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1 Introduction joints from two healthy volunteers. While we have evidenced
the potential high sensitivity of DOT for detecting Gbased
on the quantitative nature of optical images at the jgojnie
have also seen that some of the important small joint

Near-infrared(NIR) diffuse optical tomographyDOT) has
found its applications in imaging thick tissues such as breast

and brairi™ The idea of DOT is to extract the spatial maps of structures/compositions such as cartilage, blood vessels, and
intrinsic tissue absorption and scattering coefficients from the - P g€, X RN

. .~ synovial membrane could not be clearly differentiated in these
measured optical data through model-based reconstruction_ 7. " . .

. - . 2D images presented. In part we believe that it would be
methods. The spectra of these optical properties will then al- ... : .
low one to obtain tissue functional images such as hemoglo- difficult for 2D imaging methods to capture these small com-
bi i tent. and cellular struct 9 In DOT ff t'g ponents distributed between the two bones with a separation
In, watler conierit, and cefiular structure. 'n » an €NeCVe " jistance less than 1 mm. The strong three-dimensi(8ial

reconstruction algorithm is crucial. To date various linear and scattering nature of the bones would affect the 2D joint im-

nonlinear reconstruction _algonthr_ns have been successfullyaging significantly. This necessitates our consideration of op-
tested and evaluated using considerable laboratory phantom; image reconstruction in a 3D framework.

measurernents.and init!al clinical data from different har.dware While 3D optical image reconstructions have been prima-
syster_ns including continuous watew), frequency, and time rily limited to simulations-3® Jiang et aP* and Arridge
domain®~*/ et al® have recently demonstrated full 3D reconstructions us-
DOT has been recently applied to image other tissues suching preast or brain phantom model from cw and time-domain
as human joints and associated bones. This particular applicagata, respectively. Assisted with ultrasound localization, Hol-
tion of DOT was conceived theoretically by Klose ef&and boke et af® have attempted to obtain a 3D optical character-
demonstrated experimentally by Xu et’iery recently. Dis-  jzation of the breast in a human subject with frequency-
eases related to bones and joints such as osteoporosis andomain measurements. Most recently, Jiang éf dlave
arthritis are a major cause of morbidity in the population over presented a full 3D reconstruction of absorption images of the
50, affecting more than 68 million Americans. Conventional human breast from cw measurements. In this paper we dem-
imaging modalities including x-ray radiography, computed to- onstrate for the first time that 3D volumetric absorption im-
mography, magnetic resonance imaging, and ultrasonographyages ofin vitro andin vivo bones and joints can be recon-
usually can provide only tissue structural information which structed using our DOT approach. The tomographic data were
limits their use especially for early detection of diseases. obtained with our automated multichannel DOT system, and
In the work of Xu etal?® we have shown that two- the 3D images were recovered with our finite-element based
dimensional(2D) DOT images ofin vitro andin vivo bones nonlinear algorithm. The 3D images obtained show details of
and joints can be quantitatively reconstructed using NIR to- the joints/bones that are not available from the 2D images we
mographic measurements. Encouraged by this successful exachieved previously.
perience, in a separate study, we have applied DOT to image
a patient with osteoarthriti$OA).%° The findings from this .
study suggest that the diseased synovial membrane/fluid does2 Materials and Methods

show significant different optical properties compared to the Our multichannel ggg(gkjerjcy-dqmain DOT imager has been
described in detafi®?°**Briefly, light from a 785 nm 50 mW
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Three-Dimensional Diffuse Optical Tomography . . .
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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).

diode laser(Thorlabg is sequentially sent to the sample by der to minimize an object function composed of a weighted
sixteen 3 mm fiber optic bundles. For each source position, sum of the squared difference between computed and mea-
the diffused light is received at 16 detector positions along the sured optical data at the sample surface. The computed optical
surface of the sample and sequentially delivered to a photo-data(i.e., photon densityis obtained by solving the photon
multiplier tube (R928, Hamamatgu The multiplexing of the diffusion equation with the finite element method. The math-
source/detector fibers is accomplished by two automatic mov- ematical details of our 3D algorithm and its evaluation with
ing stageg17NST101, Melles-Grigt Data acquisition is re-  phantom andin vivo breast tissues have been described
alized by Labview routinesNational Instruments Both elsewheré*?’ Briefly, the core procedure in our reconstruc-
source and detector fiber bundles are firmly held by a metal tion algorithm is to iteratively solve the regularized matrix
ring structure with a diameter of 5 cm. Sixteen detector fiber equation

bundles are arranged equally spaced around the annulus with

another 16 source fiber bundles interspersed between the de- (F"FHEND) SY=F[DPM -], )

tector bundles. Tomographic data collection at multiple mea- where 3 is the Jacobian matrix that should be formed by

surement' p'a“?s are needed fqr 3D. recgnstrucnon. In '.[he CUr /9D andd®/du, at the boundary measurement sitess

rent configuration data collection time is about 10 min per / . . - .

measurement plane the photon densityp, is the absorption coefficienD) is the
) diffusion coefficient which can be written a®=1/3u,,

For thein vitro experiment, the sample consisted of two . . - . .
chicken bones embedded in a cylindrical solid phantom with a wher_e,uS is the reduced scattering coefflqehts the |de_nt|ty
matrix and A can be a scalar or a diagonal matriX.y

diameter of 5 cm. The solid phantom has contained a scatter-
ing medium composed of Intralipit fat emulsion suspen-
sion) with India ink as an absorber, which has hag,
=0.005mm?! (absorption coefficientand w.=1.0mn?
(reduced scattering coefficignfgar powders have been used

to solidify the Intralipid/ink suspensions. A schematic of this z Y

phantom is given in Figure(d). The tomographic measure-

ments have been conducted at three different planes. For the

in vivo experiment, the sample was the index finger of a }Imaged
healthy volunteer inserted into the same cylindrical solid X volume
phantom(the protocol was approved by the institutional re-

view board and written informed consent was obtained from | Solid
the participant Figure 2 displays a schematic of the finger phantom
measurement configuration. A translation stage coupled with a 2

high precision digital scale was used to vertically position the Finger
ring holding the source and detector fibers. Theivo tomog- / holder
raphic measurements have been conducted also at three dif Phantom

ferent planes. ;

The absorption image of the sample was recovered using B V.
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- Fig. 2 Schematic of the finger measurement configuration.
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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.

