOT images with-
out x-ray guidance for a healthy and a disease case are pre-
sented for additional comparison.

It should be noted that because the x-ray images contain
July/August 2008 � Vol. 13�4�4
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rrors on bone geometries, the geometric a priori knowledge
rom the x ray was not imposed directly on the DOT recon-
tructions; instead, the a priori information was added as a
soft” constraint on the DOT reconstructions through the use
f the Laplacian-type filter matrix, which was able to relax the
moothness constraints at the interface between different re-

ig. 2 �a� A 3D schematic of the finger joint measurement configura-
ion. �b� Schematic of two-dimensional longitudinal/sagittal slice
long with the five lines used for quantitative analysis using FWHM.
c� Schematic representative distribution of optical absorption coeffi-
ient along line AB.
ournal of Biomedical Optics 044006-
gions or tissues. Thus the FWHM reconstructed by the x-ray–
guided DOT is not the same as that by the x-ray images and is
certainly better than that by DOT alone.

3.1 Case 1: OA Patient 1
This patient was a 50-year-old female, who was first diag-
nosed with OA in both joints of the index finger about
10 years ago. Figures 3�a� and 3�b� plot the scattering slices
�along both dorsal and coronal planes� of the recovered 3D
image, and Figs. 3�c� and 3�d� display the reconstructed ab-
sorption slices for this patient using the x-ray–guided DOT
algorithms. The optical images without the x-ray guidance are
given in Figs. 3�e� and 3�f� and the 3D x-ray images are
shown in Fig. 3�g� for comparison.

3.2 Case 2: OA Patient 2
The second patient was also a 50-year-old female, whose DIP
joint developed OA about 4 years ago. Figures 4�a�–4�d�
present the recovered scattering and absorption slices �along
both dorsal and coronal planes� of the 3D images for this
patient with the x-ray–guided DOT algorithms. In Fig. 4, we
also give the 3D x-ray images �Fig. 4�e�� of the joint.

3.3 Case 3: Healthy Volunteers
The ages of the healthy volunteers were 32 and 40. Figures
5�a�–5�d� display the recovered scattering and absorption
slices �along both dorsal and coronal planes for the
32-year-old volunteer� for a representative healthy case using
the x-ray–guided DOT algorithms, where the optical images
without the x-ray guidance and the 3D x-ray images are also
provided.

4 Discussion
In our x-ray–guided DOT reconstruction algorithms, we em-
ployed a full regularization matrix, which allowed the geom-
etry of different tissue types to be predetermined by x-ray
images. As shown in Figs. 3�a�–3�d�, 4�a�–4�d�, and 5�a�–
5�d�, when a subset of the x-ray prior knowledge of the joint
structure was used in the DOT reconstruction, distinct bound-
aries separating different tissues were recovered clearly, indi-
cating the significant improvement of DOT resolution because
of the incorporation of prior x-ray structural information.
These optical images show accurate delineation of the joint
space and bone geometry, that is consistent with the x-ray
findings �Figs. 3�g�, 4�e�, and 5�g��. Both the absorption and
scattering images reconstructed without x-ray guidance �Figs.
3�e� and 3�f� for the healthy controller and 5�e� and 5�f� for
the patient� show significantly overestimated thickness of the
joint tissues as well as increased boundary artifacts.

From the absorption and scattering images shown in Figs.
3–5, we also note that the bones are clearly delineated �most
red-colored regions� for both OA and normal joints. Although
there is no clear boundary between the cartilage and fluid, the
joint tissues/space are clearly identified. Here the joint-space
narrowing seems apparent for both OA joints �Figs. 3 and 4�
relative to the healthy joints �Fig. 5�. Importantly, compared
with the optical parameters of the bones, we observe a large
drop in the strength of absorption and scattering properties
within the healthy joint space tissues. However, relative to the
optical properties of the bones, we see only a small drop for
July/August 2008 � Vol. 13�4�5
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he OA joint space tissues. Interestingly, the difference in scat-
ering and absorption coefficients of the joint tissues �cartilage
nd synovial fluid� between the OA and healthy controls
eems more striking from the ratio of scattering or absorption
roperty to that of the bones �Tables 1 and 2�. We see that the
atios for both diseased joints are significantly larger than that
or normal joints. The differences in the ratio between the OA
nd normal joints estimated from the x-ray–guided DOT re-
onstruction are notably increased relative to that without
-ray guidance.14

Table 1 Reconstructed �s� related parameters fo

Case
Joint

Tissues
Aver

�s� �1

OA

1 Bone 1.

Joint 1.

2 Bone 1.

Joint 1.

Healthy

3 Bone 1.

Joint 0.

4 Bone 1.

Joint 0.

Note: �sc� and �sb� are the average reduced scattering c
N/A: Not available.

