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Abstract. In this study, a simplified spherical harmonics approxi-
mated higher order diffusion model is employed for 3-D diffuse opti-
cal tomography of osteoarthritis in the finger joints. We find that the
use of a higher-order diffusion model in a stand-alone framework pro-
vides significant improvement in reconstruction accuracy over the dif-
fusion approximation model. However, we also find that this is not the
case in the image-guided setting when spatial prior knowledge from
x-rays is incorporated. The results show that the reconstruction error
between these two models is about 15 and 4%, respectively, for

stand-alone and image-guided frameworks. © 2009 Society of Photo-Optical
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1 Introduction

3-D diffuse optical tomography (DOT), as an emerging bio-
medical imaging modality, has made considerable advances in

recent years.]_27 So far DOT has been primarily applied to
image brain and breast tissues.”® Recent phantom and clinical
studies show that DOT can also provide quantitative optical
images of hand joints for early detection of joint-related
diseases.”"* In DOT, an efficient reconstruction algorithm is
critical. Most of the DOT algorithms developed to date make
use of so-called model-based image reconstruction schemes.
Due to computational complexity, the models used for de-
scribing photon migration in biological tissues and image re-
construction have usually been limited to the diffusion ap-
proximation (DA) to the Boltzmann radiative transport
equation (RTE). However, the DA is not accurate enough to
model light transport in some particular tissue regions, includ-
ing low scattering fluid-filled and high absorption vascular
tissues.'* ™" In particular, using the DA is very challenging to
image small volumes including arthritis in finger joints and
body parts in small animals. In such cases, the DA is not able
to describe photon migration accurately due to the small op-
tical distance between sources and detectors. To overcome
these limitations associated with the DA, several groups have
employed the discrete ordinate (s,) approximated RTE to re-
cover the optical parameters of small volume tissues.''?
However, this type of reconstruction algorithm is time con-
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suming. Typically, the s, approximated-RTE-based recon-
struction is 40 to 60 times slower than DA based.""

We have developed a 3-D reconstruction method based on
simplified spherical harmonics (p;) approximated-RTE or
higher order diffusion equations.”’ Our simulations and phan-
tom tests®' have demonstrated that the developed higher order
diffusion (HD) equations are able to provide solutions that are
significantly more accurate than the DA for simulating photon
migration and imaging reconstruction in finger joints. We also
found that the HD-model-based reconstruction algorithm is
only 1 to 2 times slower than the DA based reconstruction.”’

In this study, we focus on 3-D DOT imaging of finger
joints for the diagnosis of osteoarthritis (OA) using the devel-
oped HD model. One goal of this study is to investigate if the
HD model has the potential to improve the reconstruction
accuracy for in-vivo data as compared to that using the DA.*
In addition, we evaluate the performance of the HD model
using an x-ray/DOT combined multimodality approach.”® The
idea of this multimodality approach is to incorporate the high
resolution x-ray images of joint tissues into the DOT recon-
struction so that both the resolution and accuracy of optical
image reconstruction are enhanced. We found from our previ-
ous investigations that the improved quantitative capability of
imaging absorption and scattering coefficients of the joint tis-
sues allows for more accurate diagnosis of osteoarthritis over
the DA-based DOT alone.”® When anatomical a-priori infor-
mation becomes available, we would like to study if a more
accurate modeling of photon migration in tissue can bring in
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enhanced accuracy for image reconstruction in the finger
joints.

2 Reconstruction Methods

The migration of photons within the absorbing and scattering
media can be described by the time- and energy-independent
form of the Boltzmana transport equation as,' "7

Q-VO(r,Q) + a(r)®(r,Q) = f a,(Q",Q,r)D(r,Q")dQ’
+5(r,Q)), (1)

in which r is the position vector of a photon propagation
along the unit direction Q, ®(r,()) is the energy radiance,
s(r,Q) is the source term, o,(r) is the total position-
dependent macroscopic transport cross section (absorption +
scattering), and o(r,{)'-Q) is the differential macroscopic
scattering cross section. The radiance using spherical harmon-
ics at position r in the direction of unit vector () can be
expanded as a series of the form,

N 1

d(r,Q) = 2 2 21+ 1)pj(cos O iy, (r)cos(mep)

