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Abstract. We present for the first time full three-dimensional (3D)
volumetric reconstruction of absorption images of in vitro and in vivo
bones and joints from near-infrared tomographic measurements. Im-
aging experiments were conducted on human finger and chicken
bones embedded in cylindrical scattering media using a Clemson
multichannel diffuse optical imager. The volumetric optical images
were recovered with our 3D finite element based reconstruction algo-
rithm. Our results show that 3D imaging methods can provide details
of the joint structure/composition that would be impossible from two-
dimensional imaging methods. © 2002 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1427336]
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1 Introduction
Near-infrared~NIR! diffuse optical tomography~DOT! has
found its applications in imaging thick tissues such as breas
and brain.1–7 The idea of DOT is to extract the spatial maps of
intrinsic tissue absorption and scattering coefficients from the
measured optical data through model-based reconstructio
methods. The spectra of these optical properties will then al
low one to obtain tissue functional images such as hemoglo
bin, water content, and cellular structure. In DOT, an effective
reconstruction algorithm is crucial. To date various linear and
nonlinear reconstruction algorithms have been successfull
tested and evaluated using considerable laboratory phanto
measurements and initial clinical data from different hardware
systems including continuous wave~cw!, frequency, and time
domain.8–27

DOT has been recently applied to image other tissues suc
as human joints and associated bones. This particular applic
tion of DOT was conceived theoretically by Klose et al.28 and
demonstrated experimentally by Xu et al.29 very recently. Dis-
eases related to bones and joints such as osteoporosis a
arthritis are a major cause of morbidity in the population over
50, affecting more than 68 million Americans. Conventional
imaging modalities including x-ray radiography, computed to-
mography, magnetic resonance imaging, and ultrasonograph
usually can provide only tissue structural information which
limits their use especially for early detection of diseases.

In the work of Xu et al.,29 we have shown that two-
dimensional~2D! DOT images ofin vitro and in vivo bones
and joints can be quantitatively reconstructed using NIR to
mographic measurements. Encouraged by this successful e
perience, in a separate study, we have applied DOT to imag
a patient with osteoarthritis~OA!.30 The findings from this
study suggest that the diseased synovial membrane/fluid do
show significant different optical properties compared to the
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joints from two healthy volunteers. While we have evidenc
the potential high sensitivity of DOT for detecting OA~based
on the quantitative nature of optical images at the joints!, we
have also seen that some of the important small jo
structures/compositions such as cartilage, blood vessels,
synovial membrane could not be clearly differentiated in the
2D images presented. In part we believe that it would
difficult for 2D imaging methods to capture these small co
ponents distributed between the two bones with a separa
distance less than 1 mm. The strong three-dimensional~3D!
scattering nature of the bones would affect the 2D joint i
aging significantly. This necessitates our consideration of
tical image reconstruction in a 3D framework.

While 3D optical image reconstructions have been prim
rily limited to simulations,31–33 Jiang et al.34 and Arridge
et al.35 have recently demonstrated full 3D reconstructions
ing breast or brain phantom model from cw and time-dom
data, respectively. Assisted with ultrasound localization, H
boke et al.36 have attempted to obtain a 3D optical charact
ization of the breast in a human subject with frequenc
domain measurements. Most recently, Jiang et al.37 have
presented a full 3D reconstruction of absorption images of
human breast from cw measurements. In this paper we d
onstrate for the first time that 3D volumetric absorption im
ages ofin vitro and in vivo bones and joints can be recon
structed using our DOT approach. The tomographic data w
obtained with our automated multichannel DOT system, a
the 3D images were recovered with our finite-element ba
nonlinear algorithm. The 3D images obtained show details
the joints/bones that are not available from the 2D images
achieved previously.