Table 2 Reconstructed �a related parameters fo

Case
Joint

Tissues
Aver

�a �1

OA

1 Bone 0.0

Joint 0.0

2 Bone 0.0

Joint 0.0

Healthy

3 Bone 0.0

Joint 0.0

4 Bone 0.0

Joint 0.0

Note: �ac and �ab are the average absorption coefficie
N/A: Not available.
ournal of Biomedical Optics 044006-
Judging from the structural size parameters listed in Tables
1 and 2, we find that the mean thickness of cartilage and fluid
in the OA joints seems thinner than those of the healthy ones.
For example, as displayed in Table 1, for cases 1 and 2, the
mean thickness of the joints �cartilage and fluid� computed
from the scattering property distributions is 0.7 and 0.8 mm,
respectively, compared with 1.9 and 1.7 mm for cases 3 and
4, respectively. Moreover, from Table 2, the mean thickness of
the joints �cartilage and fluid� calculated from the absorption

ases.

Mean thickness
�mm�

�sc� /�sb�DOT X rays

N/A N/A 0.82

0.7 0.8

N/A N/A 0.83

0.8 0.8

N/A N/A 0.52

1.9 1.8

N/A N/A 0.49

1.7 1.5

nts of joint tissues and bone, respectively.

ases.
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property distributions is 0.7 and 0.9 mm, respectively, for
cases 1 and 2, relative to 1.9 and 1.7 mm for cases 3 and 4,
respectively. This observation is further confirmed by the
mean thickness of the joints estimated from the x-ray images,
as shown in Tables 1 and 2. It is also noted the joint space
narrowing for the OA joints observed from the x-ray–guided
DOT reconstruction is consistent with the x-ray findings
�Figs. 3�g�, 4�e�, and 5�g� and Table 1�.

Fig. 4 Reconstructed images at selected dorsal/coronal planes for case
2: �a� scattering slices along coronal planes with x-ray guidance; �b�
scattering slices along dorsal planes with x-ray guidance; �c� absorp-
tion slices along coronal planes with x-ray guidance; �d� absorption
slices along dorsal planes with x-ray guidance; �e� tomgraphic x-ray
image from two different views. �Color online only.�
ig. 3 Reconstructed images at selected dorsal/coronal planes for case
: �a� scattering slices along coronal planes �x-z plane� with x-ray
uidance; �b� scattering slices along dorsal planes �y-z plane� with
-ray guidance; �c� absorption slices along coronal planes with x-ray
uidance; �d� absorption slices along dorsal planes with x-ray guid-
nce; �e� selected scattering slices without x-ray guidance; �f� selected
bsorption slices without x-ray guidance; �g� tomgraphic x-ray image
rom two different views. The axes �left and bottom� indicate the spa-
ial scale in millimeters, whereas the color scale gives the absorption
r scattering coefficient in inverse millimeters. �Color online only.�
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We note from Tables 1 and 2 that the error of the recovered
structural parameters is less than 10% compared with the
x-ray findings. This is a significant improvement compared
with that �typically more than 25%� from the DOT reconstruc-
tion without x-ray guidance.14 It is also interesting to note
from Figs. 3–5 that the distributions of both absorption and
scattering coefficients in the joint space are highly heteroge-
neous for OA patients, whereas such distributions are quite
homogeneous in general for the healthy joints. We can also
see from Tables 1 and 2 that the structural parameters as well
as the mean optical properties computed from the absorption
and scattering distributions are generaly consistent with each
other.

It should also be pointed out that model errors exist when
the diffusion approximation is used to handle the cases in-
volving low scattering, small source/detector distance, or
large variations of optical properties. Although a transport
model can certainly reduce such errors, we have previously
and very recently shown that the model errors do not appear
to propagate much to the reconstruction.10,42 For example, the
simulation tests from both our group and other groups indi-
cate model errors typically result in about 10% error in recon-
struction for small volume ptoblems.42,44 Interestingly, for
phantom and clinical experiments, the reconstruction errors
are less than 10%. In addition to the use of diffusion approxi-
mation in DOT, many groups have used it to obtain high-
quality image reconstructions for fluorescence and biolumi-
nescent tomography of small animals where model errors
certainly exist.45–48 This is understandable because the accu-
racy of an inverse solution depends on not only the accuracy
of the forward model, but also the quality of the experimental
data and the use of robust regularization techniques. More
interestingly, model errors lead to even smaller errors in re-
construction when the x-ray a priori structural information is
incorporated into DOT reconstruction. This is because a more
accurate modeling of photon migration through medium can
be achieved when anatomical segmentation information be-
comes available. The use of prior structural information also
eliminates the need to look for spatial/anatomy information in
the optical inversion, which ensures that optical property pro-
files are the only parameters that needed to be recovered.

In summary, we have developed an imaging platform that
integrates x-ray tomosynthesis with DOT along with a hybrid
regularization-based reconstruction algorithm for the assess-
ment of OA in the finger joints. The image quality obtained
from the hybrid system is significantly improved over that
from DOT alone. Enhanced x-ray–guided reconstruction re-
sults show that the optical properties as well as the joint spac-
ing between OA and healthy joints are clearly different, sug-
gesting that both types of imaging parameters could be used
to diagnose OA and monitor its progression.49
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