=0 m=0

+ Yin(r)sin(me) ], )

where pj'(cos ) are associated Legendre polynomials of or-
der 1, m, with iy,,(r) and 7,,(r) as the coefficients of mo-
ments of the series, and 6 and ¢ as the axial and azimuthal
angles of Q, respectively.”' p;, ps, and p; approximations
have been performed in various geometries for 2-D problems,
and the results validated that the p; approximation is suffi-
ciently accurate.”” As such, only the p; approximation is used
here for an efficient 3-D reconstruction. Based on Egs. (1) and
(2), the Egs. (3)—(8) are the derived 3-D p3 approximated-HD
diffusion equations,
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in which u, is the absorption coefficient, u, =, + u,, where
M, is the scattering coefficient, D=1/[3u,+3u,(1-g)] is the
diffusion coefficient, and g is the scattering anisotropic factor.
It should be pointed out that the prior higher order diffusion
equations can be further reduced to the diffusion approxima-

tion by setting ¥r == y=ths= =0

VD) V i (r) = mo(r) i (r) == S(r). 9)

Appropriate boundary conditions should be specified for the
HD equations. In this study, type 3 boundary conditions (BCs)
are used for the first component ¢, while type 1 BCs are
assumed for the other five components, i.e.,

=DV -n=ay, h=ys=dy=s=s=0, (10)

where « is the boundary condition coefficient (o = 0.467 for
vacuum case). The choice of the boundary conditions have
been discussed in detail in our previous publications.ZI’25 Gen-
erally, type 3 BCs are applied in diffuse optical imaging and
contain the linear combination of the photon density and the
current along the boundary, while type 1 BCs are the com-
monly used boundary conditions for the RTE model. The pri-
mary reason here for using type 3 BCs for the first component
and type 1 BCs for other components is for mathematical
simplicity. In fact, type 3 BCs can also be applied to compo-
nents 2 through 6, but we believe this may not add any ben-
efit, as the first component is the measured quantity for image
reconstruction. In finite element discretization, the quantities
(r), u,, D, and p, are spatially discretized as,
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N N N
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N

lu’a=2 (Mu)i¢i’ (11)

i=1

in which N is the node number of the 3-D finite element mesh
used and ¢; is the basis function. As such, the discretized
form of Egs. (3)—(8) and (10) is written as

[Al{y}={b}, (12)

in which the elements of the matrix [A] are integrated over
the problem domain (V) and boundary domain (I"), and {b} is
the source vector. The inverse solution can be obtained
through the following equations:

[AKaviaxt={dblax} - [oA/ax Ky, (13)

("I +NDAX =T (P - ), (14)

in which y expresses D or u,, J is the jacobian matrix formed
by di/ dx at the boundary measurement sites; N, a scalar, and
I, the identity matrix, are used to realize the invertible system
[Eq. (14)]; Ax=(AD,,AD,,...,ADy,Ap, ,
AIL'LH,Z’ ’A/-La,N)T; ,750:(1/;%0’ lﬂ%o’ ’WO)T7 and '/’L
=(, 3, .. YT, where ¢ and o are observed and
computed photon density (the first component) for i
=1,2...,M boundary locations. It should be noted that only
the first component, as the measurements, is used for the in-
verse computation due to the fact that the other five moment
variables are equal to zero at the boundary measurement po-
sitions.

For x-ray guided 3-D DOT reconstruction, the following
updating equation is used,

Ax=(3T3+ 373 + N+ LTL)[37(yf - )], (15)

where the x-ray structural a-priori information is incorporated
into the iterative process using the spatially variant filter ma-
trix L. In this study, the Laplacian-type filter matrix was used,
and its elements L;; were constructed according to the visible
region or tissue type it was associated with, with x-ray de-
rived priors as follows:** "

1 when i =j

L.=\—1/nn

ij when i,j C one region

, (16)
0 when i,j C different region

where nn is the finite element node number within a tissue
type. Since the finger joint tissues are highly heterogeneous,
we have previously shown that a modified Newton method
with excellent convergent property is required.18 Thus the fi-
nal updating equation is modified as follows:

Xnew = Xold T gAX(O < ZS 1), (17)

where { is computed from a backtracking line search. Thus
the image formation task here is to update optical property
distributions via iterative solution of Egs. (12) and (14), or
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(15) so that a weighted sum of the squared difference between
computed and measured photon density can be minimized.

3 Results

In this section, we present reconstruction results using the HD
model with phantom and in-vivo data. For comparison, recon-
structed optical images using the DA-based algorithm are also
provided.