=(AD;,ADy, * ,ADN Apta1,Aptn o, -\ Auan)’ is the up- 3 Results and Discussion
date vector for the opt@cal property profiles, whexeis th§e Figures 1b), 1(c), and 1d) show the reconstructed 3D ab-
ft[azll)(lnngmq?g) of‘r'loge%/lnsq)ﬁn ;23 g(lga:e[lgr;()an;)gnqes‘,h. uﬁg’] sorption images at three different cut-planes fromitheit_ro
' o . ' o measurementgsee Figure (a) for the reference coordinate
where®{™ and (), respectively, are measured and calcu- gystenj. We note that the absorption images show a signifi-
lated data fon:1,2,..'.M boundary locations. Lo cant absorption increase in the bone regions relative to the
In DOT, the goal is to update the, andD or u distri- surrounding phantom background. As can be seen, the bone

but_lons through the iterative so!utlon of Eql) so that a shapes at the joint as well as small structures such as cartilage
weighted sum of the squared difference between computedare imaged

and measured data can be minimized. To generate the 3D Figures 3—4 display the optical images at the joint and

images within 3.0 cm height fronm vitro measurements and T . . C
g g off-joint planes alongX, Y, andZ directions from then vivo

2.0 cm height fromin vivo measurements, we have used a : .
cylindrical finite element mesh with 1267 nodes and 5328 measurements. Figure 3 shows the reconstructed absorption

tetrahedral elements for the 3D reconstruction. Uniform dis- IMages as a series of transverse slices parallel toxo¥
tributions of optical properties that were 30%—50% off the Plane(see Figure 2 for the reference coordinate systéva

exact values of the background phantom medium were usedcan be seen, the bones and several important joint structures
as the initial guesses for the iterative procedure. The imagescan be clearly delineated. The bones and bone/cartilage are
reported were the results of five iterations when the initial imaged, shown in Figures(®, 3(b), 3(e), and 3f). Small

sum of squared errors between measured and computedstructures such as blood vessels and extensor tendons are dif-
boundary data reached the steady state with about 1.5 h peferentiated in Figures (8) and 3c). The synovium is also
iteration in a 600 MHz Pentium IIl PC. identified[Figure 3d)]. To view the bones and joint at differ-
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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.

ent directions, we have provided series of images in Figure 4, ages have significantly underestimated the absorption coeffi-
at cut-planes parallel tXOZ and YOZ respectively. Due to  cient of bones. In terms of the imaging resolution, objects as
the strong absorption of the bones some joint structures can-small as 1-2 mm in diameter such as the blood vessels are
not be seen in these longitudinal images, but the appearanceslearly identified from the 3D images presented which is typi-
of the bones, cartilage, synovium, and blood vessel are evi- cal for imagirg a 5 cmdiameter phantom/finger sample using
dent. DOT. We believe that if smaller core diameter fibers were
It is interesting yet important to examine these absorption used so that the source/detector fiber probe could directly con-
images shown in Figures 3—4 in terms of the absorption co- tact the finger joints without using a large volume of phantom
efficient of each structure reconstructed, because the clinicalmaterials, the imaging resolution would be improved. We plan
potential of DOT would mostly lie on the difference of the to perform such studies in the near future. In Figure 4, we
optical properties between diseased and healthy bone/joint tis-have also noticed some boundary effects at the top and bottom
sues. For example, an osteoporosis patient may show changeédges in the bone regions. This was caused most probably by
optical properties in the bone, while a rheumatoid arthritis the strong absorption and scattering of the bones within the
patient may have increased optical properties in the limited volume measured. We can increase the measuring vol-
synovium®®=** The average absorption coefficients of bone ume to minimize this boundary impact on the region of inter-
and cartilage from our images are calculated to be 0.18 andest,
0.04/mm, respectively, which are in excellent agreement with In summary, we have demonstratiedvivo that bone and
the reported values of 0.15-0.18/mm for human Bbaed  joint tissues can be imaged by 3D DOT. To the best of our
0.033/mm for rabbit cartilag€ The average absorption coef- knowledge, this study presents the first report of quantitative
ficient of synovium is found to be 0.094/mm, which is also in  absorption images oin vitro and in vivo bones/joints that
excellent agreement with that reported in the literafi®.  \vere obtained by using three-dimensional diffuse optical to-

The average absorption coefficients of blood vessels and ten-mography with model-based image reconstruction methods.
dons are approximately 0.056 and 0.044/mm, respectively. We

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 advantages Acknowledgement
that 3D DOT has over 2D DOT. In our previous 2D images,
critical joint structures such as synovium, cartilage, blood ves- This research was supported in part by a grant from the Na-
sel, and tendon cannot be delineated. In addition, the 2D im- tional Institutes of HealtiNIH) (AR 46427.
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