2 Materials and Methods
Our multichannel frequency-domain DOT imager has be
described in detail.26,29,34Briefly, light from a 785 nm 50 mW
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Three-Dimensional Diffuse Optical Tomography . . .
Fig. 1 (a) Schematic of the in vitro test configuration including the solid phantom, chicken bones, and measurement volume. (b), (c), and (d)
Reconstructed absorption images at three cut-planes from phantom/bones measurements (the dark region corresponds to the bones; the gray
background corresponds to the solid phantom).
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diode laser~Thorlabs! is sequentially sent to the sample by
sixteen 3 mm fiber optic bundles. For each source position
the diffused light is received at 16 detector positions along the
surface of the sample and sequentially delivered to a photo
multiplier tube~R928, Hamamatsu!. The multiplexing of the
source/detector fibers is accomplished by two automatic mov
ing stages~17NST101, Melles-Griot!. Data acquisition is re-
alized by Labview routines~National Instruments!. Both
source and detector fiber bundles are firmly held by a meta
ring structure with a diameter of 5 cm. Sixteen detector fiber
bundles are arranged equally spaced around the annulus w
another 16 source fiber bundles interspersed between the d
tector bundles. Tomographic data collection at multiple mea
surement planes are needed for 3D reconstruction. In the cu
rent configuration data collection time is about 10 min per
measurement plane.

For the in vitro experiment, the sample consisted of two
chicken bones embedded in a cylindrical solid phantom with a
diameter of 5 cm. The solid phantom has contained a scatte
ing medium composed of Intralipid~a fat emulsion suspen-
sion! with India ink as an absorber, which has hadma

50.005 mm21 ~absorption coefficient! and ms851.0 mm21

~reduced scattering coefficient!. Agar powders have been used
to solidify the Intralipid/ink suspensions. A schematic of this
phantom is given in Figure 1~a!. The tomographic measure-
ments have been conducted at three different planes. For th
in vivo experiment, the sample was the index finger of a
healthy volunteer inserted into the same cylindrical solid
phantom~the protocol was approved by the institutional re-
view board and written informed consent was obtained from
the participant!. Figure 2 displays a schematic of the finger
measurement configuration. A translation stage coupled with
high precision digital scale was used to vertically position the
ring holding the source and detector fibers. Thein vivo tomog-
raphic measurements have been conducted also at three d
ferent planes.

The absorption image of the sample was recovered usin
our 3D nonlinear, finite element based reconstruction algo
rithm. This algorithm uses a regularized Newton’s method to
update an initial optical property distribution iteratively in or-
-

l

h
-

-

-

e

f-

der to minimize an object function composed of a weight
sum of the squared difference between computed and m
sured optical data at the sample surface. The computed op
data ~i.e., photon density! is obtained by solving the photon
diffusion equation with the finite element method. The ma
ematical details of our 3D algorithm and its evaluation wi
phantom andin vivo breast tissues have been describ
elsewhere.34,37 Briefly, the core procedure in our reconstru
tion algorithm is to iteratively solve the regularized matr
equation

~JTJ1lI !dx5JT@F~m!2F~c!#, ~1!

where J is the Jacobian matrix that should be formed b
]F/]D and]F/]ma at the boundary measurement sites;F is
the photon density;ma is the absorption coefficient;D is the
diffusion coefficient which can be written asD51/3ms8 ,
wherems8 is the reduced scattering coefficient.I is the identity
matrix and l can be a scalar or a diagonal matrix.Dx

Fig. 2 Schematic of the finger measurement configuration.
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Xu et al.
Fig. 3 Transverse slices of reconstructed absorption images from in vivo measurements obtained around the proximal interphalangeal (PIP) joint of
the index finger (the dark region corresponds to the finger; the gray background corresponds to the solid phantom). The axes (left and bottom)
illustrate the spatial scale, in millimeters, whereas the gray scale (right) records the absorption coefficient, in inverse millimeters. B: bone; B/C:
bone/cartilage; BV: blood vessel; T: tendon; S: synovium.
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5(DD1,DD2,¯ ,DDN ,Dma,1 ,Dmn,2 , ¯ ,Dma,N)T is the up-
date vector for the optical property profiles, whereN is the
total number of nodes in the finite element mesh used;F (m)

5@F1
(m) ,F2

(m) , ¯ ,FM
(m)# and F (c)5@F1

(c) ,F2
(c) , ¯ ,FM

(c)#
whereF i

(m) andF i
(c) , respectively, are measured and calcu-

lated data fori 51,2,...,M boundary locations.
In DOT, the goal is to update thema andD or ms8 distri-