Both phantom and in-vivo data were collected using our
homemade 64 X 64-channel photodiodes-based stand-alone
DOT system or the hybrid x-ray/DOT imaging system that
integrates a modified mini-C-arm x-ray system with the 64 X
64-channel DOT system, which were all detailed
elsewhere.***?® This DOT system consists of several laser
modules, a hybrid light delivery subsystem, a fiber optics/
tissue interface, a data acquisition module, and light detection
modules.” The cylindrical fiber optics/tissue interface is com-
posed 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 (height) by 30 mm (di-
ameter). 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 tissue-like
phantom materials as coupling media, consisting of distilled
water, agar powder, Indian ink, and Intralipid, giving an ab-
sorption coefficient of 0.014 mm™' and a reduced scattering
coefficient of 1.0 mm="'.*?? For in-vivo study, we focused on
imaging the distal interphalangeal (DIP) finger joints from
healthy volunteers and OA patients. The study was approved
by the Institutional Review Board at the University of Florida.
In the optical exam, the index finger of the participant was
inserted into the 30-mm-diam cylindrical solid phantom
medium.®

For DOT-alone imaging, we just present the in-vivo results
as we have previously reported the phantom study using both
the HD and DA models.”’ Reconstructions were performed
using a 3-D mesh with 3009 nodes and 12,800 tetrahedral
elements. The mesh used is uniform in the height direction
and the average distance of nodes is actually about 1.25 mm.
In addition, in the region around the joint cavity/spacing, the
mesh was discretized in terms of number of nodes per mm? to
ensure that the average distance of nodes is around 1 mm in
the joint spacing. The relatively coarse mesh density gener-
ated inside the bone domain has no significant influence on
our reconstruction accuracy, which has been demonstrated
and validated by our previous simulation tests and phantom
experiments.&18’21’28 As such, the mesh size used is good
enough for diffuse optical imaging that only has a resolution
limit of 2 to 3 mm. For the imaging systems, 64 sources and
64 detectors were distributed uniformly along the surface of
the phantom at four planes (z=2.5, z=7.5, z=12.5, and z
=17.5 mm; 16 sources and 16 detectors at each plane). The
initial guesses used are u,=0.03 and w,=1.0 for all the tests.
For the reconstruction using the HD model, the scattering
anisotropic factor g=0.7. Figures 1(a) and 1(b) and Figs. 2(a)
and 2(b) provide reconstructed two selected coronal (y-z)
slices for a healthy and OA joint, respectively. The recovered
quantitative optical properties are also given in Table 1. We
note that the results provided for both DA and HD models
required six iterations for the inverse computation. If we use a
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Fig. 1 (a) Reconstructed absorption and (b) scattering images at selected coronal planes for an OA joint using the DA (left column) and HD model

(right column).
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Fig. 2 (a) Reconstructed absorption and (b) scattering images at selected coronal planes for a healthy joint using the DA (left column) and HD
model (right column).
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Table 1 Averaged values of absorption and scattering coefficients of bone and joint tissues using the HD and DA models without x-ray guidance.

o (mm") (bone)

o (mm=) (joint)

w! (mm~1) (bone) w! (mm~1) (joint)

Test HD DA Difference  HD DA Difference  HD DA Difference  HD DA Difference
OA 0.049 0.053 6.3% 0.041 0.0452 10% 220 230 43% 1.85 1.94 4.6%
Healthy ~ 0.048 0.051 6.2% 0.029 0.0337 15% 1.91 1.96 2.6% 1.08 1.16  6.9%

LU decomposition-based forward solution solver, the DA and
HD models require, respectively, 9.0 and 15.0 min per itera-
tion when a FE mesh of 3009 nodes with 12,800 tetrahedral
elements is employed in a high performance PC. If a gradient-
based solver is used, the computation time can be reduced to
12 min per iteration for the HD model.

In the phantom experiments with x-ray guidance, a 30-
mm-diam cylindrical solid phantom was used as the back-
ground medium. Two 20-mm-diam cylindrical solid objects
(3-mm off z-axis) mimicking bones were embedded in the
background medium. The spacing (“cartilage”) between the
two “bones” was 2.5 mm. The optical properties for the back-
ground were ,=0.01 mm~! and x/=1.0 mm~!, while the
optical properties of the “cartilage” were assumed to be the
same as the background medium. The optical properties for
the mimicking bones are ,=0.07 mm™' and p/=4.0 mm™".
The recovered images using the DA (left column) and HD
equations (right column) at selected longitudinal planes are
provided in Figs. 3(a) and 3(b).