butions through the iterative solution of Eq.~1! so that a
weighted sum of the squared difference between compute
and measured data can be minimized. To generate the 3
images within 3.0 cm height fromin vitro measurements and
2.0 cm height fromin vivo measurements, we have used a
cylindrical finite element mesh with 1267 nodes and 5328
tetrahedral elements for the 3D reconstruction. Uniform dis-
tributions of optical properties that were 30%–50% off the
exact values of the background phantom medium were use
as the initial guesses for the iterative procedure. The image
reported were the results of five iterations when the initial
sum of squared errors between measured and compute
boundary data reached the steady state with about 1.5 h p
iteration in a 600 MHz Pentium III PC.
90 Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1
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3 Results and Discussion
Figures 1~b!, 1~c!, and 1~d! show the reconstructed 3D ab
sorption images at three different cut-planes from thein vitro
measurements@see Figure 1~a! for the reference coordinate
system#. We note that the absorption images show a sign
cant absorption increase in the bone regions relative to
surrounding phantom background. As can be seen, the b
shapes at the joint as well as small structures such as cart
are imaged.

Figures 3–4 display the optical images at the joint a
off-joint planes alongX, Y, andZ directions from thein vivo
measurements. Figure 3 shows the reconstructed absor
images as a series of transverse slices parallel to theXOY
plane~see Figure 2 for the reference coordinate system!. As
can be seen, the bones and several important joint struct
can be clearly delineated. The bones and bone/cartilage
imaged, shown in Figures 3~a!, 3~b!, 3~e!, and 3~f!. Small
structures such as blood vessels and extensor tendons ar
ferentiated in Figures 3~b! and 3~c!. The synovium is also
identified@Figure 3~d!#. To view the bones and joint at differ



Three-Dimensional Diffuse Optical Tomography . . .
Fig. 4 Longitudinal slices of reconstructed absorption images from in vivo measurements obtained around the PIP joint of the index finger (the dark
region corresponds to the finger; the gray background corresponds to the solid phantom). The axes (left and bottom) illustrate the spatial scale, in
millimeters, whereas the gray scale (right) records the absorption coefficient, in inverse millimeters. B/C: bone/cartilage; S: synovium.
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ent directions, we have provided series of images in Figure 4
at cut-planes parallel toXOZ and YOZ, respectively. Due to
the strong absorption of the bones some joint structures can
not be seen in these longitudinal images, but the appearanc
of the bones, cartilage, synovium, and blood vessel are ev
dent.

It is interesting yet important to examine these absorption
images shown in Figures 3–4 in terms of the absorption co
efficient of each structure reconstructed, because the clinica
potential of DOT would mostly lie on the difference of the
optical properties between diseased and healthy bone/joint ti
sues. For example, an osteoporosis patient may show chang
optical properties in the bone, while a rheumatoid arthritis
patient may have increased optical properties in the
synovium.38–41 The average absorption coefficients of bone
and cartilage from our images are calculated to be 0.18 an
0.04/mm, respectively, which are in excellent agreement with
the reported values of 0.15–0.18/mm for human bone41 and
0.033/mm for rabbit cartilage.42 The average absorption coef-
ficient of synovium is found to be 0.094/mm, which is also in
excellent agreement with that reported in the literature.39,40

The average absorption coefficients of blood vessels and te
dons are approximately 0.056 and 0.044/mm, respectively. W
note that the recovered absorption coefficient of the surround
ing phantom background is 0.0054/mm which is about 8% off
its exact value.

It is also important to recognize some of the advantage
that 3D DOT has over 2D DOT. In our previous 2D images,29

critical joint structures such as synovium, cartilage, blood ves
sel, and tendon cannot be delineated. In addition, the 2D im
,
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ages have significantly underestimated the absorption co
cient of bones. In terms of the imaging resolution, objects
small as 1–2 mm in diameter such as the blood vessels
clearly identified from the 3D images presented which is ty
cal for imaging a 5 cmdiameter phantom/finger sample usin
DOT. We believe that if smaller core diameter fibers we
used so that the source/detector fiber probe could directly c
tact the finger joints without using a large volume of phanto
materials, the imaging resolution would be improved. We p
to perform such studies in the near future. In Figure 4,
have also noticed some boundary effects at the top and bo
edges in the bone regions. This was caused most probabl
the strong absorption and scattering of the bones within
limited volume measured. We can increase the measuring
ume to minimize this boundary impact on the region of int
est.

In summary, we have demonstratedin vivo that bone and
joint tissues can be imaged by 3D DOT. To the best of o
knowledge, this study presents the first report of quantita
absorption images ofin vitro and in vivo bones/joints that
were obtained by using three-dimensional diffuse optical
mography with model-based image reconstruction method
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