For in-vivo imaging with x-ray guidance, image recon-
struction of the DIP finger joints with the optical coupling
phantom/media (30 X 20 mm in volume) were performed
with a finite element mesh of 2705 nodes and 13,440 tetrahe-

Z (mm)

dral elements. This generated mesh is not uniform—the prior
x-ray image of bones allows us to use a nodal distance of
~0.4 mm in the joint spacing, which is accurate enough for
joint space imaging. In particular, we are interested in imag-
ing the optical properties of the joint region, and the fine mesh
around the cavity is sufficient for our study. Again, the coarse
mesh density for the bones has no significant effect on the
reconstruction accuracy. The initial optical properties used
were optimized based on an x-ray guided forward-fitting al-
gorithm for the approximated joint and bone regions/tissues.>*
The optical properties for the background were w,
=0.014 mm™" and u/=1.0 mm™', which also served as initial
guesses for the background medium. Figures 4(a) and 4(b)
plot the selected absorption and scattering slices of the recov-
ered 3-D images for an OA joint using the DA and HD mod-
els, while Figs. 5(a) and 5(b) display the reconstructed slices
for a healthy joint. The optical absorption and scattering co-
efficient values are provided in Table 2 for both the phantom
and in-vivo data.

4 Discussion

From the reconstructed optical images shown in Figs. 1 and 2,
we note that the bones are clearly delineated for both the

0.05
0.04
0.03
0.02

0.01

Fig. 3 (a) Reconstructed absorption and (b) scattering images at selected planes for the phantom test using the DA (left column) and HD model

(right column) with x-ray guidance.
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Fig. 4 (a) Reconstructed absorption and (b) scattering images at selected coronal planes for an OA joint using the DA (left column) and HD model

(right column) with x-ray guidance.

normal and OA joints using DA and HD models. Importantly,
compared with the optical property value of the bones, we
observe a large drop in the magnitude of absorption and scat-
tering coefficients within the joint space for the healthy case,
while only a small drop is seen for the OA joint. These ob-
servations also agree well with the x-ray guided optical find-
ings, as displayed in Figs. 4 and 5. In particular, the image
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resolution from the hybrid imaging method is significantly
improved compared to that from DOT alone. We see that
x-ray guided optical images exhibit apparent narrowing of the
joint space for the OA joint (Fig. 4) relative to those for the
healthy joint (Fig. 5).

It is noted from Figs. 1 and 2 that model errors do exist
when the DA is used to handle cases involving low scattering,

0
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N
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Fig. 5 (a) Reconstructed absorption and (b) scattering images at selected coronal planes for a healthy joint using the DA (left column) and HD

model (right column) with x-ray guidance.
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Table 2 Averaged values of absorption and scattering coefficients of bone and joint tissues using the HD and DA models with x-ray guidance.

Note that difference = (DA-HD) X 100%/DA.

o (mm™") (bone)

o (mm=) (joint)

w! (mm~1) (bone) w! (mm=1) (joint)

Test HD DA Difference  HD DA Difference  HD DA Difference  HD DA Difference
Phantom  0.056 0.054 - 3.8% 0.0098 0.0095 -3.2% 3.51 3.53 0.6% 1.003 1.02 1.3%
OA 0.046 0.047 1.9% 0.023 0.0230 2.1% 225 227 07% 1.527  1.54 0.7%
Healthy 0.040 0.041 2.3% 0.0098 0.0100 2.0% 215 216 0.6% 0.952 0.97 1.4%

small source/detector distances or large variations of optical
properties. As shown in Table 1, the difference in recovered

quantitative optical properties between the two models can be +
as large as 15% (for the absorption coefficient of joint tissue).
This demonstrates that the p3 approximated HD model can
produce significantly improved reconstruction of both absorp- 5.
tion and scattering images for joint imaging. In addition, it 6
should also be pointed out that while a transport or HD model '
can certainly reduce a large amount of errors in forward
computation,21 the model errors existing in the forward calcu- 7.
lation do not appear to propagate much into the image recon-
struction. This is understandable, because the accuracy of an
inverse solution depends not only on the accuracy of the for- 8.
ward model, but also on the quality of the experimental data
and the use of robust regularization techniques.
More interestingly, model errors appear to lead to even 9.
smaller error in reconstruction when the x-ray a-priori struc-
tural information is incorporated into DOT reconstruction, as 10.
shown in Figs. 3-5. The difference for the recovered optical
properties is less than 4% between the two models, which is
evident from Table 2. This is due to the fact that a more 1
accurate modeling of photon migration in tissue can be
achieved using the DA when anatomical a-priori information
becomes available. The use of prior structural information 12.
eliminates the need to look for spatial/anatomy information in 5
the optical inversion, which ensures that optical property pro- '
files are the only parameter(s) that need to be recovered.
In summary, we demonstrate in this study that the im- 14.
provement resulted from HD-based reconstruction is signifi-
cant over the DA model for DOT-alone imaging of finger s,
joints. The improvement is moderate using the HD model
when x-ray guidance is used because of the high quality of
reconstruction already available from the DA model under
such a situation. 16.
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